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Doctor of Philosophy
JOINT ELASTIC-ELECTRICAL PROPERTIES OF RESERVOIR SANDSTONES
by Tongcheng Han

Over the last decade, marine controlled source electromagnetic (CSEM), sub-seabed
imaging has developed to a state where routine resistivity mapping of hydrocarbon
reservoirs is now possible. Co-located marine seismic and electrical resistivity survey
data could provide the engineering parameters needed to better assess the economic
potential of hydrocarbon reservoirs without the need for drilling, and could provide
additional reservoir monitoring capabilities in the future. However, proper
exploitation of joint seismic-CSEM datasets will require a much better understanding
of the inter-relationships among geophysical (elastic and electrical) and reservoir
engineering properties.

This project seeks to study the inter-relationships among the elastic and electrical
properties of typical reservoir sandstones for improved insight into wave propagation
phenomena in porous rocks.

A high quality joint elastic-electrical dataset has been collected on a set of 67
sandstone samples showing a range of porosities, permeabilities and clay contents.
The measurements were simultaneously carried out at differential pressures up to 60
MPa. Elastic properties (compressional and shear wave velocity and attenuation) were
measured using a pulse-echo technique; electrical resistivity was recorded at AC
frequency of 2 Hz using a circumference resistivity measurement method.

The effects of porosity, permeability, clay content and differential pressure on the
low frequency (2 Hz) electrical resistivity properties and the influence of differential
pressure and petrophysical parameters on the joint elastic-electrical properties of
reservoir sandstones were analyzed. A three-phase (quartz, brine and pore-filling clay)
effective medium model based on self-consistent approximation (SCA) and
differential effective medium (DEM) for the joint elastic-electrical properties of
reservoir sandstones was developed and was found to give a good description of the

experimental observations.
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1.1. Motivation

1.1.1. Marine controlled source electromagnetic (CSEM)

The technique of marine controlled source electromagnetic (CSEM) sounding in the
frequency domain was developed first at the Scripps Institution of Oceanography and
later at Cambridge University (Young and Cox, 1981; Sinha et al., 1990). Their
CSEM method uses a high power deep-towed horizontal electric dipole (HED) source
to transmit discrete frequency electromagnetic signals to an array of sea-bottom
receivers which record two orthogonal components of the horizontal electric field at
the seafloor (Figure 1.1). The dipole source is usually towed at a height of about 50 m
from the sea bottom to avoid attenuation in the water. By analyzing the variation in
the amplitude and phase of the received electric field as a function of source-receiver
separation and geometry and the frequency of the signal, the resistivity structure of

the underlying formation can be determined.

B e/ . ——

Source-receiver separations in the range 0-20km

- =

100 m
i I

-__-_'_—H_________*_ e mmd —
Deep-towed electric dipole source >€j—%<

e
10m

Array of Electric field receivers

Figure 1.1. Schematic diagram of a controlled source electromagnetic acquisition method of
Young and Cox (1981). The source is towed close to the seafloor within an array of receivers
which measure two components of the horizontal electric field. In a typical survey, electric
fields can be detected to a distance of about 15 km from the source, giving sensitivity to

resistivity structure in the upper 5-7 km of the crust (from MacGregor and Sinha, 2000).

There are other CSEM acquisition methods, for example the one developed at the
University of Toronto (Edwards and Chave, 1986; Edwards 1997), which uses an

electric dipole-dipole transient electromagnetic system with the seafloor array towed
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in direct contact with the soft marine sediments by attaching a heavy weight to the
forward end of the array. The length of the dipoles is 124 m and 15 m for the

transmitter dipole and the receiver dipoles respectively (Schwalenberg et al., 2005).

To make use of the vertical electrical field to improve the characterisation and
monitoring of the reservoir, Borehole CSEM (BCSEM) has been theoretically and
experimentally developed in terms of cross-borehole (source and receiver in
boreholes), borehole-to-surface (source in a borehole, receivers on the surface) and
surface-to-borehole (source on the surface, receivers in a borehole) although most of

these BCSEM surveys were carried out on land (Maxey, 2009).

Frequencies used in a typical commercial marine CSEM survey are 0.05 — 5 Hz.
Frequencies lower than this tend to lack resolution and are more likely to be affected
by seafloor electromagnetic noise; frequencies higher than this attenuate rapidly and

contain little information about the subsurface resistivity structure.

1.1.2. Joint seismic-CSEM inversion

Seismic methods (both reflection and refraction) rely on variations in the elastic
properties of geological units which give rise to seismic impedance contrasts that are
governed by the seismic velocity and density of those units. Although seismic data are
good at imaging geological structures and contain significant information about the
elastic properties between different types and porosities of rocks, the hydrocarbon
saturation can be difficult to quantify. By contrast, the CSEM method gives relatively
poor resolution to the geological structures but is sensitive to the electrical properties
of rocks with varying fluids and saturation. Because seismic and CSEM methods
measure complementary but independent bulk physical properties of geological
formations that are related through rock and pore fluid properties, joint interpretation
of co-located seismic and CSEM data can potentially produce much better constraints

on the reservoir properties of rocks.

The joint seismic-CSEM method was first developed to study magmatic activity at
active spreading centres beneath mid-ocean ridges (Evans et al., 1991, 1994;
MacGregor et al., 1998; Sinha et al., 1998). More recently, the joint inversion of
seismic and CSEM data was applied successfully to hydrocarbon reservoir

characterisation (Hoversten et al., 2006; Harris et al., 2009). The combined use of
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seismic and CSEM methods can give an independent estimate of whether
hydrocarbons (oil, gas) are present in a reservoir structure identified by seismic
imaging. It can help reduce the likelihood of drilling expensive dry exploration wells.
Furthermore a fully coupled joint simultaneous seismic-CSEM inversion could be
used to find reservoir rock properties directly if suitably robust rock physics models
can be developed. Such rock physics models should link the measured elastic and
electrical parameters to the reservoir rock and fluid properties of interest (Du and
MacGregor, 2009), e.g., lithology, porosity, permeability, fluid type, saturation,
shalyness, etc. These parameters are needed to quantify the economic potential of
hydrocarbon reservoir units during the exploration phase, for designing production
strategies during reservoir development, and for reservoir monitoring during

production.

There are several existing rock physics models describing the elastic (e.g., Gassmann,
1951; Xu and White, 1995; Dvorkin and Nur, 1996) and electrical (e.g., Archie, 1942;
Simandoux, 1963) properties of reservoir rocks that are potential candidates for the
joint inversion of seismic-CSEM data. There are several examples of joint seismic-
CSEM inversions in the literature that used these rock physics models (e.g.,
Hoversten et al., 2006; Harris et al., 2009). They showed that combining seismic and
CSEM data in an inversion produces better estimates of reservoir parameters with
lower variance than either a CSEM inversion or a seismic inversion when performed
separately. However the key to success in these cases was the availability of well
logging data that could be employed to reduce uncertainty in the rock physics model
parameters; this has a significant impact on the estimates of reservoir parameters
(Chen and Dickens, 2008). However for exploration regions without well logging data
(which is usually the case), unconstrained rock physics models may be invalid and
could lead to incorrect estimation of reservoir parameters from the joint inversion. In
addition, most of the existing elastic and electrical rock physics models were
developed separately with different assumptions. Whether these different sets of

assumptions apply to the same reservoir is under question.

It is therefore essential to gain a better understanding of the links between the elastic
and electrical properties of reservoir rocks and to use this new knowledge to develop
improved rock physics models for joint elastic-electrical inversions of marine seismic-

CSEM survey data. In particular, improved knowledge of the links between joint
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elastic-electrical properties and the reservoir rock properties of interest, such as
lithology, porosity, permeability, fluid type, saturation and shalyness, will provide the

required rock physics tools for successful quantitative inversions.

1.1.3. Rock physics

Rock physics addresses the relationships between geophysical observations (e.g.,
elastic velocity and attenuation and electrical resistivity measured at the surface of the
earth, within the borehole environment or in the laboratory) and the underlying
reservoir properties of rocks (e.g., lithology, porosity, confining stress and pore
pressure, pore fluid type and saturation, anisotropy and degree of fracturing,
temperature, and frequency). The relationships can be used to predict the geophysical
properties from the geology (rock physics modelling), or to predict geology from the

geophysical observations (rock physics inversion, Figure 1.2).

Rock physics
modelling

pressure

temperature

Micro-scale properties Effective properties
etc. ete.

Rock physics
inversion

Figure 1.2. Schematic diagram illustrating rock physics as tools that link geophysical

properties of rocks to the reservoir properties of the individual rock constituents (adapted

from http://www.norsar.no/c-65-Rock-Physics.aspx).

Borehole (well logging) and laboratory measurements are the two main methods for
rock physics study. In spite of providing unbiased, continuous and abundant in situ
information about the physical properties of the rocks, borehole geophysics has its
own drawbacks. A significant problem is that borehole measurements, e.g. using the
full waveform sonic tool (Goldberg and Zinszner, 1989), give averaged physical

values for the rocks between the source and detector in the decimetre range. This can
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lead to log values for mixed lithological layers, such as shale stringers in a sand unit,
which adds additional complexity to the interpretation. In general, such a
measurement scale allows a range of geological heterogeneities (e.g., thin bedding,
cross-lamination, mineral veins) to influence the logged value. By contrast, laboratory
studies tend to avoid this scale of geological heterogeneity by selection of small cm-
sized samples of a definite lithology. This provides a way to precisely define the
various physical properties of a particular lithology (sandstone, limestone, shale, etc.)
according to standard geological classification systems. Not only do laboratory
studies give insight into physical mechanisms, they also offer a way to validate
existing rock physics models and to develop new models. The prediction of the
geophysical response of multiple layers of different lithologies at the well logging
(decimetre) and CSEM (10s metres) scale can then be solved using effective medium
theory with knowledge of the component lithologies’ behaviour provided through

laboratory studies.

Given the uncertainties with well log data, laboratory measurements on small
homogenous rock samples offers the best way to build a physical properties database.
Such a rock physics database will provide the foundation for developing and testing
new reliable mathematical models of the joint elastic-electrical properties of reservoir

rocks that are required for the improved inversion of joint seismic-CSEM datasets.

1.1.4. Reservoir lithologies

The world’s conventional hydrocarbon reserves are found in two main lithological
groups: sandstones and carbonates. According to the Oil and Gas Journal (found on
http://www.eia.doe.gov/emeu/international/reserves.html), the world proved reserves
of oil and natural gas by January 2009 are about 1342 billion barrels and 169 trillion
cubic feet respectively. Approximately half of known hydrocarbon reserves are in
sandstones (Tanner et al., 1991) which make up the most significant group of

reservoir rocks.

Sandstones have a more regular granular geometry than carbonates and therefore can
be considered “easier” to study in terms of their physical properties. However,
sandstones are often found together with shales and shale stringers or shaly

sandstones. Shaly sandstones are commonplace in sedimentary basins and can
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degrade overall reservoir quality by their reduced permeability in particular compared
to clean sandstones. Shale or clay in sandstones also increases the complexity of rock
physics models. However, given the ubiquitousness of shales and clay minerals in
sandstone units in the Earth’s crust, any rock physics model of sandstones should also
account for shalyness if it is to be of practical use in geophysical inversion schemes.
This is particularly true for electrical properties which are known to be affected by

surface charge conduction on clay mineral double layers.

Hence, the effects of clay on the joint elastic-electrical properties of reservoir
sandstone have been chosen as one focus in this study. Any advances in knowledge in
this area is likely to have an immediate and significant impact on practical
geophysical inversions relevant to conventional hydrocarbon exploration, but also to
aquifers, underground carbon dioxide (CO,) storage and to unconventional

hydrocarbon exploration, such as seabed methane gas hydrates.

1.2. Aims and objectives

This thesis aims to study the inter-relationships among the elastic and electrical
properties of typical reservoir sandstones for improved insight into wave propagation
phenomena in porous rocks, which might aid in improving joint seismic-CSEM

inversions. The aim will be achieved through the following objectives:

(1) to collect a comprehensive dataset of accurate elastic velocities, attenuations
and electrical resistivities of typical reservoir sandstones measured
simultaneously in the laboratory. The sandstones should show a wide range of

porosities, permeabilities and clay contents.

(2) to interpret the laboratory data in terms of the cross-property relations
between elastic and electrical parameters and the inter-relationships among

reservoir petrophysical properties and the joint elastic-electrical properties.

(3) to investigate the validity of available rock physics models against the new
dataset and to develop new models where appropriate. The new rock physics
models should have the ability to model a three-phase medium (quartz, brine
and clay) since most of the sandstone samples contain non-negligible amount

of clay minerals.
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1.3. Thesis structure

Brief 1-D elastic and electromagnetic wave equations and current knowledge of some
key reservoir parameters on the elastic and electrical properties of sandstones are
presented in Chapter 2. Knowledge gaps in the joint elastic-electrical properties of

reservoir sandstones are highlighted and discussed.

Chapter 3 describes the laboratory experiments carried out in this study. Advanced
and reliable joint elastic-electrical equipment, selection of a large number of typical
sandstone samples, careful preparation, characterisation and measurement of the
samples and precise data processing ensure high quality of the accurate joint elastic-

electrical dataset.

Analyses of the dataset and the main results are given in Chapters 4 to 7. In Chapter 4
the relationships among some key reservoir parameters and the low frequency (2 Hz)
electrical resistivity are discussed (research paper submitted to Geophysics). The main
result is that the electrical resistivity of shaly sandstones is primarily controlled by
two different types of pore geometries and associated connectivities. For connected
porosity greater than about 9%, clay minerals tend to occupy the pores formed by the
framework of cemented sand grains and show negligible surface conductive effects;
the sandstones behave effectively like clean sandstones even though significant clay
minerals (as high as 22%) are present. Here, the size and connectivity of the pores
(and hence hydraulic permeability and electrical conductivity) is controlled by the
packing of sand grains (e.g. quartz), cementation (e.g., quartz overgrowths) and
amount of pore-filling clay mineral assemblages (e.g., illite, kaolinite). By contrast,
for connected porosity less than about 9%, clay minerals tend to be dispersed
throughout the framework of mineral grains and a small clay surface conductivity
effect is seen. Here, pore size and connectivity is controlled by clay mineral
assemblages giving relatively low hydraulic permeability and electrical conductivity.
The relations established in this chapter may aid directly the interpretation of CSEM
data at < 40 Hz (laboratory results for 440 Hz showed little variation in electrical

properties from those at 2 Hz).

Chapter 5 presents the effect of differential pressure on the joint elastic-electrical
properties of reservoir sandstones (research paper submitted to Geophysical

Prospecting). It shows that electrical resistivity is more sensitive to low aspect ratio
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pores and attenuation is more subject to high aspect ratio pores while elastic velocity
shows no apparent dependence on different pore types with varying differential
pressure. It also demonstrates the approximate linear relationships between resistivity
and velocity, resistivity and attenuation and velocity and attenuation as a function of
differential pressure; and the use of the slopes of the above linear trends to

discriminate between clean and clay-rich sandstones samples.

Chapter 6 presents the effect of petrophysical parameters (porosity, permeability, clay
content) on the joint elastic-electrical properties of reservoir sandstones (research
paper submitted to Geophysical Prospecting). It shows a linear velocity-resistivity
(two groups, clean sandstone group and clay-rich sandstone group) and a bell-shaped
resistivity-attenuation (S-wave attenuation shows part of this relation) relationship
and provides explanations for the joint relations in terms of clay content. It concludes
that the joint elastic-electrical relations can be used to discriminate between

sandstones of similar porosities with different clay contents and permeabilities

In Chapter 7 some existing effective medium models for the joint elastic-electrical
properties of reservoir sandstones are implemented and compared to the new joint
dataset. In addition, a 3-phase (quartz, brine and pore-filling clay minerals) model is
developed that gives a good description of the joint dataset (research paper submitted
to Geophysical Prospecting). This general sandstone model has minimal input
parameters and offers a practical means to invert joint elastic-CSEM datasets for
estimates of porosity and clay content in exploration areas without borehole

information.

In Chapter 8, the main results are summarized and discussed in the context of their
likely impact on hydrocarbon exploration and other suitable targets for joint seismic-
CSEM surveying. In particular, the likely effect of frequency on elastic properties is
discussed as only ultrasonic properties were measured in this study. The resistivity
measurements in this study are already at CSEM frequencies, but the likely

frequency-dependent effects on borehole logging measurements are discussed.
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2.1. Introduction

This chapter reviews the current knowledge of the relationships between key reservoir
sandstone parameters and their elastic and electrical properties, generally obtained
from controlled laboratory experiments on rock samples. Theories trying to explain
the mechanisms of the elastic and electrical behaviours of reservoir sandstones and
the limited experimental work on the joint elastic-electrical properties of reservoir
sandstones will be excluded from this chapter but introduced in the following chapters
where appropriate. The one-dimensional (1-D) elastic and electromagnetic wave
equations are introduced in this chapter to provide a theoretical justification for the
key physical properties that affect elastic and electromagnetic wave propagation.

These parameters need to be measured in any dedicated study of joint properties.

2.2. Theory of 1-D elastic wave equation

2.2.1. Elastic waves in a lossless medium

A 1-D elastic wave propagates along the x axis (medium length L) with elastic
velocity v and amplitude u (which generally depends on both propagation distance x
and time f). For plane waves in an isotropic, homogeneous medium and for small
linear strains, the wave motion can be described by a partial differential equation of
second order known as the 1-D wave equation (e.g., Gribben, 1975),

1 0’°u 0°u

—_r = 2.1

vi ot ox® @1
The velocity v depends on the wave mode (compressional or shear) and the properties
of the medium through which the wave is moving. Compressional wave velocity v,

and shear wave velocity v, can be calculated respectively from the expressions

v = /w’ (2.2)
’ d
v, = \/g, (2.3)

where K is the elastic bulk modulus, G is the elastic shear modulus and d is the

density of the medium.
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In order to specify a wave, the equation is subject to boundary conditions

u(0,1)=0 24
u(L,t)=0 2:4)
and 1nitial conditions
u(x,0) = f(x)
(2.5)

%(x,O) ()’

The 1-D wave equation can be solved exactly by d’Alembert’s solution, using a
Fourier transform method or via separation of variables (e.g., Gribben, 1975; Zavada,
2002). The solutions of the 1-D wave equation are sums of two wave shapes
travelling through the medium in opposite directions: f'in the positive x direction and
g in the negative x direction, of arbitrary functional shapes f'and g, in the general form

of
u(x,t)= f(x—vt)+ g(x+vt). (2.6)

It can be seen from equations 2.2 and 2.3 that parameters that directly affect the
velocity and propagation of an elastic wave include bulk and shear modulus and
density of the medium. However all these parameters can depend on other reservoir
parameters such as porosity and pressure for reservoir sandstones. The current
knowledge of the relationships between some key reservoir parameters and the elastic

properties of reservoir sandstones will be reviewed in Section 2.4.

2.2.2. Elastic waves in a porous, attenuating medium

Sedimentary rocks differ from the simple situation described in Section 2.2.1 in two
main respects. Firstly, they are generally porous and comprise solid and fluid phases,
and secondly, as a consequence of this (see Section 2.2.3), they tend to attenuate
propagating elastic waves. Therefore, it is necessary to introduce an attenuation term

into the solution of the wave equation.

According to Toks6z and Johnston (1981), the amplitude 4 of a plane wave
propagating in a homogeneous medium in the x direction as a function of time ¢ is

given by the solution to the 1-D wave equation
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A(x,t) = Aje" ™, (2.7)

where Ay is the amplitude at # = 0 and x = 0, ® is angular frequency (v = 2zf where
is frequency in Hz, the reciprocal of wave period), and k is the wave number.
Attenuation is introduced mathematically by allowing the wavenumber to become a

complex number
k=k +ia, (2.8)
where £, is the real part and a is the imaginary part. This leads to the expression
A(x,t) = Aje e/ (2.9)

where a is known as the attenuation coefficient with units of Nepers per metre

(inverse length). The phase velocity v is given by
v=_. (2.10)

Omitting the propagation terms, the attenuation coefficient can be measured between
two positions in the medium x; and x, (x; < x») using the natural logarithm of the

amplitude ratio

a= ! In[ Alx,)
x,—x  Ax,)

I (2.11)

Attenuation coefficient is sometimes expressed in units of dB/m equivalent to

o= #20 . log[ﬂ

) 12

using the base 10 logarithm. The attenuation coefficient in Nepers/m is equivalent to

the attenuation coefficient in dB/m divided by 20 - log(e) = 8.686.

Intrinsic attenuation is also commonly expressed in terms of the inverse quality factor

O given by (Hamilton, 1972a)

av
2.2 °
a'v

j (2.13)
o -

However, for relatively small signal losses (Q > 10) the second order terms are

negligible and are usually dropped to give
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1o (2.14)
Q 77‘ b .
where a is in Nepers/m and v is phase velocity. In this thesis, intrinsic rock
attenuation will be expressed in terms of Q' or 1000/Q which is generally dependent

on signal frequency.

Several theoretical models have been developed to account for particular intrinsic loss
mechanisms in porous rocks, such as the classical Biot theory (Biot, 1956a, b) and its

derivatives. These will be discussed in Section 2.2.3.

2.2.3. Attenuation mechanisms

Attenuation is the process by which rocks convert compressional and shear waves into
heat and thereby modify the amplitude and phase of the waves (e.g., Klimentos and
McCann, 1990). The two most important mechanisms proposed to account for
compressional and shear wave attenuation due to viscous interaction between solid
rock framework and the pore fluid are the Biot mechanism and the squirt-flow

mechanism.

Biot (Biot, 1956a, b) developed a theory of wave propagation in fluid saturated
porous media that considered the effects of viscous losses due to the ‘global’ relative
motion between the pore fluid and the solid framework. The theory shows that
acoustic waves create relative motion between the fluid and the solid framework due
to inertial effects. As the solid framework is accelerated, the fluid lags behind,

resulting in viscous attenuation of acoustic waves. At low frequencies the viscous skin

depth (viscous skin deptho = 2%@ , where 7 and d are the viscosity and density of

the pore fluid respectively and w is the angular frequency of the acoustic wave) is
much larger than the pore size and the pore fluid moves with the solid framework and
there is little attenuation. At high frequencies the viscous skin depth is very small and
the viscous coupling is weak compared to the inertia effects; the pore fluid moves
relative to the framework, but again the attenuation is small. Attenuation reaches a
peak when the viscous skin depth is comparable to the pore size (Murphy III ef al.,
1986; Klimentos and McCann, 1990; Winkler and Murphy III, 1995; Pride et al.,
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2004). The Biot type attenuation mechanism is also referred to as macroscopic fluid-

flow or global fluid-flow.

The squirt-flow mechanism focuses on the loss resulting from the ‘local’ flow of
viscous fluid into and out of microcracks during the passage of acoustic waves
(O’Connell and Budiansky, 1977; Mavko and Nur, 1979; Murphy III et al., 1986;
Klimentos and McCann, 1990). The pore space of a rock is generally very
heterogeneous, some regions being very compliant while others are very stiff. This
can result in fluid being squeezed out of grain contacts into nearby pores, or squeezed
between adjacent cracks having different orientations with respect to a passing stress
wave (Winkler and Murphy III, 1995). The squirt-flow mechanism is also called

microscopic fluid-flow or local fluid flow.

The two attenuation mechanisms are intimately interconnected and occur in a rock
simultaneously, they affect each other as well as influence the process of acoustic
energy propagation and attenuation. Dvorkin and Nur (1993) developed a consistent
theory dealing simultaneously with the Biot and the squirt-flow mechanisms, known
as the BISQ model, which proves to give better descriptions of seismic properties

(e.g., Marketos and Best, 2010).

2.3. Theory of 1-D electromagnetic wave equation

2.3.1. Electromagnetic waves in an insulating medium

The electric wave equation for a plane electromagnetic wave (Figure 2.1) travelling in

the x direction in a medium is (e.g., Pozar, 1998)

1 0’E_J’E
ko’ o’

(2.15)

where E is the electric field strength and ¢ =

| )
is the electromagnetic wave

N HE
velocity in the medium, where x and ¢ are the magnetic permeability and electrical

permittivity of the medium respectively.

The solutions to equation 2.15 (Pozar, 1998) are in the form of

E(x,t) = E" cos(wt — kx) + E~ cos(wt + kx), (2.16)
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where E" and E~ are real arbitrary amplitude constants, k = w\/ue is the wave

number and o is the angular frequency. Similarly to equation 2.6, the solution to the
elastic wave equation, equation 2.16 also consists of a wave travelling in the positive
x direction (the first term) and one travelling in the negative x direction (the second

term).

Figure 2.1. A plane electromagnetic wave propagating in the x direction with velocity ¢, with

the electric field £ pointing in the y direction and the magnetic field B in the z direction.

2.3.2. Electromagnetic waves in a conductive medium

Sedimentary rocks saturated with brines are not insulating but conductive resulting in
progressive loss of energy of the wave as it propagates due to the heating effect

associated with the flow of conduction currents.

For practical low frequency CSEM measurements, assuming magnetic permeability u
in geological materials deviates little from its free space value uy compared to the
large variations in electrical resistivity, the electromagnetic wave equation (a

diffusion equation) can be written as (according to Sinha, 2010)

V2E+%E=0, (2.17)

where p is the electrical resistivity of the medium. The solution to equation 2.17 for a

plane wave as shown in Figure 2.1 is

- i(wt+—)
E(x,t)=Ege e %, (2.18)
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where Ej is the initial (# = 0 and x = 0) amplitude of the signal, w is the angular

e,
i,

frequency, x is the distance propagated, ¢ is elapsed time and o, = is the skin

depth, which is a crucial concept in electromagnetic geophysics. We can estimate the
skin depth at the relevant frequency once an electromagnetic signal has propagated a
known distance through a medium, and either the resulting propagation delay or the
amount by which it has been attenuated can be measured or estimated. We can then
estimate the resistivity of the medium through which it has propagated from the

estimated skin depth (Sinha, 2010).

The phase velocity u of the electromagnetic signal can be written as

u:fi:f~27r'§sz2/@, (2.19)
Hy

which shows that the propagation of electromagnetic waves is dispersive. By
recording a propagation delay (or ‘phase’) the electrical resistivity can also be
estimated at a particular frequency. This is why marine CSEM method measures both

phase and amplitude of electromagnetic signals (see Section 1.1.1).

From the above introduction, it is already clear that the most important physical
parameter (providing frequency is known) that affects the propagation of low
frequency electromagnetic waves employed by CSEM in the Earth is electrical
resistivity. The effects of electrical permittivity are generally negligible at low
frequencies although they can be important at high frequencies, for example in ground
penetrating radar surveys (e.g., Reppert et al., 2000). This is why I chose to focus on
electrical resistivity measurements in the laboratory rather than on other electrical
parameters (e.g., electrical permittivity). The current knowledge of the relationships
between some key reservoir parameters and electrical resistivity/conductivity of

reservoir sandstones will be reviewed in Section 2.5.

2.4. The effect of reservoir parameters on elastic velocity and

attenuation

Numerous laboratory investigations have been performed to study the elastic

properties (elastic velocity and attenuation) of reservoir sandstones (e.g., Han, 1986;
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Klimentos, 1988; Best, 1992; Jones, 1996), from which a fundamental understanding
of factors that influence elastic velocity and attenuation has been obtained. Wang
(2001) reviewed the progress in studying physical properties of rocks and minerals in
relation to seismic exploration and earthquake seismology and summarized the
importance of various factors in affecting elastic velocity of reservoir rocks (Table
2.1). This importance is also valid for attenuation since higher elastic velocity is
usually associated with lower attenuation (higher quality factor Q) in sandstones
(Hamilton, 1972b; Marks et al., 1992; Best et al., 1994; Shatilo et al., 1998). In this
section, the relationships between the elastic properties of sandstones and some
particular reservoir parameters (i.e., porosity, clay content, pressure, permeability and

frequency) that are relevant to this project are reviewed in more depth.

Table 2.1. Factors influencing elastic properties (velocity) of sedimentary rocks with

increasing importance from top to bottom (Wang, 2001).

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

Age Wettability Depositional environment
Cementation Fluid composition Temperature

Texture Phase Reservoir process
Bulk density Fluid type Production history
Clay content Gas-oil, gas-water ratio | Layer geometry
Anisotropy Saturation Net reservoir pressure
Fractures

Porosity

Lithology

Pore shape

2.4.1. Porosity and clay content

Both compressional and shear wave velocity (¥, and V, respectively) decrease with
increasing porosity in clean, water-saturated sandstones (Wyllie et al., 1956; Pickett,

1963; Bourbie and Zinszner, 1985; Tutuncu et al., 1994) due to the compressibility of
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the pores. Attenuation (the process by which rocks convert compressional and shear
waves into heat and which is mainly caused by the viscous interaction between the
solid rock framework and the pore fluid, see Section 2.2.3) increases with porosity in

saturated sandstone samples (Bourbie and Zinszner, 1985; Shatilo ef al., 1998).

Many reservoir sands and sandstones contain clay minerals (Wang, 2001), which
soften generally the rock grain contacts and reduce the bulk and shear moduli leading
to a decrease in V), and V, (Castagna et al., 1985; Miller and Stewart, 1990; Best et al.,
1994; Tutuncu et al., 1994). On the other hand some researchers (e.g., Best ef al.,
1994; Tutuncu et al., 1994) found that both compressional and shear wave attenuation
increase with increasing clay content but others (e.g., Shatilo e/ al., 1998) reported no

apparent correlation between attenuation and clay content.
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Figure 2.2. Han et al. (1986) correlation between compressional (a) shear (b) wave velocity
and porosity by colour-coding volumetric clay content at confining pressure of 40 MPa and

pore pressure of 1.0 MPa.

However, a systematic correlation between porosity and clay content in sand/clay
mixtures has been shown to exist (Marion et al., 1992), so efforts have been made to
study the combined effects of porosity and clay content on elastic properties (e.g.,
Tosaya and Nur, 1982; Kowallis et al., 1984; Castagna et al., 1985). Han et al. (1986)
studied the porosity-clay effect on compressional and shear wave velocity of 75
consolidated sandstones at a confining pressure of 40 MPa and a pore pressure of 1.0
MPa (Figure 2.2) and found that V), and ¥V, decrease linearly with porosity (¢) and

volumetric clay content (C) according to

v, (km/s)=559-6.93p~2.18C, (2.20)

and
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V. (km/s)=3.52-491p—-1.89C. (2.21)

Similar work was done by Klimentos (1991) who measured compressional wave
velocity (Figure 2.3a) of 42 water-saturated reservoir sandstones at an effective
pressure of 20 MPa (confining pressure of 40 MPa and pore pressure of 20 MPa), and
found that the effect of porosity on reducing V), is approximately twice that of the clay
content. Freund (1992) concluded, based on 88 dry sandstone samples, that above 120
MPa the effect on reducing velocities is stronger for porosity than for clay content by

a factor of 5.6 and 4.9 for ¥}, and V respectively.
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Figure 2.3. Correlation between compressional (a) wave velocity and (b) attenuation
coefficient and porosity by colour-coding volumetric clay content at confining pressure of 40
MPa and pore pressure of 20 MPa. Velocity and attenuation data from Klimentos (1991) and
Klimentos and McCann (1990) respectively.

On the 42 water-saturated reservoir sandstone samples of Klimentos (1991),
Klimentos and McCann (1990) also measured their P-wave attenuation (Figure 2.3b)
in terms of porosity-clay effect. They found that attenuation coefficient (o, in dB/cm)
is linearly related to both clay content and porosity of the sandstones, but the clay
(percentage) effect is an order of magnitude greater than the porosity (percentage)

effect given by

a=0.0315¢+0.241C - 0.132. (2.22)

Best et al. (1994) measured attenuations of both compressional and shear waves in 29
water-saturated samples of sandstones and shales at a differential pressure of 60 MPa
in terms of porosity and clay content. Their P-wave results are generally consistent
with results form Klimentos and McCann (1990), and S-wave attenuations show

similar trends to P-wave attenuations changing with porosity and clay content.
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2.4.2. Pressure

Both compressional and shear wave velocity increase with increasing differential
pressure (the difference between confining pressure and pore pressure) mainly due to
the closure of low aspect ratio pores such as microcracks and compliant grain contacts
in the rock skeleton (e.g., Wyllie et al., 1958; Todd and Simmons, 1972; Han et al.,
1986; Winkler and Murphy II1I, 1995; Best, 1997; Domnesteanu et al., 2002).

Eberhart-Phillips et al. (1989) analysed the data of Han et al. (1986) collected on
saturated sandstones at effective pressure (P.) from 0.02 — 0.49 kbar (1 kbar = 100
MPa), and found the velocity-effective pressure relationship is non-linear and can be
characterised by an initial rapid increase in velocity as effective pressure increases
from zero, followed by a reduction in the rate of velocity increase with further
increase in effective pressure. They found an empirical equation consisting of a

constant, a linear part and an exponential part in the form of
V =A+KP,—Be"" (2.23)

can be used to simulate the velocity change with pressure. Similar velocity-pressure

relationships were also found by Freund (1992) and Jones (1995).

However Khaksar et al. (1999) found an empirical equation without the linear part
V=A—Be " (2.24)

gives a better, more realistic fit to dry sandstone velocity at higher pressures. They
concluded that pore geometry and the nature of grain contacts may be more important
than total porosity in describing the pressure sensitivity in sandstones. Also, the
distribution and location of clay minerals within the rock framework might be more
important than the total volumetric clay content in determining the pressure

dependence of velocity in sandstones.

Attenuation is also strongly dependent on effective pressure, decreasing by at least an
order of magnitude between ambient and 40 MPa (Winkler and Nur, 1982; Klimentos
and McCann, 1990). The compressional and shear wave quality factor (Q, and QO
respectively) at ultrasonic frequency increase with increasing effective pressure and
reach a limiting value before staying constant (Toksoz ef al., 1979; Johnston and
Toks6z, 1980; Domnesteanu et al., 2002; Khazanehdari and McCann, 2005; Mayr and
Burkhardt, 2006).
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Jones (1995) measured O, and O, of 16 water-saturated sandstones as a function of
differential pressure from 5 MPa to 60 MPa. He found equation 2.24 gives a better fit
to the measured Q than using equation 2.23. He concluded that the redundancy of the
linear term in equation 2.24 is caused by the microcracks alone in governing the

pressure variation of O whereas velocity is additionally dependent on other factors.

Prasad and Manghnani (1997) measured compressional-wave velocity and quality
factor of Berea and Michigan sandstones as a function of confining pressure (P.) to 55
MPa and pore pressure (P,) to 35 MPa. They proposed an equation by combining the

effects on differential pressure (P,) and confining pressure in the form of
Z* =A+BP, +Ce "*'", (2.25)

They used this equation to perform a least squares regression on both measured 7,
and (,, and found that the effect of pore pressure on Q, is greater at higher

differential pressures.

In general, elastic velocity is found to increase with pressure while attenuation
decreases. Differences between various authors’ equations seeking to describe
variations in elastic properties as a function of pressure might result from the different
pressure ranges employed, differences in rock properties (e.g., rock porosity) or even

different types of pore fluids and saturation.

2.4.3. Permeability

Relationships between elastic velocity and permeability have been difficult to
establish (Prasad, 2003). Klimentos (1991) showed that P-wave velocity in reservoir
sandstones increases slightly with increasing permeability, although with a large
scatter of datapoints about the trend. However, this scatter is significantly reduced
when the measured P-wave velocity is plotted against permeability for rocks with
identical porosities. He concluded that the slight increase of P-wave velocity with
permeability arises mainly from the strong dependencies of P-wave velocity and
permeability on clay content. The effect of permeability alone on P-wave velocity is
negligible in sandstones with small amounts of clay (< 1 percent) or with the same

amounts of clay, porosity, lithology, etc. (e.g., grain-size and sorting, pore-size and
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shape, etc.). Best et al. (1994) similarly showed that there is no significant

relationship between velocity and permeability in reservoir sandstones.

Klimentos and McCann (1990) found that P-wave quality factor increases with
increasing permeability in 42 water-saturated, high clay content sandstones. They
attributed this dependence of attenuation on permeability to the strong dependence of
permeability on clay content. The P-wave experimental results of Best et al. (1994)
are generally consistent with the results from Klimentos and McCann (1990), and
their S-wave attenuation data show similar trends to those of P-wave attenuation

against permeability.

On the other hand, Shatilo ez al. (1998) measured ultrasonic P-wave attenuation on 29
low clay content sandstone samples showing increasing attenuation (decreasing
quality factor) with increasing permeability. A similar attenuation-permeability
correlation was demonstrated by Khazanehdari and McCann (2005) who measured
the ultrasonic quality factors of 19 low-shale sandstones, and concluded that the
response of the ultrasonic attenuation to changes in permeability depends on
variations in mineralogy and rock fabric. When permeability decreases because of an
increase in clay content, attenuation also increases because of the increased
heterogeneity of the rock; when permeability decreases because of a decrease in

porosity the quality factor can increase (attenuation decreases).

2.4.4. Frequency

Most of the relationships established above are through laboratory measurements in
the ultrasonic frequency range (0.1 — 2 MHz). However, since surface seismic
exploration and borehole sonic measurements use frequency bands of 10 — 200 Hz
and 2 — 20 kHz respectively (Goldberg and Zinszner, 1989; Wang, 2001), care must
be taken when applying the relationships obtained in the laboratory to the
interpretation of seismic field surveys (King and Marsden, 2002).

It is generally accepted that velocity dispersion in dry porous rocks is negligible over
the frequency range from seismic to ultrasonic (Gist, 1994), whereas velocities in
fluid saturated rocks vary with frequency (Winkler, 1986). Experimental evidence
confirms that velocities measured on fluid saturated rocks at logging frequencies are

slightly higher than those measured at seismic frequency (Goetz et al., 1979), and
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velocities of saturated rock at ultrasonic frequencies are significantly higher than at

seismic frequency (Winkler, 1985; Best and Sams, 1997).

Pre-1980 observations of attenuation indicated that 0" is independent of frequency
over a wide range of frequencies (Stacey et al., 1975; Kjartansson, 1979; Toksoz et
al., 1979; Johnston and Toksoz; 1980) implying attenuation coefficient is linearly
proportional to frequency. In addition to the study of velocity and attenuation
dispersion within each frequency band, i.e., seismic, sonic logging and ultrasonic
respectively (Wuenschel, 1965; Jones and Nur, 1983; Winkler, 1983; Tutuncu ef al.,
1994) efforts have also been made to address the discrepancies of velocity and
attenuation between these frequency bands. Notably, Sams et al. (1997) carried out a
series of experiments at a shallow (~ 300 m) borehole test site and on core samples in
the laboratory to determine the elastic properties of a sequence of saturated
sedimentary rocks over a wide range of frequencies: 30 — 280 Hz for vertical seismic
profiles (VSPs), 0.2 — 2.3 kHz for crosshole surveys, 8 — 24 kHz for sonic logging and
300 — 900 kHz for laboratory ultrasonic measurements. The data show velocity
dispersion of both compressional and shear waves over the frequency range and
attenuation of compressional waves is frequency dependent with a peak in the

attenuation in the sonic frequency band.

Best and Sams (1997) measured ultrasonic (about 1 MHz) compressional wave
velocity and attenuation on clean sandstones taken from the test borehole and
compared the ultrasonic velocity with those from the full waveform sonic log at about
10 kHz. Significant velocity dispersion was found over this frequency range. Based
on the fact that clean sandstones are highly attenuating at about 1 MHz, they deduced
that the sandstones must also be highly attenuating over a significant part of the
frequency range 10 kHz to 1 MHz to account for the magnitude of the observed

velocity dispersion.

Best and McCann (1995) investigated frequency dependence of seismic velocity and
attenuation in a suite of clay-rich reservoir sandstones. By varying the viscosity (0.3
to 1000 centipoise) of the fluids saturating the samples, the equivalent frequencies
were calculated to be 2.6 MHz to 780 Hz for a water-saturated sandstone assuming a
global-flow loss mechanism (Biot, 1956a, b). They found that high permeability
sandstones show small velocity dispersions and variable O, and Qs with changing

pore-fluid viscosity (equivalent to varying frequency); whereas low permeability
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sandstones show relatively large increases in velocity with increasing viscosity
(equivalent to increasing frequency if a local fluid flow loss mechanism is inferred in
these rocks, the opposite behaviour to Biot theory) and almost constant O, and Qs in

the viscosity (frequency) range.

Batzle et al. (2006) used a forced deformation system in conjunction with pulse
transmission to study elastic properties at seismic strain amplitude (10”") from 5 Hz to
800 kHz. Their measurements over the broad frequency band demonstrate that
velocity dispersion can be significant and is strongly influenced by fluid mobility
(defined as ratio of rock permeability to fluid viscosity). They concluded that for most
sedimentary rocks (e.g., shales, tight sandstones and carbonates, heavy oil sands and
evaporates) and even permeable rocks saturated with viscous oil, seismic, sonic
logging, and ultrasonic measurements can yield consistent velocity values (excluding
issues with heterogeneity) because of lower fluid mobility. This increases the
relaxation time needed for fluid equilibration, thus lowering the dispersion frequency;

in contrast the velocity dispersion in porous and permeable sands may be larger.

McCann and Sothcott (2009) measured the quality factor of 2 sandstones at sonic and
ultrasonic frequency using resonant-bar equipment and an ultrasonic pulse-echo
technique. Their data show that the energy absorption in the two sandstones is
variable in magnitude (0, ranges from less than 50 to greater than 300, at reservoir
pressures) and arises from a combination of poroelastic (through global viscous fluid
flow within the pores) and viscoelastic (arising from local viscous fluid flow) loss

mechanisms.

In summary, various methods and assumptions (e.g., constant O"') have been applied
over the years to analyse variations in elastic properties with elastic wave frequency.
The results sometimes contradict themselves and some results may be compromised
by flawed experimental procedures. Hence, there is to date no consensus on the true
frequency dependence of velocity and attenuation in reservoir sandstones. The most
direct and convincing way to demonstrate this would be to conduct experiments on
samples with continuously changing frequency from seismic to ultrasonic. However,
there have been no such measurements due to insurmountable practical problems.
Seismic pulse transmission measurements in the laboratory under simulated pressures
would require rock samples that are far too big (dimensions in the magnitude of 10

metres) for any practical experimental apparatus. Thus, laboratory experimentalists
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have been forced to use resonance and stress-strain methods to achieve seismic and
sonic frequency measurements on reasonably sized core samples up to 30 cm long.
Problems in calibration of these methods make it difficult to compare results from

different methods with absolute confidence.

2.5. The effect of reservoir parameters on electrical

resistivity/conductivity

Electrical resistivity (the reciprocal of electrical conductivity) is another useful
geophysical parameter measured routinely in boreholes (Erickson and Jarrard, 1998)
and increasingly by marine CSEM surveys. Since the electrical conductivity of clean
reservoir sandstones results dominantly from the pore fluids saturating the rocks,
higher electrical resistivities could indicate the presence of hydrocarbons which
behave like insulators compared to ionic-conducting brines. However, the reality is
often more complicated because lower porosities and/or brine saturations may also
result in higher observed resistivities. Also, there are many other parameters that
affect electrical resistivity, such as pressure and temperature. Therefore, a thorough
understanding of the inter-relationships between electrical resistivity and these other
parameters is required for the valid interpretation of resistivity data in terms of

reservoir characteristics.

This section reviews the current knowledge of the effects of some of these parameters
(i.e., porosity & saturation, clay content & salinity, pressure, permeability and
frequency) on the electrical properties of reservoir sandstones. Further discussion of
these established relationships and comparisons with novel experimental data will be

presented in Chapter 4.

2.5.1. Porosity and saturation

Electrical properties are usually measured to determine the porosity and hydrocarbon
saturation of reservoir rocks (Jing et al., 1992). Based on the laboratory measurements
of electrical resistivity on a large number of brine-saturated cores from various sand

formations, Archie (1942) related resistivity to porosity empirically by
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pO —-m
- = ¢ 9 (226
P )

where py is the resistivity of a rock sample fully saturated with a brine of resistivity
Pw, @ 1s the porosity fraction and the exponent m is known as the cementation
coefficient. For samples partially saturated with brine, Archie (1942) found the

resistivity (p) to decrease as a function of brine saturation (S) according to

o= g 0 (2.27)
where # is the saturation exponent and found to be close to 2.
Archie’s equation is usually expressed for rocks of varying saturation as
p=ap"p, ST, (2.28)

where the coefficient a is tortuosity factor which is regarded as a reservoir constant
that can depart from unity (Carothers, 1968; Porter and Carothers, 1970; Timur et al.,
1972; Gomez-Rivero, 1977; Worthington, 1993; Khalil and Monterio Santos, 2009).
Some researchers (e.g., Glover, 2009) argue that the tortuosity factor a # 1 does not

have a physical or theoretical meaning and therefore should always be unity.
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Figure 2.4. An example showing the variation of electrical resistivity with water saturation .S

and measurement frequency. Data digitized from Knight and Dvorkin (1992).

Other researchers (e.g., Keller, 1953; Alvarez, 1973) found experimentally that the
electrical resistivity of a dry sandstone decreases significantly with the addition of a
small amount of water. However, the decrease in resistivity with water content at
higher levels of water saturation is more gradual and linear (Figure 2.4), distinctly

different from that at the lower saturations (Knight and Dvorkin, 1992; Taylor and
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Barker, 2002; Gomaa, 2009). The differences in the saturation dependence are
interpreted to reflect the differences in the nature of the water present in the rock, i.e.,
a surface adsorbed phase and a bulk water phase for low saturation and high

saturation respectively (Knight and Dvorkin, 1992).

In addition to affecting the overall resistivity of sandstones, Longeron et al. (1989)
noticed hysteresis in the electrical resistivity of sandstone samples when saturated
with a mixture of oil and brine which was varied by imbibition (increasing brine
saturation) and drainage (reducing brine saturation). Knight (1991) measured the
resistivity of three sandstone samples during imbibition and drainage and found that
the resistivity measured during imbibition is consistently less than that measured
during drainage at the same saturation. She attributed this to the presence of
conduction at the air/water interface, an effect that is enhanced by fluid geometries

associated with the imbibition process in partially saturated samples.

2.5.2. Clay content and salinity

Archie’s equation (equation 2.26) is known to work well for clean sandstones, but it
fails to predict the electrical properties of shaly sandstones (Waxman and Smits,
1968; Cohen, 1981; Sen et al., 1988; Glover et al., 1994; de Lima et al., 2005; Leroy
et al., 2008). The conductivity of shaly sandstones results not only from conduction
through the bulk solution occupying the interconnected pores but also from surface
conduction occurring in the vicinity of the clay/electrolyte interface (Bussian, 1983;
Revil and Glover, 1997, 1998; Revil et al., 1998). It has been demonstrated through
experiments and theory that the surface conductivity depends on both clay type and
content and the salinity of the electrolyte saturating the sandstones (e.g., Worthington,

1982; Revil et al., 1998; Rabaute et al., 2003).

Experimental measurements (e.g., Patnode and Wyllie, 1950; Wyllie and Southwich,
1954; Waxman and Smith, 1968; Barker and Worthington, 1973; Rink and Schopper,
1974; Glover et al., 1994; Chan et al., 2000; Deng et al., 2006) on shaly sandstones
with varying clay content and electrolyte salinity show that two salinity regions exist
for the conductivity of shaly sandstones. At high electrolyte salinities the conductivity
of the saturated sandstones is linearly proportional to the electrolyte conductivity on a

logarithmic scale. This indicates that conductivity is controlled by the movement of
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ions in the electrolyte, and that surface conductivity is negligible compared with this
high electrolyte conduction. At low electrolyte salinities the conductivity of saturated
shaly sandstones is no longer linearly correlated to the electrolyte conductivity; at
very low electrolyte salinities it tends to be a constant equal to the value of surface
conductivity. Glover et al. (1994) concluded that the effect of surface conduction in
shaly sandstones becomes noticeable when the electrolyte conductivity is

approximately equal to the surface conductivity of a shaly sandstone.

2.5.3. Pressure

The electrical resistivity of saturated sandstone samples generally increases with
increasing differential pressure due to reductions in pore size and changes to the
tortuosity of the current flow paths during sample compression (Fatt, 1957; Brace et

al., 1965; Brace and Orange, 1968; Timur et al., 1972).

Jing et al. (1992) showed experimentally that the increase of electrical resistivity in
the lower pressure range (e.g. < 10 MPa) is greater than that in the higher pressure
range. Also, as pressure increases further, the resistivity will eventually converge on a
constant value due to the closure of pressure sensitive pores (Jing, 1990; Jing et al.,
1990). This is attributed to the greater compressibility of low aspect ratio pores at

lower confining pressures.

The effect of pressure on electrical resistivity is found to be greater for less porous,
less permeable samples than that for more porous, more permeable samples. This can
be explained by the higher proportion of microcracks and/or low aspect ratio pores in
the less porous and permeable samples (Glanville, 1959; Xu et al., 1990; Jing et al.,
1992).

Glover et al. (2000) showed that, as triaxial stress increases, low aspect ratio pore
spaces are initially closed perpendicular to the principal stress. Later, at higher axial
stresses, new low aspect ratio fractures are formed along the samples axis. The
interaction of these two sets of factures can lead to extremely well connected pores

and low electrical resistivities when the differential pressure is reduced.
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2.5.4. Permeability

There is conflicting evidence for the true relationship between permeability and
electrical resistivity in reservoir sandstones. Laboratory measurements on artificial
and real rocks by Wong ef al. (1984) showed a negative correlation between
permeability and formation factor (see Figure 2.5). This relation is approximately
satisfied by k oc F~*, where k and F correspond to permeability and formation factor

respectively, with /' = p, / p, . The results of Heigold ef al. (1979) and Frohlich e? al.

(1996) also showed negative correlations between permeability and electrical

resistivity.
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Figure 2.5. An example showing the negative correlation between permeability and electrical

formation factor obtained on artificial sandstones. Data digitized from Wong et al. (1984).

By contrast, the experiments of Jones and Buford (1951) on sandstones saturated with
low salinity brine demonstrated permeability is positively correlated with electrical
resistivity (see Figure 2.6). The work of Worthington (1977), Urish (1981), Kosinski
and Kelly (1981) and Ponzini ef al. (1983) also supports this positive correlation.

However, experiments on sandstones by Huntley (1986) showed only weak relations
between permeability and formation factor (for constant fluid conductivity only). He
also observed a strong (positive) correlation between permeability and matrix

conductivity.

Purvance and Andricevic (2000) summarized the permeability-resistivity relations,

and attributed the negative or positive correlations to the salinity of the brines
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saturating the rocks: for conducting pore fluids (brines), bulk rock electrical
conductivity is predominantly through these pore volumes. This causes electrical
resistivity to decrease with permeability, resulting in a negative permeability-
resistivity relation. However, in freshwater saturated, clay-rich sandstones, the
predominant mode of electrical conduction is along the pore surfaces. This causes
electrical resistivity to decrease with permeability as a function of clay content and
therefore giving a positive permeability-resistivity correlation.
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Figure 2.6. An example showing the positive correlation between permeability and electrical

formation factor. Data from Jones and Buford (1951).

2.5.5. Frequency

Dry sandstones without a metallic component in a vacuum at room temperature are
good dielectrics and resistivity is independent of frequency (Chelidze et al., 1999;
Gomaa, 2009). Frequency dependence can be related to chemical and physical
reactions taking place between the solid rock framework and conductive fluid or solid
phases (e.g., brine pore fluid, clay minerals) with different electrical properties (Rink
and Schopper, 1974; Sen, 1980; Olhoeft, 1985; Sen et al., 1988; Knight and Endres,
1991; Denicol and Jing, 1998). At low frequencies (less than 1 Hz), chemical
interactions such as adsorption and cation exchange at the solid-fluid interface play an
important role. At higher frequencies (10 Hz to 10 MHz), ionic double-layer

polarisations at the solid-fluid interface become significant (Garrouch and Sharma,
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1994), resulting in a slowly decreasing electrical resistivity as a function of frequency

(de Lima and Sharma, 1992).

Various parameters have been found to affect the frequency dependence of the
electrical resistivity of reservoir sandstones. Denicol and Jing (1998) systematically
studied the effects of water salinity, saturation and clay content on resistivity of
sandstone samples from 10 Hz to 2 MHz. They demonstrated that the frequency
dependence of resistivity increases with decreasing brine concentration, increases
when brine is displaced with oil, increases consistently with increasing clay content
and decreases with brine saturation. These results are generally consistent with work
of Garrouch and Sharma (1994) who studied the influence of clay content, salinity
and stress on the dielectric properties of brine-saturated rocks in the frequency range
10 Hz to 10 MHz. They showed that stress is relatively unimportant in determining

the frequency dependent resistivity of brine-saturated sandstones.

Other experiments investigating the effects of brine salinity (e.g., Borner and Schon,
1995; Saltas et al., 2007), saturation (e.g., Knight and Dvorkin, 1992; Garrouch, 2000;
Su et al., 2000; Gomaa, 2009) and clay content (e.g., Al-Mjeni et al., 2002; Moss et

al., 2002) on the frequency dependence of resistivity show similar results.

2.6. Summary

This chapter reviewed some key sandstone reservoir parameters that affect elastic
velocity and attenuation, and electrical resistivity, and hence the propagation of elastic
and electromagnetic waves in sandstones. It turns out that porosity, clay content,
permeability and pressure influence both elastic and electrical properties of reservoir
sandstones under constant brine salinity and temperature of interest to this study (see
following chapters). Measurement frequency also affects both elastic and electrical
properties, although elastic frequency and electrical frequency are two different

parameters and should be dealt with separately.

Despite the scientific progress made by researchers over several decades, knowledge
of some aspects of the elastic and electrical behaviours of reservoir sandstones still

remain elusive:
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(1) There are apparently conflicting observations of the effect of clay content and

permeability on seismic wave attenuation in porous rocks;

(2) Although there are theoretical models that seek to describe variations in elastic
wave velocity and attenuation with frequency, the available experimental data
is inconclusive because of the practical difficulties in carrying out low

frequency measurements on rock samples in the laboratory;

(3) Electrical resistivity is sensitive to rock porosity, clay content, water saturation
and salinity and measurement frequency. The combined effects of these

variables on electrical resistivity need further investigation;

(4) So far, elastic and electrical properties of sandstones have been studied
separately although there is a growing interest in joint geophysical inversions
for application to borehole and surface measurements. In fact, there are no
published laboratory datasets of simultaneous measurements of both elastic
and electrical properties on reservoir sandstones under simulated reservoir
pressures, although many in situ borehole logging datasets exist. Such an
internally consistent laboratory dataset is needed (thus avoiding complications
of comparing measurements made at different times on different samples
under different conditions) with which to conduct a systematic study of the
joint elastic-electrical properties of reservoir sandstones. The main advantage
of using a laboratory dataset over a borehole logging dataset is that unknown

parameters can be minimised, such as rock sample heterogeneity.

(5) It is possible that some unexpected relationships may emerge when joint
elastic-electrical properties are studied in detail. An unambiguous dataset
would provide insight into key physical processes and help establish robust
rock physics models that could be used in a range of geophysical inversion

problems.

This project will address some of these deficiencies.
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3.1. Introduction

Laboratory experimentation is one of the most important steps in rock physics studies.
The establishment of new inter-relationships between physical and reservoir
properties and validation of rock physics models are only possible following the
collection of an accurate rock physics dataset. To achieve this, the experimental
apparatus needs to be robust and suitably advanced, the samples have to be
representative of geological formations, the experimental procedure must be carefully
designed and consistently performed, and the data should finally be precisely

processed and calculated with error bars.

This chapter describes how a comprehensive joint elastic-electrical dataset was
successfully collected on 67 reservoir sandstone samples in the laboratory. It starts by
introducing the apparatus which allows elastic and electrical properties of the samples
to be measured almost simultaneously under elevated differential pressures, followed
by the descriptions of the sandstone samples, the experimental procedure, and how the
raw data were processed to get the required parameters. It ends with a summary of
how the newly collected joint elastic-electrical dataset will be used in the analyses

given in the following chapters.

3.2. Apparatus

Joint elastic-electrical measurements were made on brine saturated sandstone samples
in an adapted Wykeham Farrance high pressure rig (Figure 3.1). The rig was
originally developed for ultrasonic measurements but was recently adapted for
electrical resistivity as part of a laboratory gas hydrates study (see Sothcott et al.,
2007; Ellis, 2008). The rock sample was kept isolated from the surrounding hydraulic
oil, which was used to apply confining pressure up to 65 MPa, by a rubber sleeve. A
ram was used to apply a uniaxial confining pressure equal to the surrounding
confining pressure to the top and base of the sample assembly; the resulting confining
pressure on the sample was equal in all directions. Pore fluid pressure was controlled

via a pore fluid inlet at the base of the sample (Figure 3.2).
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Figure 3.1. The adapted Wykeham Farrance high pressure rig for the joint elastic-electrical

measurements.
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Figure 3.2. Schematic diagram of the adapted Wykeham Farrance high pressure rig for joint

elastic-electrical measurements (adapted from Ellis, 2008).
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3.2.1. Ultrasonic reflection system

Elastic (both compressional and shear wave velocity and attenuation) properties were
measured using an ultrasonic reflection technique first developed by Winkler and
Plona (1982) and adapted by Klimentos and McCann (1990) and Best et al. (1994) in
which the system was described in detail. A 5 cm diameter sandstone sample was
sandwiched between two Perspex buffer rods while a dual P/S wave transducer was
used to transmit an ultrasonic pulse through the upper buffer rod and into the sample.
The pulse was partly reflected back from the top of the sandstone sample and then
from the base of the sample (Figure 3.3). The reflected signals were detected by the
same transducer and digitally recorded. The velocity of the sample was calculated
from the time difference between the two reflection arrivals and the thickness of the
sample, and the attenuation was determined by comparing the amplitudes of the two
reflected pulses.

Transducer
Housing

<«—— Transducer

<«—— Rubber Jacket

Perspex Coupling
Buffer

Rock Sample

Pore Fluid Inlet

<+<— ‘O’ Ring

Figure 3.3. The ultrasonic reflection system used for elastic wave velocity and attenuation
measurements. A and B are reflections from the top and base of the sample respectively

(adapted from Best e/ al., 1994).

3.2.2. Circumference resistivity system

The circumference resistivity system for measuring electrical resistivity of

sedimentary rocks was first introduced and used by Ellis (2008). Twelve electrodes
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were incorporated into the rubber sleeve and arranged at equal spacings around the
circumference of the sandstone sample but were electrically isolated from one
another. An alternating current (A/C) was generated using a constant current source
(Keithley 6221) and was applied across successive pairs of opposing electrodes. For
each pair of current electrodes the voltages were measured at adjacent electrode pairs
as shown in Figure 3.4. This electrode configuration was shifted stepwise around the
sample so that the resistance could be measured in different orientations. The current
was passed through a total of 6 different electrode pairs and voltage was measured 24
times (12 wide electrode pairs and 12 narrow electrode pairs) to obtain a single bulk
rock resistance measurement, which was achieved by averaging the 12 wide electrode
resistances and the 12 narrow electrode resistances respectively on the assumption of

homogeneous samples.

Current (I) Current (1)

Figure 3.4. Circumference resistivity measurement procedure. Voltages are measured at
adjacent wide (V1 and V) and narrow (V,; and V,;,) electrode pairs with respect to the
current (I) electrodes. The process of rotating the current and voltage electrode positions was

continued through 360° (after Ellis, 2008).

3.2.3. Electrode polarisation

The 12 electrodes used in electrical resistivity measurements were made from
stainless steel. lonic charges may accumulate on the electrode surfaces and form
electrical double layers upon contact with the sample resulting in electrode
polarisation (Feldman et al., 2001). To test whether the stainless steel electrodes have
low electrode polarisation, a separate experiment was designed and performed
together with Dr. Laurence North by comparing the electrode polarisation of the

stainless steel electrodes with that of non-polarising, silver chloride (AgCl) electrodes.
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An electrode polarisation test cell (Figure 3.5) was made to be exactly the same
geometry as the sandstone samples (5 cm in diameter and 2 cm depth); 4 stainless
steel electrodes and 4 silver chloride electrodes (disk electrodes from A-M systems,
inc.), all with diameters of 4 mm, were then embedded into the base of the test cell
with positions relative to the centre of the cell given in Table 3.1 and illustrated in

Figure 3.5.

F3O@AS
A4@( F4

Figure 3.5. Electrode polarisation test cell.

Table 3.1. Electrodes position in the electrode polarisation test cell relative to the centre of

the cell.
Electrode X position Y position

(mm) (mm)
Fl 2.5 21.5
Al 2.5 21.5
F2 25 16.5
A2 2.5 16.5
F3 2.5 -16.5
A3 25 -16.5
F4 2.5 215
A4 25 215

The electrical resistance of the brine filling the test cell was measured using the same
types of electrode, that is, stainless steel electrodes and silver chloride electrodes
respectively. For each type of the electrode, the resistance was measured by applying

a constant alternating current to the large-spaced electrodes (e.g., F1 and F4 for the
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stainless steel electrodes and Al and A4 for the silver chloride electrodes) and the
voltage was recorded over the small-spaced electrodes (e.g., F2 and F3 & A2 and A3
for the stainless steel electrodes and the silver chloride electrodes respectively). A
finite element model (Adler and Lionheart, 2006) was utilized to calculate the

electrical resistivity from the measured resistance and the geometry of the test cell.

Figure 3.6 compares the brine resistivity when measured using the 2 types of
electrodes at A/C frequency from 1 Hz to 50 kHz. The almost flat response of
resistivity with frequency for both types of electrode shows that both stainless steel
and silver chloride electrodes have negligible electrode polarisation. If there were
significant electrode polarisation effects, then the resistivity would be expected to

decrease with increasing frequency (e.g., Feldman et al., 2001).
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Figure 3.6. Comparison and the difference between the electrical resistivity of a brine
measured using stainless steel electrodes and silver chloride electrodes respectively at

frequencies from 1 Hz to 50 kHz.

The difference between the resistivities measured with stainless steel and silver
chloride electrode is approximate 3%. This is possibly a result of the difference in
thickness of the electrodes. Since the stainless steel electrodes were a little thinner

than the silver chloride electrodes, there was a larger gap between the stainless steel
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electrodes and the base surface of the test cell. As this cavity was filled with

conductive brine, it led to a lower resistivity.

Also, other researchers have reported that a four-electrode geometry can minimize

electrode polarisation effects (e.g., Schwan, 1968; Olhoeft, 1985; Mazzeo, 2009).

3.3. Sandstone samples

Sandstones are the major hydrocarbon reservoir rocks in the Earth (see Section 1.1.4).
It is therefore of vital importance to understand the joint elastic-electrical behaviour of
sandstones for the joint seismic-CSEM inversion purposes in case of sandstone

reservoirs.

3.3.1. Sample collection

Samples should be selected to represent as wide a range of porosity, permeability and
clay content as possible. To meet this requirement 67 sandstone samples were

collected from both borehole cores and quarry blocks from all over the world.

One Berea sandstone sample, a lithology much referred to in rock physics literature,
was already available in the Rock Physics laboratory of NOCS, as well as 3
orthogonal sandstone samples from the Andrew Field of the North Sea (from a depth
of approximately 2500 m) provided by British Petroleum (referred to here as BP AX,
BP AY and BP AZ1 respectively) for another project.

Ten samples originating from Borehole No. 2 of the Whitchester test site (see Sams et
al., 1993 for details of the borehole test site) were then obtained from the University
of Oxford in 2007. These samples are here identified by the letter ‘W’ followed by the
depth at which they are from. When the sample identification number ends with ‘H’,
this means the sample was drilled horizontally (i.e., perpendicular to the borehole axis
assuming a vertical borehole) otherwise the sample was cut vertically to the borehole
axis. For example, sample No. W165.6 is a sample cut vertically from a depth of
165.5 m at the Whitchester test site, while sample No. W165.6H is from the same
depth but cut horizontally.
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Six samples from various quarries in the UK were obtained from RealStone Ltd. in

2008 (Figure 3.7).

@ Cove Red
@ Stoneraise
@ Beestone
@ Dukes

@ Peak Moor
@ Wattscliffe

Figure 3.7. Locations of the quarries from where Realstone supplied samples (adapted from

http://www .blockstone.co.uk/quarries.html).

Fifteen sandstones were inherited that originated from other quarries in the UK, but
with unknown locations. Of these samples, 7 had been studied by Simon M. Jones at

the University of Reading (Jones, 1996).

Due to the extreme difficulty of getting sufficient samples for this project, I collected
11 sandstones form Shanxi province (SX) and 4 blocks from Shandong province (SD)
of China in 2009. Prof. Jinliang Zhang of the Ocean University of China provided 14
borehole sandstones (CZ) from production wells of different oil companies in China,
and Prof. Cheng Xu of Peking University, China contributed another 4 borehole
samples from China (CX).

3.3.2. Sample preparation

The selected sandstone samples were cut into 2 cm long cylinders with a diameter of
5 ecm. The end faces of each sample were ground flat and parallel to within = 0.01 mm
to make sure the sample would be tightly contacted with the buffer rods in the high
pressure rig. The samples were then dried in an oven for three days at 40 °C, a
temperature low enough to avoid damaging clay minerals. For some of the CZ

samples that contained oil from production wells, the samples were completely
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washed (Figure 3.8) using a mixture of 75% dichloromethane (CH,Cl,) and 25%
methanol (CH3;OH) in a Soxhlet reflux apparatus before they were dried.

‘¥
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T

Figure 3.8. A picture showing samples that contain oil being washed in a Soxhlet reflux

apparatus.

3.3.3. Sample characterisation

The cleaned and dried samples were weighed and their dimensions were measured.
The porosity and permeability (in millidarcies; 1 mD = 9.869233 x107'® m?) were then
determined on each dry sample using a helium porosimeter and nitrogen gas
permeameter to an accuracy of £ 0.1 % and + 2% respectively. Clay weight
percentage was measured using whole rock X-ray diffraction (XRD) on the off-cut of
each sample and transformed to volumetric clay content (a percentage of clay mineral
volume without microporosity to the bulk volume of the rock sample) to an accuracy
of + 5% (other mineralogical properties were measured and calculated in the same
way). Thin sections and a scanning electron microscope (SEM) were used to study
rock fabric and mineralogy. It turned out that the 67 samples used in this study cover
a porosity range from 1.99% to 28.99%, permeability from 0.0001 mD to 997.49 mD
and volumetric clay content from 0 to 27.63%, thus achieving the desired, wide
spread of reservoir parameters. The petrophysical and mineralogical properties of the

67 sandstone samples are given in Appendix A.
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3.4. Experimental procedure

The sandstone sample was put into the high pressure rig and evacuated to 10> Pa
through the pore pressure port, a 35 g/l brine (made from sodium chloride and
distilled, deionized and deaired water) was used to saturate the sample under a pore
pressure of 5 MPa. The pore pressure was maintained for a minimum of 16 hours to
make sure the sample was fully saturated. For samples with very low permeability
(lower than 1 mD), the evacuation and saturation in the rig would take many days. To
avoid wasting time, a saturation rig (Figure 3.9) was used to do this job. Several
samples were put together in the saturation rig, evacuated to a pressure of 10 Pa and
saturated under pore pressure of 7 MPa. The fully saturated samples were then put in
a tank filled with the same brine and were quickly moved into the higher pressure rig

for ultrasonic and electrical measurements.
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Figure 3.9. A picture showing samples being evacuated in the saturation rig.

Once the sample was fully saturated the confining pressure was first loaded to 65 MPa
and elastic and electrical measurements were made almost simultaneously at
unloading steps of 65, 45, 31, 25, 20 and 13 MPa while the pore pressure was kept at
5 MPa. The sample was left to equilibrate for at least 1 hour before measurements

between each pressure step. The first 4 samples (Berea, BP AX, BP AY and BP AZ1)
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were measured at 31, 25, 20 and 13 MPa confining pressure only. Figure 3.10 shows

the equipment during one of the measurement runs.
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Figure 3.10. A picture showing the joint elastic-electrical measurement equipment.

Ultrasonic compressional and shear wave velocity and attenuation were measured at
the frequency of 1.0 MHz and 0.7 MHz respectively while broadband (0.4 — 1.0 MHz)
pulses were also recorded for both P- and S-waves. The ultrasonic signals were
displayed and saved by a digital storage oscilloscope (DSO, LeCroy 9314AM). The
travel times and amplitudes of the equivalent cycles of the single frequency reflection

arrivals were recorded by hand on the DSO for future data processing.

A Keithley 6221 current source generated and applied a constant alternating current
to the sample (RMS value of 1.0 mA but some cases 0.5 mA was used for the Chinese
samples), and voltages were measured by a Fluke 92 scopemeter. A frequency of 2 Hz
was used in the experiments to simulate the low frequencies used in marine CSEM,
but data were also collected at 440 Hz and 50 kHz in an attempt to scope any
frequency dependent effects between CSEM and well logging frequencies. The ability
of the constant current source to deliver a constant current under different load
impedances was monitored by recording the current through a reference resistor (R, =
100 Q) connected in series to the sample. It showed that there was a negligible effect
at 2 Hz and 440 Hz, but there was a significant deviation from a constant current at 50

kHz for high impedance samples. Also the measurement results at 50 kHz were
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strongly dependent on the sample impedance (see Appendix B) making the data lack

accuracy.

The experiments were carried out in a temperature-controlled laboratory (19 + 1 °C)

to minimize the effect of temperature change on the results.

3.5. Data processing

The raw data acquired from the experiments were in the form of arrival times and
amplitudes for the ultrasonic single frequency measurements, and voltages for the
electrical measurements, respectively. It was therefore necessary to process the raw
data to arrive at the values of elastic velocity and quality factor and electrical

resistivity needed for the following analyses.

3.5.1. Elastic velocity and attenuation

Although both single frequency and broadband signals were recorded, I chose to
analyse the single frequency data only. The single frequency method was shown to
give very accurate and repeatable velocity and attenuation measurements by McCann

and Sothcott (1992).

tA)

5 microseconds

Figure 3.11. An example of a single frequency tone burst signal showing the reflections from

the top (A) and base (B) of the sample in Figure 3.3.
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The recorded arrival times and amplitudes of the equivalent cycles of the reflections
from the top and base of the samples were ¢y, Ay and ., 4, (Figure 3.11). The elastic
velocity of the rock sample V, (in m/s) was calculated from the time difference (in ps)
between the two reflected arrivals and the sample thickness x (in cm; measured at 7
different points to ensure that it was the same thickness within the required accuracy
of £5 um):

2x

== x10%,
t, —t,+At G-1)

r

where At was the diffraction correction (Best, 1992) for the difference in travel time

between the top and base reflections.

Attenuation coefficient a(w) (in dB/cm) at the angular frequency o (in radians/s) was
calculated by comparing the amplitudes of the two reflected pulses (Klimentos and

McCann, 1990; Best et al., 1994):

8686 Ay()

a(w) 4(@)

In[ (1-R*(@))], (3.2)

where R(w) was the reflection coefficient (perplex buffer rod to rock sample) at this

frequency:

dv.(w)-d,V, (o)
dV.(o)+d,V, (o)

R(w) = (3.3)
where d, and d, were the density of the rock sample and perplex buffer rod (both in

kg/m’) respectively, and @ = 27f , where fwas the temporal frequency in Hz.

The quality factor Q(w) of the sample was then determined by

(4]

@)= o (@)

(3.4)

The accuracy of the elastic velocity and attenuation coefficient measurements for the
dual P/S transducer that was used are = 0.3% and + 0.2 dB/cm, respectively (McCann
and Sothcott, 1992; Best, 1992).
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3.5.2. Electrical resistivity

The wide electrode resistance of the samples was obtained through Ohm’s law, given

by

R, =—"—, (3.5)

where U, was the wide electrode voltage, and U, and R, were the voltage and
resistance of the reference resistor respectively. The narrow electrode resistance R,
was similarly calculated by replacing U, with the narrow electrode voltage U, in
equation 3.5. The 12 wide and narrow electrode resistances were averaged
respectively on the assumption of a homogeneous sample to get the final resistances

of the wide and narrow electrodes respectively.

Figure 3.12. Brine calibration cell showing the configuration of the electrodes with exactly

the same geometry as in the high pressure rig.

The calculation of electrical resistivity from the resistance required knowledge of the
geometric factors associated with the wide and narrow electrode pairs. The
complicated shape of the configuration meant that it was easiest to obtain the
geometric factors through the use of a calibration cell on a range of brine solutions of
known resistivities. Hence, a brine calibration cell (Figure 3.12) was made using
identical electrodes and geometrical layout (diameter and length) to the high pressure
cell for the sandstone samples. The cell was filled with brines of known salinity (the
electrical resistivity of which was measured using a Wenner array setup by Ellis,

2008); the brine cell resistance was measured in the manner described in the above
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section at the same temperature (19 + 1 °C) as in the high pressure rig. The calibration

results on the series of brines are given in Table 3.2.

Table 3.2. Sample numbers, salt content and resistance of the brine samples measured in the

resistivity calibration cell (between two sets of electrodes) and known resistivity at 19 °C.

Values given for the resistance are averaged over orientations around the cell as seen in

Figure 3.12. The electrical resistance was measured at 2 Hz.

Brine Wide electrode Narrow electrode C
Salt content . . Resistivity
sample (@/l) resistance resistance (Qm)
number & (Q) (Q)
1 20.00 14.13 5.85 0.385
2 8.00 32.90 13.45 0.825
3 6.00 43.20 17.75 1.079
4 4.00 61.85 25.30 1.497
5 2.00 120.20 49.10 2.922
6 1.00 231.58 94.78 5.515
y;0.0586x 1 1 y=0.024(3:x
R%=0.9996 R%=0.9996 ]
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Figure 3.13. Resistivity calibration curves and geometric factors for 2 Hz frequency (after

Ellis, 2008).

The geometric factors for the wide and narrow electrodes were then determined by

cross-plotting the known resistivity for each brine concentration with the measured

resistance for the electrode pairs in the brine cell (Figure 3.13). Geometric factors are
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0 =0.0586R ,R*> =0.9996,

0 =0.0240R ,R*> =0.9996,

for the narrow and wide electrode pairs of the 2 Hz frequency respectively.
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Figure 3.14. Relationships between (a) P-wave velocity and volumetric clay content, (b) P-
wave quality factor and permeability and (c) resistivity and porosity with error bars given in

the main text.
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Rock resistivity was then calculated from the measured resistance through these two
geometric factors for each frequency and the result averaged. The error of the final
resistivity came from the errors of the measured resistance and the resistivity-
resistance calibration correlations, whereas the resistance measurement error was a
function of the errors of the voltage (= 1.25%) and current (£ 0.05%) measurements.

By using the error transmission equation

Ay = J(%Mxﬁ +<g>2m22 +-..+<g)2m,f (3.8)

n

where y = f(x,,x,,...,x,), and A represents the absolute error of each variant, the

accuracy of the circumference resistivity measurement method was estimated to be
better than + 2%. Figure 3.14 gives an example of the cross plot between key

parameters with error bars.

3.6. Summary of datasets collected

A large joint elastic-electrical dataset was successfully collected on 67 reservoir
sandstone samples showing a wide range of petrophysical properties at differential
pressure form 8 MPa to 60 MPa. Elastic velocity and attenuation were measured using
the ultrasonic reflection system to accuracy of = 0.3% and + 0.2 dB/cm, respectively.
Electrical resistivity was measured using a four-electrode circumference resistivity
system at frequency of 2 Hz to an accuracy of + 2%, where stainless steel electrodes
showed negligible polarisation effects and the current source exhibited a good ability

to transmit a constant current.

This novel, large, accurately determined dataset enables the relationships among low
frequency (2 Hz) electrical resistivity (as well as ultrasonic velocity and attenuation),
sandstone porosity, clay content and permeability to be investigated. It also allows the
pressure effects on the joint elastic-electrical properties of reservoir sandstones and
the joint elastic-electrical properties of reservoir sandstones and their relationships
with petrophysical parameters to be studied. It also forms the basis of checking the
validity and reliability of a 3-phase effective medium model developed for this
project. The specific analyses of the data are presented in Chapters 4, 5, 6 and 7

respectively.
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Chapter 4

Relationships among low frequency (2 Hz)
electrical resistivity, porosity, clay content and
permeability in reservoir sandstones

This chapter forms a paper submitted for publication to Geophysics, Han T., Best A.L.,
Sothcott J., North L.J. and MacGregor L.M. 2010. Relationships among low
frequency (2 Hz) electrical resistivity, porosity, clay content and permeability in

reservoir sandstones.
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Abstract: The improved interpretation of marine controlled source electromagnetic
(CSEM) data requires knowledge of the inter-relationships between reservoir
parameters and low frequency electrical resistivity. Hence, the electrical resistivities
of 67 brine (35 g/l) saturated sandstone samples with a range of petrophysical
properties (porosity from 2% — 29%, permeability from 0.0001 mD — 997.49 mD and
volumetric clay content from 0 — 28%) were measured in the laboratory at a frequency
of 2 Hz using a four-electrode circumference resistivity method with an accuracy of +
2%. The results show that sandstones with porosity higher than 9% and volumetric
clay content up to 22% behave like clean sandstones and follow Archie’s law for a
brine concentration of 35 g/l. By contrast, at this brine salinity, sandstones with
porosity less than 9% and volumetric clay content above 10% behave like shaly
sandstones with non-negligible grain surface conductivity. A negative, linear
correlation was found between electrical resistivity and hydraulic permeability on a
logarithmic scale. We also found good agreement between our experimental results
and a clay pore blocking model based on pore-filling and load-bearing clay in a
sand/clay mixture, variable (non-clay) cement fraction and a shaly sandstone
resistivity model. The model results indicate a general transition in shaly sandstones
from clay-controlled resistivity to sand-controlled resistivity at about 9% porosity. At
such high brine concentrations, no discernible clay conduction effect was observed

above 9% porosity.

4.1. Introduction

Electrical resistivity prospecting is an important and long-established geophysical
survey method. Borehole electrical resistivity logging has been widely used with great
success in the hydrocarbon industry for decades. In recent years, the rapid
development of marine controlled source electromagnetic survey methods (Young
and Cox, 1981; Sinha ef al., 1990; MacGregor and Sinha, 2000; Constable and Srnka,
2007) has renewed interest in the low frequency (< 10 Hz) resistivity of reservoir

rocks for improved data inversion and interpretation.

The empirical equation of Archie (1942) (equation 2.26) is well known for relating

the conductivity (the reciprocal of resistivity) of the bulk rock to that of the electrolyte
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(fluid) within the rock pores and to the rock porosity by &:go*’" for clean
Oy

sandstones, where: oy is the conductivity of the rock fully saturated with an electrolyte
of conductivity a,; ¢ is the rock porosity and m is the cementation coefficient. The
latter is related to lithology, grain shape and size and the degree of connectedness of
the pore network (Jackson et al., 1978; Salem and Chilingarian, 1999; Glover, 2009)

and has various values for different lithologies.

Archie’s equation (equation 2.26) is known to give good predictions of the resistivity
of clean sandstones but gives poor results for shaly sandstones which contain
significant amounts of clay minerals (Cohen, 1981). Several models have been
proposed to account for the surface conductivity associated with clay minerals (e.g.,
Simandoux, 1963; Waxman and Smits, 1968; Clavier et al., 1984; Sen and Goode,
1988; de Lima and Sharma, 1990; Glover et al., 1994; Tenchov, 1998; Revil et al.,
1998; Revil and Leroy, 2001; Rabaute et al., 2003). However most of these models
relate to high frequency (~ 50 kHz) well logging data analysis. There is a need for a
systematic experimental study of resistivity at low frequency (< 10 Hz) and high brine
salinity (o9 >> 0,) to verify these models for use in CSEM surveying. Although some
theoretical models account for frequency-dependent electrical properties of shaly
sandstones (e.g., de Lima and Sharma, 1992; Leroy et al., 2008; Leroy and Revil,
2009), there is still a need for new experimental data to test such models. In addition
to clay surface conductivity issues, clay minerals in sandstones also affect porosity in
a systematic manner (Marion et al., 1992; Sams and Andrea, 2001; Rabaute et al.,
2003), and hence affect electrical resistivity as porosity is the first order parameter in
controlling electrical resistivity when other parameters are kept the same. This
combined clay-porosity influence makes the interpretation of resistivity data

complicated.

This chapter focuses on the effects of some reservoir parameters (i.e., pressure,
porosity, clay content and permeability) on the low frequency (2 Hz) electrical
resistivity behaviour of 67 typical sandstones saturated with a relatively high salinity
brine (35g/1 NaCl). We compared the data to existing theoretical models for shaly
sandstones, and found it necessary to develop a clay-blocking resistivity model to

explain the experimental observations.
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4.2. Experimental results

4.2.1. Pressure dependence

All rocks showed a general trend of increasing resistivity with increasing differential
pressure. The example in Figure 4.1 shows the measured change in resistivity with
differential pressure normalized to the resistivity at 8 MPa. This has been noted by
other researchers (e.g., Fatt, 1957; Glanville, 1959; Brace et al., 1965; Brace and
Orange, 1968; Timur et al., 1972; Jing, 1990; Mahmood ef al., 1991).
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Figure 4.1. Relative electrical resistivity change with differential pressure. Example plots for
samples E4 (a clean sandstone) and YORK2 (a clay-rich sandstone). Relative resistivity
change corresponds to the normalized resistivity at each differential pressure by the resistivity

measured at 8 MPa.

In general, the clay-rich sandstones (microstructural images of a typical sample given
in Figure 4.2) show greater pressure sensitivity than the clean sandstones
(microstructural images of a typical sample given in Figure 4.3) and this is thought to
be caused by the closure of low aspect ratio pores (e.g., Glover et al., 2000) located at
grain contacts and associated with clay minerals, with increasing pressure. The
closure of these low aspect ratio conduits connecting open pores leads to a reduction
in the number of conductive pathways through the framework of solid mineral grains

saturated by electrolyte.
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Figure 4.2. Example images of a typical clay-rich sandstone (sample YORK2) showing
quartz (A) and feldspar (C) grains with pore-filling clay (B). (a) thin section, (b) SEM image.

Figure 4.3. Example images of a typical clean sandstone (sample E4) showing quartz grains

(A) and cement in terms of quartz overgrowth (B). (a) thin section, (b) SEM image.

Having noted similar trends for electrical resistivity with differential pressure, we will
restrict further discussion of our results to a differential pressure of 26 MPa (as the
Berea and the three BP samples were measured only to a differential pressure of 26
MPa, this gives the maximum number samples and also 26 MPa is a representative
pressure of shallow reservoirs); these values are given in Appendix D. Further

analysis of pressure effects is the subject of Chapter 5.

4.2.2. Resistivity and porosity

Figure 4.4 shows a cross-plot of the apparent formation factor F* (defined as po/p,
where p,, = 0.213 Qm for 35 g/l brine at a temperature of 19 °C) and porosity ¢ by
colour-coding volumetric clay content on a log-log scale for all 67 sandstones at 26
MPa and frequency of 2 Hz. It is striking that two major, adjoining, approximately
linear trends can be seen with an inflexion point at a porosity of about 0.09. Samples

in Group 1 (solid circles) have porosities higher than about 0.09; samples in Group 2
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(solid squares) have porosities lower than about 0.09. A third, minor, linear trend is
also seen that partially coincides with Group 1, shown by the open circles; these
samples have a porosity from about 0.11 to 0.13. These Group 3 samples were chosen

because they all contain kaolinite unlike any of the other samples (see below).
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Figure 4.4. Apparent formation factor (AC 2 Hz) against porosity at 26 MPa differential
pressure for the 67 brine-saturated sandstone samples by colour-coding volumetric clay
content on a log-log scale. Samples are divided into three groups (solid circles for Group 1,
solid squares for Group 2 and open circles for Group 3) with best fitted curves form the model
of Archie (1942) for Groups 1 and 3 (solid and dotted lines respectively) and de Lima and
Sharma (1990) for Group 2 (dashed curve).

It turns out that very good correlation coefficients (R* > 0.9) result from linear least-
squares regression of the Groups 1 and 2 samples in Figure 4.4 using an equation of
the form y = A~x™, where A and B are arbitrary constants and x, y represent porosity
and apparent formation factor, respectively. However, this form of equation is at odds
with current theoretical thinking on modelling resistivity in shaly sandstones (e.g.,
Glover, 2009). In any case, we provide all the data in Appendix D for the purpose of

developing and testing rock physics models by the wider scientific community.

Hence, to interpret the experimental data in terms of the three groups and remain
consistent with current theoretical knowledge, we chose to implement the shaly
sandstone conductivity model of de Lima and Sharma (1990) for high salinity limit,
given by
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&, =%[aw +m(F 1o ], @

where F = ¢™ is the intrinsic formation factor (de Lima and Sharma, 1990; Revil et
al., 1998; Revil and Cathles III, 1999; Rabaute et al., 2003; Lee and Collett, 2006) of
a rock, m is Archie’s cementation coefficient and o, is the surface conductivity.

Integrating F' = ¢ into equation 4.1 it can be expressed more explicitly as
o,=¢"[o, +m(p™" -Do,]. (4.2)

The parameters m and o, are solved by best fitting equation 4.2 to each group defined
in Figure 4.4 using least-squares regression assuming samples in each group have

similar cementation coefficients:

Group 1: m = 1.639, g, = -0.046 S/m, with R*> = 0.904, (4.3)
Group 2: m = 1.989, g, = 0.003 S/m, with R*= 0.937, 4.4)
Group 3: m = 2.105, o, = -0.009 S/m, with R* = 0.492. (4.5)

The negative values of surface conductivity o; in Groups 1 and 3 are not physically
realizable and we take this to indicate negligible grain surface conductivity (g,= 0) in
these samples. Setting o, = 0 reduces equation 4.2 to Archie’s equation (equation
2.26). The best fit of Archie’s equation (solid and dotted lines for Groups 1 and 3
respectively in Figure 4.4) to these two groups is therefore performed where the

cementation coefficient is the only variable:
Group 1: m; = 1.828, with R* = 0.860, (4.6)
Group 3: m3 = 2.319, with R* = 0.445. 4.7)

The lower correlation coefficients for the 11 samples in Group 3 are possibly due to
the smaller porosity range covered by these samples. Hence, we will focus on the

samples in Group 1 and Group 2 in the following analysis.

Although small (g, = 0.003 S/m), the positive surface conductivity value for samples
in Group 2 indicates that surface conductivity does make contributions to the bulk
conductivity in addition to the electrolyte conductivity in these samples. In Figure 4.5
we plot the expected bulk conductivity change with varying pore fluid conductivity
for porosities of 0.1 and 0.02 (which bracket the porosities of all Group 2 samples)

using the parameters defined in equation 4.4. We see in both cases that the bulk
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conductivity for a 35 g/l brine electrolyte (o, = 4.6948 S/m, indicated by the open
circle and open square respectively) deviates from Archie’s trend (dotted lines) and
thus confirms that surface conductivity is significant in these samples. Therefore
using equation 4.2 with parameters m; = 1.989 and g5, = 0.003 S/m (the dashed curve

in Figure 4.4) gives the best fit to samples in Group 2.
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Figure 4.5. Expected bulk conductivity change with varying pore fluid conductivity from the
shaly sandstone model of de Lima and Sharma (1990) for a sample with porosity of 0.1 (solid
curve) and 0.02 (dashed curve) respectively using best fitted parameters to samples in Group
2, my = 1.989, o, = 0.003 S/m. The bulk conductivity using 35 g/l brine (open circle and

square) deviates from Archie’s trend (dotted lines) for both cases.

4.2.3. Salinity effects

According to Worthington (1982), ‘during the course of electrical measurement under
conditions of full electrolyte saturation, any given lithology can exhibit both
negligible and highly significant shale effects depending upon the resistivity of the
interstitial aqueous electrolyte’. The dependence of this so-called clay effect on brine
salinity (and so brine resistivity) has been studied by Patnode and Wyllie (1950),
Wyllie and Southwick (1954), Waxman and Smits (1968), Rink and Schopper (1974)
and Worthington (1982). The last author nominated a critical value of brine resistivity

below which the particular clay content used in each of the above studies shows a
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negligible conductive effect. By contrast, our results suggest a critical clay content
(we call it critical clay conductive content below), above which the sandstones
saturated with a particular salinity brine show a significant conductive effect. This is a
similar concept to that of Worthington (1982) but expressed from the perspective of
clay content as opposed to electrolyte salinity. Brines in a specific sandstone reservoir
will tend to keep the same salinity on exploration timescales, so whether clay exhibits
a non-negligible conductive effect or not will depend on whether sandstone clay
content is below or above the critical clay conductive content for that particular brine
concentration, providing other reservoir parameters stay the same (e.g., differential

pressure and temperature).

It appears that for the 44 sandstones in Group 1 saturated with 35 g/l brine at a
differential pressure of 26 MPa and a temperature of 19 °C, the clay content does not
reach the critical clay conductive content value as samples in this group still follow
Archie’s trend. In other words, in our experiments, the critical clay conductive content
for the clay conduction effect is above the highest clay content of about 22% for
Group 1 samples with porosity higher than 0.09. However, for the 12 sandstone
samples in Group 2 with porosity less than about 0.09, even the lowest volumetric
clay content (about 10%) shows a non-negligible conductive effect indicating that the
critical clay conductive content for these samples is lower than 10%. These
observations suggest that porosity is the first order parameter that affects resistivity

while clay has a secondary effect that also depends on porosity.

It is interesting to note that for most Group 1 samples, clay content is less than the
percentage porosity, while the opposite is true for all samples in Group 2 as shown in
Figure 4.6 by normalizing clay content with porosity percentage for the samples that
contain some clay. This suggests a possible way to connect electrical properties to
elastic wave velocity relationships according to pore-filling or load-bearing clay in
clay/sand mixtures (Marion et al., 1992). Figure 4.6 also shows that samples in all 3
groups fall along the same trend of apparent formation factor versus clay
content/porosity ratio (although with some scatter, especially in Group 1); this
indicates a broadly similar clay effect on electrical resistivity per unit porosity (the
trend line) for the 3 groups. This differs from the shaly sandstone model of Revil et al.
(1998) that shows a decrease in resistivity with clay/porosity ratio. While Revil et al.

(1998) used a single cementation coefficient of 2 in their model; we have already
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shown for our dataset that sandstones can be grouped according to different
cementation coefficients. Hence, in addition to clay grain surface conductivity effects
(Revil et al., 1998; Glover, 2009), the presence of clay minerals also affects the
cementation coefficient (related to the connectivity of pore spaces; Glover, 2009)

which in turn influences resistivity.
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Figure 4.6. Electrical resistivity formation factor against the ratio of volumetric clay content
to the porosity percentage for the 67 brine-saturated sandstone samples in the 3 groups
defined in Figure 4.4 at 26 MPa differential pressure. The shaly sandstone model of Revil et
al. (1998) for 10% illite is compared to our data.

The fact that porosity percentage is higher than clay content in Group 1 samples (i.e.,
pore filling clays do not occupy all the available cemented sand grain framework
porosity) indicates that the overall connected porosity in Group 1 sandstones is
dominated by the geometry of the cemented sand grain framework. By contrast, the
opposite is true for Group 2 sandstones where porosity percentage is lower than the
clay content (hence, all cemented sand grain framework porosity is filled by clay
minerals assemblages with their associated connected microporosity). This means that
the connected porosity in Group 2 samples is dominated by the geometry of clay
mineral assemblages. The wider scatter about the trend for Group 1 samples in Figure
4.6 might be related to different amounts of sand grain overgrowth cement (non-clay,
e.g., silica or calcite), while the dominance of clay porosity gives less scatter about the
trend for Group 2 samples (i.e., the trend is independent of sand grain overgrowth

cement).
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The above observations provide evidence for the dominance of purely geometric

effects on pore connectivity and hence resistivity of high salinity reservoir sandstones.

4.2.4. Resistivity and clay content

Apparent formation factor /'* measured at 2 Hz versus volumetric clay content for all
67 samples is shown in Figure 4.7a on a log-log scale. Apparent formation factor F*
shows a general decreasing trend with increasing clay content for samples in Group 2,
but shows an increasing trend with clay content for most samples in Group 1,
although with a larger scatter. The increase in resistivity with clay content for Group 1
samples contradicts conventional knowledge about the clay conductive effect in terms
of surface conductivity (e.g., Simandoux, 1963; Waxman and Smits, 1968; Clavier et
al., 1984; de Lima and Sharma, 1990; Revil and Leroy, 2001), but could be a result of
the geometry of clay mineral assemblages controlling the Archie cementation
coefficient (e.g., Revil et al., 1998). However, the correlation between resistivity and
clay content observed in our samples is strongly related to the relationship between
porosity and clay content shown in Figure 4.7b. Here, porosity (the first order
parameter that affects resistivity) appears to decrease with clay content for samples in

Group 1 but increase with clay content for samples in Group 2.

The opposite effects of clay content on porosity for samples in different groups can be
interpreted using Yin’s critical porosity concept (Yin, 1993), which states the
inclusion of clay minerals into sand will initially lead to a decrease in porosity as clay
minerals fill the pores between sand grains (pore-filling) and the porosity decreases to
its minimum value (known as the critical porosity value) when volume clay fraction
reaches the ‘critical clay concentration’ (we will call it critical clay blocking
concentration from now on to avoid confusion with the critical clay conductive
content mentioned earlier) that equals the porosity of the cemented sand grain
framework. Note the difference between this volume clay fraction C and the
volumetric clay content V., definition used in the context. The volumetric clay
content is the percentage volume clay fraction without any clay porosity @,
associated with clay mineral assemblages, where V., = C(1 - @c14y). After the critical
clay blocking concentration is reached, any increase in clay with cause the clay

mineral assemblages to become load-bearing (in terms of elasticity) while the sand
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grains become dispersed in the framework of clay minerals, and will cause a
continuous increase in porosity related to the clay mineral assemblage porosity. A
diagram of the geometry of a sand-clay mixture with varying clay content used in the

model is given in Figure 4 of Marion et al. (1992).
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Figure 4.7. (a) Apparent formation factor (AC 2Hz) against volumetric clay content and (b)
porosity percentage against volumetric clay content for the 67 brine-saturated sandstone
samples in the 3 groups defined in Figure 4.4 at 26 MPa differential pressure. The porosity
curves in (b) are calculated from Marion’s (Marion et al., 1992) porosity model (equations
4.8 to 4.10), and the resistivity curves in (a) are the models integrating the porosity model
(equations 4.8 to 4.10) and Archie’s (Archie, 1942) equation and the model of de Lima and
Sharma (1990) using initial sand porosity 0.4, cementation 0.2, clay porosity 0.1 and m; =
1.828 for the dotted curve to model Group 1; and initial sand porosity 0.4, cementation 0.3,

clay porosity 0.2 and m, = 1.989, g, = 0.003 S/m for the solid curve to model Group 2.
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Here, we choose to integrate Marion’s (Marion ef al., 1992) clay-porosity model with
Archie’s (1942) equation and the model of de Lima and Sharma (1990) in an effort to
explain the change of resistivity of our sandstones with porosity in Figure 4.4 and
with clay content in Figure 4.7a. Since our sandstones comprise cemented sand grains
rather than the unconsolidated sand pack of the original model, we assume the volume
fraction of cement to be ¢,, which reduces the initial porosity of the uncemented sand
grain pack ¢,.,4. The expressions for (total) porosity ¢ based on the initial porosity of
the sandstone ¢g.q4, the volume fraction of cement ¢, the clay porosity ¢y, and the

volume fraction of clay C are given as follows.

= (Pgg = 9,) —CA=0,,,) for C < @sni— gn (4.8)
P = (Psand =~ P )Petay 101 €= Psana = P (4.9)
¢ =Cq.,, for C> gsuna—pn (4.10)

A similar approach was used by Rabaute et al. (2003) to predict the porosity of
chlorite-bearing sandstones; they then used the effective medium model of Revil et al.
(1998) to calculate the resistivity. However, the fact that most of our samples are
cemented with quartz (or calcite) overgrowths rather than by clay minerals justifies
our addition of cement fraction in our model, which distinguishes it from Rabaute’s

approach (Rabaute et al., 2003).

Whereas the clay effect on porosity (clay blocking effect) is accounted for by the
model of Marion et al. (1992), we use the parameters listed in equations 4.6 and 4.4
for Groups 1 and 2 respectively to plot the expected trends of resistivity versus clay
content via porosity caused by the clay-blocking effect. By adjusting the cement
fraction ¢,, and clay porosity ¢.uy, it was possible to get a reasonable fit to the data.
Note that we are attempting to fit the general observed trends for sandstones with a
range of cement fractions when C < ¢,,,s — @, and for sandstones with a range of clay
porosities when C > ¢y, — ¢n. Each curve is valid strictly only for a constant cement

fraction and clay porosity.

In Figure 4.7, ¢suna = 0.4, ¢, = 0.2 and @14, = 0.1 for Group 1 (dotted curve) and @sana
= 0.4, ¢, = 0.3 and ¢,y = 0.2 for Group 2 (solid curve). Figure 4.7b also shows that
most samples in Group 1 have porosity (%) higher than their volumetric clay content

(%) and all samples in Groups 2 and 3 have porosity (%) lower than their volumetric
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clay content (%). This is consistent with the results in Figure 4.6 and the concept of
pore-filling versus load-bearing clay for clay fraction lower and higher than the

critical clay concentration respectively (Marion ef al., 1992).

In Figure 4.7b, the decreasing trend of porosity (increasing apparent formation factor
and resistivity) with volumetric clay content for Group 1 samples suggests that the
average volumetric clay content is lower than the average critical clay blocking
concentration. By contrast, the increasing porosity (hence decreasing apparent
formation factor and resistivity) with clay content for Group 2 samples indicates that
the average volumetric clay content is above the average critical clay blocking

concentration. Again, we are seeking an explanation for the general observed trends.
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Figure 4.8. Comparison of integrated porosity (Marion ef al., 1992) and Archie (1942) model
and model of de Lima and Sharma (1990) with experimental data for the relationship between
apparent formational factor F* (AC 2 Hz at 26 MPa differential pressure) and porosity

percentage. Parameters are the same as used in Figure 4.7.

Figure 4.8 shows the model (using the same parameters as in Figure 4.7) predicted
apparent formation factor F* against porosity for Group 1 and Group 2. According to
our clay blocking model trends shown in Figure 4.8 for Group 1 (dotted line) and
Group 2 (solid curve), it is theoretically possible for samples with porosity less than
9% to fall along the Group 1 trend and for samples with porosity greater than 9% to
fall along the Group 2 trend. In fact, it is possible to adjust the model input parameters
(sand porosity, cement fraction, clay porosity) to provide any reasonable range of

porosities along each F'* - porosity trend. The key information that was not modelled
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is the link between porosity and resistivity (or apparent formation factor F*); we
simply used Archie’s law (1942) and de Lima and Sharma (1990) model curve fits to
the observations. However, our observations in Figure 4.4 indicate that a 9% porosity
cross-over is significant for a wide range of shaly sandstones and most probably
marks the transition from a predominantly clay-controlled to a sand-controlled

resistivity regime in terms of pore geometry and connectivity.

4.2.5. Resistivity and permeability

Figure 4.9 shows the relationship between apparent formation factor F* measured at 2
Hz and the permeability (in millidarcies) on a log-log scale. Although there is some
scatter, the 67 sandstone samples show a general linear trend (solid line) of decreasing

resistivity with increasing permeability K. The least-squares regression equation is

log(F*) = —0.2100-log(K) +1.8554 , R* = 0.7371. 4.11)

This negatively correlated resistivity-permeability relationship can be interpreted
intuitively in terms of the connectivity of pores (and hence of pore fluids for
resistivity under fully saturated conditions), i.e., the better the connectivity of the
pores, the higher the permeability but the lower the resistivity. The literature shows
both a negative (e.g., Wong et al., 1984; Frohlich et al., 1996) and positive (e.g.,
Urish et al., 1981; Ponzini et al., 1983) relationship between resistivity and

permeability based on high frequency well logging data. We applied a model from

2

Glover et al. (2006) relating permeability to formation factor by & = 4d—2F3 , based
am

on a possible electrokinetic approach (see also Revil and Cathles III, 1999 and
discussion in Revil, 2007), where d is the grain diameter in meters; « is a constant in
the range 2-12 depending upon the topology of the pore space, and is equal to 8/3 for
three-dimensional arrangements of quasi-spherical grains; m is cementation
coefficient; and F corresponds to intrinsic formation factor. The model result for m =
1.5 and d = 100 um (dashed line in Figure 4.9) gives a reasonable fit to the

experimental data.
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Figure 4.9. Apparent formation factor F* against permeability for the 67 brine-saturated
sandstone samples. Electrical resistivity measured at an AC frequency of 2 Hz and a
differential pressure of 26 MPa. The least-squares regression trend (solid) line is:

log(F) =—0.2100 -log(K) +1.8554, R* = 0.7371. Glover’s model (Glover et al., 2006) is

shown by the dashed line.

The apparent formation factor - permeability relationship can also be explained in
terms of the Kozeny-Carmen (Kozeny, 1927; Carman, 1937) equation that relates
porosity and tortuosity to permeability. Resistivity is some measure of tortuosity for a
given porosity, so we might expect resistivity to be closely related to permeability for
purely electrolytic conduction of ions. The combination of Archie’s equation and the
Kozeny-Carmen equation using the same parameters as that used in the model from
Glover et al. (2006) is shown in Figure 4.9 by the dotted line; however the fit to the

experimental data is unsatisfactory.

The relationship between porosity and permeability for all 67 samples is shown in
Figure 4.10a together with the Kozeny-Carmen equation using constant hydraulic
tortuosity T = 2.5 (Revil and Cathles III, 1999; Gomez, 2009) with grain diameter d
varying from 100 um to 1 pum. These equations can be used to give a rough estimation
of the grain size when no grain size data exist. Figure 4.10b shows a comparison of
our data to the permeability model from Glover et al. (2006) by using electrical
parameters that separate pore throat from total porosity and hydraulic radius. The
model predictions bracket the data and indicate likely variations in grain size and their

influence on the transport properties of reservoir sandstones.



Chapter 4. Electrical properties of reservoir sandstones 69

@ 10" : : : . :
M Group 1 Kozeny-Carmen
® L
— 21O  Group2 = e a9 -
o 10 r e i
E Group 3 -
2, d'=100 pm
4 10 ¢ i
§ =50 um
- S - N
o .2 .
a 10 /o SOTT 0 e =10MmM
Ny 1 Hm
10 S0 ' - - . .
0 0.05 0.1 0.15 0.2 0.25 0.3
Porosity
®) 10" . ,

Glover et al.(2006)

Permeability (mD)
o

N d=1pm

o 005 01 015 02 025 03
Porosity

Figure 4.10. Permeability against porosity for the 67 sandstone samples together with (a)
Kozeny-Carmen equation and (b) Glover’s model with varying grain diameter from 1 pum to
100 pum. The data indicate that sandstones with higher porosities tend to have higher

permeabilities.

4.3. Discussion

The root of the so-called shaly-sand problem in hydrocarbon evaluation can be traced
to the presence of excess electrical conductivity associated with fine-grained clay
minerals (Worthington, 1982). The clay effect is one of the main obstacles to
overcome when interpreting resistivity measurements from both conventional well
logging and newly developed CSEM methods. Consequently, it is extremely
important to understand clay effects when inverting CSEM data with constraints from

well logging data.
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It is known that there are excess ions associated with clay minerals (e.g., Revil and
Glover, 1998) that form thicker fluid double layers than in the case of non-clay
minerals (e.g., Revil and Glover, 1997). In theory, this implies that clay-rich
sandstones should have lower resistivities than clean sandstones depending on the
resistivity of the electrolyte saturating the sandstones; this is the so called clay
conductive effect, and several clay conductivity models (e.g., Simandoux, 1963;
Waxman and Smits, 1968; Clavier ef al., 1984; Sen and Goode, 1988; de Lima and
Sharma, 1990; Tenchov, 1998; Revil ef al., 1998; Rabaute et al., 2003) have tried to
account for it. However, Yin’s work (Yin, 1993) indicates that the location and
geometry of clay mineral assemblages within a sand/clay mixture also has a profound
effect on porosity which in turn affects resistivity (see Figure 4.7); we call this the
clay blocking effect. Therefore, the clay effect on electrical resistivity can work in
two ways: on the one hand the surface conduction associated with clay minerals
provides extra conductive paths, in addition to the normal pore electrolyte
conductivity, which leads to a decrease in electrical resistivity (clay conductive
effect). On the other hand there is a strong correlation between clay content and
porosity; clay minerals in sandstones make the porosity either decrease or increase
depending whether clay content is lower or higher than the critical clay blocking
concentration (Marion et al., 1992), which in turn causes an increase or decrease in

resistivity (clay blocking effect).

The clay conductive effect and clay blocking effect operate simultaneously and the
final resistivity of a sandstone that contains clay minerals will depend on whether the

clay conductive or the clay blocking effect prevails.

If the porosity of clay-rich sandstones is high enough when saturated with low
resistivity electrolyte, then the conduction of electrical current takes place through the
more conductive electrolyte rather than via the clay double layer; in this case the clay
minerals can be treated as insulators similar to quartz grains and they show a
negligible conductive effect. When the differential pressure increases, the electrolyte
is expelled from shrinking low aspect ratio pores and microcracks; this reduces ionic
conduction through the electrolyte and increases the proportion of clay surface
conduction. As pressure increases, or as porosity reduces due to cementation, or as the

salinity of the electrolyte decreases, the clay conductive effect may overtake the clay
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blocking effect and lead to resistivity deviations from Archie’s equation (equation

2.26).

On the other hand, for samples with increasing clay content, the clay effect depends
largely on the electrolyte resistivity. One limit of behaviour, for example, would be a
sample saturated with electrolyte of low enough resistivity (e.g., a very high salinity
brine) when clay for all porosities can be regarded as an insulator with negligible
surface conduction taking place through the clay double layer compared to the bulk
pore fluid conduction; here, the addition of clay shows a purely blocking effect. The
resistivity change of the sandstone therefore follows the clay-porosity trend (Yin,
1993) but in an inverse manner; that is, the resistivity increases first with increasing
clay content and reaches its peak value when clay content arrives at a critical clay
blocking concentration. Afterwards, the resistivity reduces with increasing clay
content. This behaviour is shown by the dotted curves in Figure 4.7. The other limit of
behaviour would be a sample saturated with very high resistivity electrolyte (for
example gas or oil). Here, clay mineral surface conductivity effects dominate and clay
shows the conductive effect only. This time an increase in clay content leads to a
consistent decrease in resistivity, indicating that resistivity reaches its maximum value

for a clay content equal to zero.

The XRD results show that clay minerals in the 11 samples of Group 3 are kaolinite,
whereas clay in other samples is dominantly illite. Figure 4.7b shows that for clay
content higher than 13%, samples in Group 1 and Group 3 have similar porosity
(about 0.12) indicating kaolinite and illite have an approximately equivalent blocking
effect in reducing porosity at this clay content range. Comparison of resistivities of
these samples with similar clay content in Figure 4.7a shows that samples where clay
minerals are dominantly illite in Group 1 have slightly lower resistivity than samples
containing kaolinite in Group 3. This confirms the results of Thomas (1976), Johnson
and Linke (1978), Ridge (1983) and Ellis (1987) that kaolinite does not play an
important role in reducing the resistivity of shaly sand. It also explains the observation
in Figure 4.4 that the highest resistivity dependence on porosity is seen for samples in
Group 3. Our ability to study in detail the types and modes of occurrence of the clays
and their effect on the signature of electrical resistivity is currently limited by the

single high salinity brine (35 g/l) used in our experimental dataset.
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Our sandstone samples were selected to represent as wide a range of porosity,
permeability and clay content as possible. Nevertheless, they represent a somewhat
eclectic mix of geological provenance including a range of Carboniferous, Permian
and Triassic sandstones from quarries and boreholes in the United Kingdom, a
selection of borehole samples from Chinese petroleum wells, as well as Berea
sandstone, much referred to in rock physics literature. It is usually the case that
empirical physical property relationships will be specific to a particular geographic
location or geological sequence. However, comparison of Figure 4.11 to Figure 4.7a
shows that the geological grouping of samples has no apparent influence on the
deductions made from the overall dataset. For example, the China borehole samples
straddle both groups, both above and below a critical clay blocking concentration, and
seem to follow a general clay-blocking model trend. We take this as a further

affirmation of the generality of our clay-blocking model.
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Figure 4.11. Apparent formation factor against volumetric clay content by grouping the

samples with the geological information of where they are cored from.

We were interested in the low frequency electrical resistivity (2 Hz) behaviour
relevant to CSEM surveys. The results presented above are expected to be different
from those derived from well logging and measurements while drilling at around 50
kHz as polarisations (e.g., Maxwell-Wagner polarisation, the polarisation of Stern
layer and membrane polarisation) take place at different frequencies affecting the
frequency dependence of electrical resistivity (e.g., de Lima and Sharma, 1992; Leroy

et al., 2008; Leroy and Revil, 2009). We tried to trace this resistivity change with
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frequency by also measuring electrical resistivity at 440 Hz and 50 kHz. The 440 Hz
data showed negligible variation with the 2 Hz data but the 50 kHz data unfortunately
lacked the necessary accuracy which degrades with frequency in our measurement
system (a function of sample impedance, see Appendix B). This will be addressed in

further studies.

4.4. Conclusions

There are important conclusions to be drawn from the experimental data presented in

this chapter.

(1) We have confirmed the feasibility of Archie’s equation (Archie, 1942) to
model the resistivity of effectively clean sandstones and the model of de Lima
and Sharma (1990) to model that of shaly sandstones at 2 Hz. Saturated with
35 g/l brine (o, = 4.6948 S/m at 19 °C), our sandstone samples show a very
good correlation with Archie’s equation (Archie, 1942) and the model of de

Lima and Sharma (1990) for clean and shaly sandstones respectively at 2 Hz.

(2) Porosity is the first order parameter that affects resistivity and clay shows a
secondary effect on resistivity that depends on porosity. Under our
experimental conditions (full saturation with 35 g/l brine at a differential
pressure of 26 MPa and temperature of 19 °C), sandstone samples with
volumetric clay contents as high as 22% were found to behave like Archie’s
clean sandstones when porosity is higher than 9% while samples with
volumetric clay content as low as 10% behave like shaly sandstones when
porosity is less than 9%. The integration of Marion’s (Marion et al., 1992)
porosity model with the resistivity models of Archie (1942) and de Lima and
Sharma (1990) gives a reasonable fit to the resistivity-clay trends of

effectively clean and shaly sandstones respectively.

(3) We observed a negative correlation between electrical resistivity and hydraulic
permeability. Two possible causes of this relationship are proposed: firstly,
low permeabilities result from low porosities and increased tortuosity of
connected pores due to dispersed clay minerals, which leads to high

resistivities according to Archie’s equation (Archie, 1942); secondly, low
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permeability means there is a lack of connected pores and so the electrolyte is

not so well connected, again leading to higher resistivities.

(4) The clay effect on resistivity is complicated since it depends not only on the
amount of clay (clay content), porosity and electrolyte resistivity but also on
the differential pressure; differences in clay type (kaolinite and illite in this
study) may have different effects on electrical resistivity which however needs

further investigation.

Overall, the results provide insight into electrical resistivity phenomena likely to be
seen in reservoir rocks in situ. Our results for the first time provide quantitative
empirical relations among resistivity, porosity, clay content and permeability for
typical reservoir sandstones at low frequency (2 Hz) likely to be employed by CSEM
surveys. Of course, these empirical relations should be used with caution when
applied to new geological provinces, but nevertheless they serve to illustrate the likely
behaviour of typical reservoir sandstones given the wide range of lithological
parameters in our dataset. Nevertheless, a new clay-blocking model (based on pore
filling and load-bearing clay with variable cement content and Archie’s Law)
provides a good description of the general trends seen in our data where no clay
conduction effect is expected. The results indicate a general transition from clay-
controlled to sand-controlled resistivity at about 9% porosity for shaly sandstones.
Further theoretical developments are needed to model the clay conduction effect in
competition with the clay-blocking effects observed here, together with new

experimental data at low pore fluid salinities and different measurement frequencies.
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Chapter 5

Pressure effects on the joint elastic-electrical
properties of reservoir sandstones

This chapter forms a paper submitted for publication to Geophysical Prospecting, Han
T., Best A.lL,, Sothcott J. and MacGregor L.M. 2010. Pressure effects on the joint

elastic-electrical properties of reservoir sandstones.
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Abstract: The joint elastic-electrical properties of 63 sandstone samples were studied
in the laboratory. Sample porosities ranged from 1.99% to 28.99%, permeabilities
from 0.0001 mD to 997.49 mD and volumetric clay contents from 0 to 27.63%.
Ultrasonic (0.7 — 1.0 MHz) compressional- and shear-wave velocity (V,, V) and
attenuation (1000/Q,, 1000/Qy) and electrical resistivity (A/C 2 Hz, p) were measured
simultaneously at differential pressures (difference between confining and pore

pressures) from 60 MPa down to 8 MPa on 5 cm diameter plugs fully saturated with

35 g/l brine. We found that a regression equation of the form Z = 4 — Be < (where:
Z represents each of the 5 measured geophysical parameters V), Vs, 1000/Q,, 1000/Q;
and p; 4, B, C are constants fitted to the data; and Py is differential pressure) gave a
good fit to the results for all 5 geophysical parameters. Electrical resistivity p was
more pressure-sensitive in clay-rich sandstones with higher concentrations of low
aspect ratio pores and micropores than in clean sandstones. Ultrasonic wave
attenuation (1000/Q, and 1000/Q;) was more pressure-sensitive in clean sandstones
with large open pores (macropores) than in clay-rich sandstones. Pore type did not
show any influence on the pressure sensitivity of elastic velocity (¥, and V). As
differential pressure increases, the effect of the low aspect pores and micropores on
electrical resistivity gets higher than that of the macropores on attenuation. Further
analysis of correlations among the 5 parameters as a function of pressure revealed

potentially diagnostic relationships for geopressure prediction in reservoir sandstones.

5.1. Introduction

Marine controlled source electromagnetic techniques are growing in importance for
hydrocarbon exploration, reservoir characterisation and monitoring. They provide
sub-seabed electrical resistivity as a complementary parameter to elastic wave
velocity and attenuation derived from co-located seismic surveys (Harris ef al., 2009).
This extra information can improve geophysical inversion schemes for pore fluid type
and saturation given sufficient knowledge about rock properties. Lithology
(mineralogy, porosity, permeability, etc.) also influences electrical and -elastic
properties in addition to pore fluid effects, all of which can be affected by changes in
effective stress in the subsurface. In particular, effective stress controls the dilation of

fractures and microcracks in reservoir rocks which in turn affect reservoir
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permeability, mechanical strength and anisotropy (Nur and Simmons, 1969). The
remote geophysical characterisation and monitoring of geopressure and associated
geomechanical changes is immensely important for hydrocarbon reservoir production,
and not least for detecting leakage pathways from future CO, storage reservoirs. The
addition of electrical resistivity information to elastic velocity and attenuation may
give better insight into reservoir pressure conditions and is therefore worthy of further

investigation.

The effect of differential pressure (here defined as the difference between the
confining and pore fluid pressures) on elastic velocity and attenuation has been
reported in the literature by various authors, e.g., Gardner ef al. (1964), Gordon and
Davis (1968), Nur and Simmons (1969), Toksoz et al. (1979), Johnston and Toks6z
(1980), Jones (1995), Best and Sams (1997) and Khaksar et al. (1999); they found
that increasing pressure generally increases elastic velocity and decreases attenuation
in rocks due to the closure of microcracks. Similarly, increasing differential pressure
was found to increase electrical resistivity (e.g., Fatt, 1957; Glanville, 1959; Brace et
al., 1965; Brace and Orange, 1968; Timur et al., 1972; Jing, 1990; Jing et al., 1990;
and Mahmood et al., 1991). Jing et al. (1992) observed a more rapid increase in
resistivity with pressure at lower pressures (< 10 MPa) than at higher pressures where
resistivity approaches a constant value, and also attributed this to the higher
compressibility of pores at lower pressures. A logical extension of these studies is to
investigate the effect of pressure on all five geophysical parameters of interest (i.e., P-
and S-wave velocity and attenuation, and electrical resistivity) to see what might be
gained from joint elastic and electrical parameter inversions over single elastic or
electrical parameters. Despite the extensive use of both seismic and electrical methods
in borehole wireline logging and surface geophysics for many decades, there does not
appear to be any systematic study of joint elastic and electrical properties of reservoir

rocks reported in the open literature.

This chapter presents the results of a laboratory study into the effect of differential
pressure on the joint elastic-electrical properties of typical reservoir sandstones. Five
parameters were measured on a set of 63 sandstones samples taken from quarries and
boreholes with a wide range of reservoir properties. All 5 measured parameters (P-
and S-wave velocity, V, and V; respectively; P- and S-wave attenuation, 1000/Q, and

1000/Q; respectively, where Q is the quality factor; and electrical resistivity, p) were
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found to follow pressure trends defined by the equation Z = 4 — Be " (see below
for definitions). Significantly, the pressure sensitivity of electrical resistivity was
found to increase with higher proportions of low aspect ratio pores and micropores,
while that attenuation increased with increasing content of large open pore
(macropores), and elastic velocity showed no dependence on the different pore types.
When cross-plotted for different pressures, all trends were approximately linear (e.g.,
p-Vy), the gradient of which varied between samples and was found to have a
correlation with the proportions of low aspect ratio pores and micropores.
Interestingly, the resistivity-velocity and resistivity-attenuation slopes showed a high
correlation with electrical resistivity measured at 8 MPa differential pressure. The
results show that joint elastic-electrical properties have the potential to reveal subtle
rock responses to pressure that are not discernible from elastic or electrical properties

alone.

5.2. Experimental results

5.2.1. The effect of differential pressure on velocity, attenuation and resistivity

Least-squares regression analysis was performed on the data to quantify the effect of
differential pressure on elastic wave velocity and attenuation and electrical resistivity
for each sample. Based on work of Eberhart-Phillips et al. (1989), Jones (1995),
Khaksar et al. (1999), Brace et al. (1965) and Kaselow and Shapiro (2004), it was

found that a regression equation of the form

Z=A—-Be 7, (5.1)
gave the best fit to all 5 parameters, i.e., P- & S-wave velocity and attenuation and
electrical resistivity, where Z corresponds to the parameter of interest; P, is the
differential pressure, and 4, B and C are the best-fit coefficients.
Figure 5.1 shows results for Sample No. 1SU as a typical example of the experimental
data and pressure-dependent regression curves for P-wave velocity and attenuation (S-

wave velocity and attenuation give similar results) and electrical resistivity. The best

fit regression coefficients for equation 5.1 for all 63 samples are given in Appendix C.

Note that all correlation coefficients were better than R* = 0.9.
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Figure 5.1. Experimental data and regression curves for sample 1SU showing the variation of
(a) P-wave velocity, (b) P-wave attenuation and (c) electrical resistivity with differential

pressure. S-wave velocity and attenuation show similar trends to those for P-waves.

As expected, V), and p increase, and 1000/Q, decreases, smoothly and with the rate of
change diminishing with pressure converging on a constant value at higher pressures.
The closure of low aspect ratio pores in the rock is the most plausible explanation for
this pressure-dependent behaviour (e.g., Glover ef al., 2000). Low aspect ratio pores
could be present as cracks either within mineral grains, or more probably at grain
contacts, or could be associated with clay minerals with their platy grains and related
porosity (note range of clay contents up to 27.63% in Appendix A). Hence, increasing
velocities can be explained by the increasing stiffness of the rock frame relative to the
negligible increase in rock density as the reduction in porosity due to closure of
microcracks in sandstones is very small, generally less than 1% (Mavko and Jizba,
1991; Mavko et al., 1998). The decrease in attenuation is most probably explained by

a reduction in microcrack squirt flow as cracks close according to mechanisms
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described by, for example, Murphy et al. (1986), Dvorkin et al. (1995). The finite
attenuation at high pressure could indicate background Biot type losses (Biot, 1956a,
b) or even those due to clay-squirt flow (e.g., Best and McCann, 1995; Marketos and
Best, 2010). The increase in electrical resistivity with pressure indicates the
importance of low aspect ratio pores in controlling electrical properties. If ionic
conduction in the pore fluid is taken to be the dominant mechanism of electrical
current flow, then the pressure dependence could be explained by the closure of

narrow conductive pathways at grain contacts with increasing pressure.

The pressure sensitivity of each of the 5 geophysical parameters can be expressed by

the differential of each geophysical parameter Z to the differential pressure Py

dZ  d(A-Be ")

dbP,, dP,,;

S(Z) = = BCe | (5.2)

where the pressure sensitivity S(Z) decreases with differential pressure. To estimate
the overall pressure sensitivity of each of the geophysical parameter we average S(2)
at the 6 differential pressures (60, 40, 26, 20, 15 and 8 MPa respectively) employed in

the measurements.

Figure 5.2 shows the averaged pressure sensitivities of V,, 1000/Q, and p between 8
and 60 MPa plotted against sample porosity (although not shown, the S-wave results
show similar trends to the P-wave results). It is worth pointing out that the magnitude
of the pressure sensitivity of each parameter depends on the B coefficient which in
turn is determined by the unit of that parameter (e.g., velocity in m/s will give a B
coefficient different from in km/s and hence a different magnitude of the pressure
sensitivity, and it is the same case for attenuation in terms of 1000/Q or 1/Q). We
therefore study the individual behaviour of the pressure sensitivity of one parameter

rather than comparing the magnitude of two.

Figure 5.2 shows that electrical resistivity p is much more sensitive to pressure at
lower porosities and there appears to be a systematic trend of decreasing sensitivity
with porosity, although with some scatter. In an inverse manner to the pressure
sensitivity of resistivity with porosity, P-wave attenuation shows a dominant trend of
higher pressure sensitivities (higher absolute sensitivity values) at greater porosities
and the sensitivity decreases with decreasing porosity. There is also a curious

grouping of data points at around 10% porosity which show a wide range of 1000/Q,
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pressure sensitivity for a small range of porosity. The pressure sensitivity of P-wave

velocity however shows no discernible change with porosity.
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Figure 5.2. Experimental data for all samples showing pressure sensitivity (S) of (a) P-wave
velocity (b) P-wave attenuation and (c) electrical resistivity, plotted against porosity. S-wave

velocity and attenuation show similar behaviour to the P-waves.

Thin sections and SEM observations (Figures 5.3 and 5.4) confirm that the dominant
pore type shifts from i) macropores (intergranular and generally high aspect ratio
pores, Figure 5.3) in the higher porosity samples to a combination of ii) connective
pores (low aspect ratio pores at grain contacts, Figure 5.4a) and iii) micropores (small
pores within clay mineral aggregates and altered rock fragments, Figure 5.4b) in the
lower porosity samples; these pore type definitions were taken from Khaksar et al.
(1999). This confirms the observations made by Xu et al. (1990) who discussed the
relative importance of high and low aspect ratio pores on electrical and hydraulic rock

properties.
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Figure 5.3. Thin section image of sample No. W165.7 with porosity of 16.87% showing

dominant pore type of macropores in this sample. Scale bar = 1 mm.

Figure 5.4. SEM images showing different pore types. (a) Connective pores in sample No.
1SU with porosity of 10.71%, scale bar = 0.2 mm; (b) Micropores associated with clay
minerals for sample No. YORK?2 with porosity of 10.31%, scale bar = 0.01 mm.

To quantify our observations the porosity is plotted against Archie’s (Archie, 1942)
cementation coefficient m, which according to Salem and Chilingarian (1999)
contains information of the shape of the pores. That is, low aspect ratio pores usually
have higher surface areas which give higher Archie cementation coefficients; the term
cementation coefficient is misleading as it is primarily controlled by pore surface
area, not cementation itself. The result is shown in Figure 5.5, where the cementation
coefficient m is calculated using the method proposed by Olsen et al. (2008).
Although scattered there seems a trend of decreasing cementation coefficient m with
porosity, indicating higher proportions of low aspect ratio pores in the lower porosity

samples.
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Figure 5.5. Experimental data showing the relationships between cementation coefficient m

and porosity of all 63 samples.

With this observation it is possible to explain the pressure sensitivity of the
geophysical parameter with porosity. That is, the greater sensitivity of electrical
resistivity to pressure in the less porous samples is due to their higher proportions of
connective pores and micropores. This explanation resembles that of Glanville (1959)
for the higher formation factor () sensitivity to pressure seen in less porous, less
permeable rocks. The higher pressure sensitivity of attenuation in the higher porosity

samples seems to be related to the greater proportion of macropores.

As discussed above, the decreasing attenuation with pressure is probably caused by a
reduction in microcrack squirt flow with increasing differential pressure. However our
data show that attenuation is more sensitive to pressure in more porous samples where
there are higher proportions of large open pores (macropores). This possibly implies
that although microcrack squirt flow decreases with differential pressure, and
although macropores show finite change with differential pressure, it is the loss via
the finite shrinking macropores (Biot type losses, Biot, 1956a, b) that determines the

pressure sensitivity of attenuation.

The decreasing pressure sensitivity of electrical resistivity with porosity is explained
by the relative importance of ionic charge conduction in the fluid versus surface
charge conduction on mineral grains. Ionic conduction might be expected to dominate

in large open pores, but may compete with surface charge conduction in narrow pores.
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The lack of any correlation of pressure sensitivity of elastic velocity to porosity
suggests that changes in rock frame elastic moduli due to pressure are equally
determined by micropores or macropores. The reason why porosity shows an opposite
effect on the pressure sensitivity of attenuation and electrical resistivity needs further
investigation. However, our observation could prove to be a useful diagnostic feature

of reservoir rock properties from joint elastic-CSEM surveys.

5.2.2. The effect of pressure on the relationship between resistivity and velocity

Electrical resistivity is cross-plotted against V), and V; as a function of differential
pressure for Sample No. 1SU in Figure 5.6. Also shown are the curves derived from

the least-squares regressions according to equation 5.1 (see above).
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Figure 5.6. Experimental data and regression curves for sample 1SU showing the
relationships between electrical resistivity and (a) P-wave velocity and (b) S-wave velocity

with differential pressure. Arrows show direction of increasing differential pressure.

Electrical resistivity increases in an approximately linear fashion with elastic velocity
with differential pressure changing from 8 to 60 MPa. The relative change of
electrical resistivity p with V), as a function of differential pressure can be expressed

as

dp
~C, Py
G, = delﬁ' _ BPCPe 0 _ BP CP (Crp=Cp) Far
I - 7CV7Pdi/f' -
de B, Cye " B, Cy,

dp,,

: (5.3)

where G corresponds to the gradient of the resistivity-velocity curve at each

differential pressure Py The linearity of the resistivity-velocity trend is determined
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by the difference between the C coefficients of electrical resistivity and elastic
velocity in equation 5.1; i.e., the smaller the difference, the more linear the resistivity-
velocity trend. The fact that the difference in the C coefficient for all 63 sandstones
studied varies on average between 20.56% and 23.69% for the p-V), and p-V relations

respectively allows us to approximate C, = Cy,, leading equation 5.3 to become
B
G ~—*. (5.4)
B,

Hence, the change of electrical resistivity with elastic velocity as a function of
differential pressure can be approximated by a linear function for each of the

sandstone samples, and G can be used to represent the slope of the p-V), relationships.
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Figure 5.7. Experimental data for all 63 samples showing the relationships between electrical
resistivity and P-wave velocity with differential pressures on a logarithmic scale. Resistivity-

V, relationships are similar.

Figure 5.7 shows the p-V), relationships as a function of differential pressures for all
63 samples (p-V; relationships are similar) on a log-log scale. We choose to plot
Figure 5.7 on a logarithmic scale because, as the resistivity data cover more than 2
orders of magnitude, it makes the distribution of the curves much clearer. As expected
all samples show approximately linear curves but the slope varies between samples. It
is interesting that samples with a larger slope (e.g. sample SDI, green x-marks)

usually have a higher initial elastic velocity and electrical resistivity (the values at 8
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MPa differential pressure respectively) while samples with smaller slopes (e.g. sample
CZ5, blue right triangles) generally start from a lower elastic velocity and electrical

resistivity.

In order to analyze the variation of the p-V, slopes between samples we first plot G,
for all 63 samples against porosity in Figure 5.8. A systematic decrease in slope is
seen with increasing porosity which again suggests the relative importance of low to
high aspect ratio pores at low and high porosities in affecting electrical resistivity

rather than elastic velocity as discussed in the previous section.

10° . . . . .
107 :
~— '2-
o 107 .
107} 0
i O]
10-4 1 1 | 1 1
0 5 10 15 20 25 30

Porosity (%)

Figure 5.8. Relationship between the slope G; of the resistivity-V, curves (linear

approximation) and porosity. Slopes for resistivity-V; against porosity show a similar trend.

Figure 5.9 shows the p-V, slope G; against P-wave velocity measured at 8 MPa
differential pressure (the initial values mentioned above). Two groups appear in
Figure 5.9 with samples in both groups showing increasing p-V), slope with P-wave
velocity. The increasing slope G; with velocity can be explained by combining the
relationships between G| and porosity and between velocity and porosity. That is, the
slope G increases with decreasing porosity where there are higher proportions of low
aspect ratio pores to which electrical resistivity is more sensitive than the elastic
velocity; at the same time with decreasing porosity the rock frame gets stiffer giving
higher elastic velocity. However the two groups in Figure 5.9 indicate some other
controlling parameter apart from porosity, which after investigation is found to be
clay content. The lower group in Figure 5.9 consists of clean sandstones (volumetric
clay content less than about 10%), while samples in the upper group of Figure 5.9 are

all clay-rich sandstones. Since there are more micropores associated with clay
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minerals in the clay-rich samples, it is this higher proportion of clay micropores that
makes the p-V), slope greater than in the clean sandstones where the majority of the

pores are relatively pressure-insensitive macropores.
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Figure 5.9. Relationship between the slope G; of the resistivity-V, curves (linear
approximation) and P-wave velocity measured at 8 MPa differential pressure. Slopes for

resistivity-V; against S-wave velocity show a similar trend.

The p-V, slope G against electrical resistivity measured at 8 MPa differential
pressure is shown in Figure 5.10, where the slope G, increases linearly with electrical

resistivity on a logarithmic scale:

log(G,) =1.7766log(p) — 4.0470 with R*> =0.9769. (5.5)

10° ¢ . -
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A R?=0.9769
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Figure 5.10. Relationship between the slope G, of the resistivity-}, curves (linear
approximation) and electrical resistivity measured at 8§ MPa differential pressure. Slopes for

resistivity-V against electrical resistivity show a similar trend.
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Different from the correlation between the p-V), slope G, and elastic velocity where
clay content shows a systematic effect, the relationship between G; and electrical
resistivity is no longer influenced by clay content. This indicates the presence of a
more fundamental relationship between G and electrical resistivity than that between
G, and elastic velocity, which needs further investigation. However the two
relationships are complementary and together reveal the importance of clay content
on the pressure dependence of joint elastic-electrical properties of reservoir

sandstones.

The above analysis gives a possible way to discriminate between different porosity
and clay content rocks from the resistivity-velocity pressure sensitivity. Using
empirical velocity-porosity and resistivity-porosity regression equations (see Chapter
4), it is then possible to construct the exact behaviour for any given pressure range in
combination with equation 5.1 regression curves (see Appendix C). Possible
explanations for different pressure sensitivities of the 5 geophysical parameters were

discussed above.

5.2.3. The effect of pressure on the relationship between resistivity and

attenuation

The resistivity-attenuation relationships are presented in a similar format to that used
for resistivity-velocity above. Approximately linear relations are seen between
resistivity and P-wave attenuation (1000/Q,), and similarly for S-wave attenuation, in
Figure 5.11 for Sample No. 1SU, which is typical of all samples shown in Figure 5.12

on a logarithmic scale.

As expected, electrical resistivity increases while elastic wave attenuation decreases
with increasing differential pressure, and the slopes of the p-1000/Q, curves,
. Bp .
approximated by G, * ———, vary between samples. The attenuation data for both
1000/ Qp

compressional- and shear-waves confirm the results of Jones (1995) and Best and

Sams (1997).
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Figure 5.11. Experimental data and regression curves for sample 1SU showing the
relationships between electrical resistivity and (a) P-wave attenuation and (b) S-wave
attenuation with differential pressure. Arrows show the direction of increasing differential

pressure.

10

10 ¢

Resistivity (@m)

10 10
1000/Qp

Figure 5.12. Experimental data for all 63 samples showing the relationships between
electrical resistivity and P-wave attenuation with differential pressures on a logarithmic scale.
Relationships between resistivity and S-wave attenuation show similar trends but with more

scatter.

Figure 5.13 shows the variation of G, with porosity for all 63 samples. The decreasing
absolute values of G, with increasing porosity indicates that the p-1000/Q, curves for
the less porous samples change more steeply with differential pressure than the higher
porosity samples. This is similar to the observation between the p-V), slopes G against

porosity, but suggests differences in the ways in which electrical resistivity and elastic
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velocity and attenuation are linked by differential pressure. As we established above,
electrical resistivity is more sensitive to low aspect ratio pores with changing
pressure, attenuation is more subject to the large open pores (macropores), while
elastic velocity seems to be independent of pore type. The decreasing magnitude of p-
1000/Q, slope G, with porosity therefore implies that the micropores have a more
profound effect on electrical resistivity than on elastic wave attenuation with changing

differential pressures.
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Figure 5.13. Relationship between the slope G, of the p-1000/Q, curves (linear

approximation) and porosity. Slopes for p-1000/Q, against porosity show a similar trend.
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Figure 5.14. Relationship between the slope G, of the p-1000/Q, curves (linear
approximation) and P-wave attenuation measured at 8 MPa differential pressure. Slopes for p-

1000/Qy against S-wave attenuation show a similar trend.
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The relationship between p-1000/Q, slopes G, and the P-wave attenuation measured
at 8 MPa differential pressure is shown in Figure 5.14; the data however are too
scattered to get a systematic correlation for the whole dataset, although there is a
suggestion of two separate groups with higher and lower G, values. Figure 5.15
shows the plot of the p-1000/0, slopes G, against the electrical resistivity measured at
8 MPa differential pressure.
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Figure 5.15. Relationship between the slope G, of the p-1000/Q, curves (linear
approximation) and electrical resistivity measured at 8 MPa differential pressure. Slopes for

p-1000/Q; against electrical resistivity show a similar trend.

Again a strong linear correlation between the two parameters appears on a logarithmic

scale
log(—G,) =1.86641og(p) —3.1444 with R?*=0.9170. (5.6)

This is another important observation. Since electrical resistivity is easier to measure
than attenuation, once we measure electrical resistivity at two end differential
pressures (e.g., differential pressures before and after hydrocarbon production) and
elastic attenuation at one of the differential pressure, we can predict the behaviours of
both electrical resistivity and elastic attenuation at any differential pressure in
between using equation 5.6 provided that the change in either electrical resistivity or

elastic attenuation with differential pressure is known.
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5.2.4. The effect of pressure on the relationship between velocity and attenuation

As established above, both resistivity-velocity and resistivity-attenuation relationships
are approximately linear; this leads to the deduction that the velocity and attenuation
relation should also be approximately linear with pressure. Figures 5.16 and 5.17

confirm this deduction. Figure 5.17 also shows that the slope of the velocity-

Vp

attenuation approximation, given by G, = , varies between samples but is

1000/ Op
visually much smaller than for resistivity-velocity and resistivity-attenuation in

Figures 5.7 and 5.12 respectively.
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Figure 5.16. Experimental data and regression curves for sample 1SU showing the
relationships between (a) P-wave velocity and attenuation and (b) S-wave velocity and
attenuation with differential pressure. Arrows show the direction of increasing differential

pressure.

Figure 5.18 shows there is a general decreasing trend of the absolute slope G values
with increasing porosity as expected, with some outlier samples between 10 — 13%
porosity. The relationship between the velocity-attenuation slope Gs and porosity is
entirely due to the elastic attenuation sensitivity to macropores with changing pressure
since elastic velocity is not sensitive to different pore types. The velocity-attenuation
slope G in Figure 5.18 covers less than 2 orders of magnitude, much smaller than that
of the resistivity-velocity slope G; and resistivity-attenuation slope G, which both
cover about 4 orders of magnitude. Again, this confirms that the change of elastic
attenuation with increasing differential pressure due to shrinkage of macropores is

less than the resistivity change due to shrinkage of micropores.
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Figure 5.17. Experimental data for all 63 samples showing the relationships between P-wave
velocity and P-wave attenuation with differential pressures on a logarithmic scale. S-wave

results show similar trends but with more scatter.
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Figure 5.18. Relationship between the slope G; of P-wave velocity to P-wave attenuation

(linear approximation) versus porosity. S-wave results show a similar trend.

Figures 5.19 and 5.20 show the relationships between the velocity-attenuation slope
G and the elastic velocity and attenuation measured at 8 MPa differential pressure
respectively. They show that generally the higher the initial elastic velocity and the
lower the initial elastic attenuation the steeper is the velocity-attenuation curves with

changing differential pressures.
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Figure 5.19. Relationship between the slope G; of P-wave velocity to P-wave attenuation
(linear approximation) versus P-wave velocity measured at 8 MPa differential pressure. S-

wave results show a similar trend.
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Figure 5.20. Relationship between the slope G; of P-wave velocity to P-wave attenuation
(linear approximation) versus P-wave attenuation measured at 8§ MPa differential pressure. S-

wave results show a similar trend.

5.3. Discussion

Direct hydrocarbon detection, reservoir characterisation and monitoring are the main
goals of not only exploration seismology (Khaksar et al., 1999) but also any other
method of exploration geophysics (e.g., CSEM) and the joint use of those methods.

Pressure is one of the key parameters that affects the accuracy of joint seismic-CSEM
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interpretation and inversion and so must be taken into account. The pressure-
dependent behaviours of electrical resistivity, elastic velocity and attenuation and
joint elastic-electrical properties may influence the depth, porosity and hydrocarbon
concentration values obtained from seismic and CSEM interpreted separately or

jointly.

Khaksar et al. (1999) show that neglecting the pressure dependence of velocity by the
conventional sonic-porosity methods during hydrocarbon depletion, which increases
differential pressure by decreasing pore pressure, results in an underestimation of
porosity by several porosity units. Similarly, without knowledge of pressure effects on
resistivity using Archie’s equation (Archie, 1942), depletion conditions lead to an
underestimation of porosity or overestimation of hydrocarbon saturation and thus
reduces the accuracy of joint seismic-CSEM interpretation in this case. This joint
elastic-electrical dependence on the variation in differential pressure caused by
depletion has a potential application to monitor the escape of CO, after its geological
storage in an offshore reservoir by the joint seismic-CSEM method, as injection and
escape of CO; has a profound effect on the differential pressure (Baines and Worden,
2004), which in turn influences the joint-electrical properties of reservoir rocks that

CO, resides in.

5.4. Conclusions

A laboratory experimental investigation was conducted into the joint elastic-electrical
properties of 63 brine saturated sandstone samples as a function of differential

pressures from 8 to 60 MPa. The results lead to the following conclusions:

(1) Changes in P- and S-wave velocity and attenuation and electrical resistivity

with differential pressures follow closely the relationship described by the

. -cp
expressionZ = A—Be

", where Z is either seismic velocity, attenuation or
electrical resistivity, Py is the differential pressure and 4, B and C are the best-

fit coefficients.

(2) The relationships between resistivity and velocity, resistivity and attenuation,
and velocity and attenuation show approximately linear trends as a function of

differential pressure.
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(3) The slopes of the above trends decrease with increasing porosity. The slopes for
velocity-attenuation trends show much smaller differences between samples
than for resistivity-velocity and resistivity-attenuation. The resistivity-velocity
slope G; and resistivity-attenuation slope G, are related to the electrical
resistivity measured at 8 MPa differential pressure with high correlation

coefficients.

(4) Electrical resistivity is more sensitive to low aspect ratio pores and micropores,
elastic wave attenuation is more subject to large open pores (macropores), and
different pore types do not have any impact on elastic velocity with changing

differential pressure.

(5) Low aspect ratio pores and micropores have a more profound effect on
electrical resistivity than macropores have on elastic wave attenuation.
Therefore, the resistivity-attenuation slope G, decreases with higher proportions

of low aspect ratio pores and micropores.
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Chapter 6

Joint elastic-electrical properties of reservoir
sandstones and their relationships with
petrophysical parameters

This chapter forms a paper submitted for publication to Geophysical Prospecting, Han
T., Best A.L., Sothcott J. and MacGregor L.M. 2010. Joint elastic-electrical properties

of reservoir sandstones and their relationships with petrophysical parameters.
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Abstract: We measured in the laboratory ultrasonic compressional and shear wave
velocity and attenuation (frequency 0.7 — 1.0 MHz) and low frequency electrical
resistivity (2 Hz) on 63 sandstone samples with porosity ranging from 1.99% —
28.99%, permeability from 0.0001 mD — 997.49 mD and volumetric clay content
from 0 — 27.63%. The 5 cm diameter core plugs were fully saturated with 35 g/l brine
and subjected to differential pressures (confining pressure minus pore pressure of 5
MPa) from 60 MPa down to 8 MPa. P- and S-wave velocities were found to be
linearly correlated with apparent electrical formation factor on a semi-logarithmic
scale for both clean and clay-rich sandstones; the slope of the linear best fit to the
clay-rich sandstones is higher than that of the clean sandstones. P- and S-wave
attenuations showed a bell-shaped correlation (partial for S-waves) with apparent
electrical formation factor. We found that although all the petrophysical parameters
had some effect on elastic and electrical properties, it was the volumetric clay content
that best determined the joint elastic-electrical properties for this set of sandstones.
Hence, joint elastic-electrical properties provide a way to discriminate between
sandstones with similar porosities but with different clay contents. The strong
correlation between permeability and clay content suggests that crossplots of joint
elastic-electrical properties (especially elastic velocity and apparent formation factor)

can give good estimates of sandstone permeability.

6.1. Introduction

Marine controlled source electromagnetic sub-seabed imaging has developed over the
last decade to a state where routine resistivity mapping of hydrocarbon reservoirs is
now possible. Co-located marine seismic and resistivity survey data could provide the
engineering parameters needed to better assess the economic potential of hydrocarbon
reservoirs away from boreholes, and could provide additional reservoir monitoring
capabilities in the future. However, proper exploitation of joint seismic-CSEM
datasets will require a much better understanding of the inter-relationships among
geophysical (elastic and electrical) and reservoir petrophysical properties (e.g.,

porosity, permeability and clay content).

Elastic and electrical resistivity properties of reservoir sandstones have been

investigated by different authors separately (e.g., Han et al., 1986; Klimentos and
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McCann, 1990; Klimentos, 1991; Best et al., 1994; Worthington, 1982; Bussian,
1983; Jing et al., 1992; Daily and Lin, 1985; Revil and Glover, 1998; Kaselow and
Shapiro, 2004), but there are relatively few studies of the joint properties. The earliest
reported example of laboratory joint velocity and resistivity measurements on
sandstones were performed by Carrara et al. (1999). They measured compressional
wave velocity and electrical resistivity on 11 clean sandstones with different brine
saturations at atmospheric pressures only. Carrara ef al. (1999) did not give an explicit
relationship between seismic velocity and electrical resistivity for samples under the
same saturation conditions because their aim was to test and implement an electro-
seismic model proposed by Carrara et al. (1994) for the evaluation of rock porosity
and the degree of fluid saturation. Gomez (2009) measured electrical resistivity on 9
partially saturated clean sandstone samples. She used Archie’s equation (Archie,
1942) and a pressure power law (Schon, 1996) to get the formation resistivity factor F
of fully saturated rocks at different pressures. She gave the following linear
relationship between the logarithm of F and the compressional wave velocity V), in
fully saturated rocks (7, was measured under the same pressure conditions as the

calculated F):

log(F) =0.782-V, (km/s)~1.954 .

Some disadvantages of Gomez’s study are that the empirical equations (Archie, 1942;
Schon, 1996) used to estimate the formation resistivity factor are untested and the
electrical resistivity measured at the frequency of 1 kHz might be different from that
experienced at the low frequencies employed in marine CSEM (Denicol and Jing,
1998). Apart from the apparently limited availability of laboratory measurement
studies, joint elastic-electrical properties have also been investigated using well
logging data (e.g., Sheng and Callegari, 1984; Salem, 2001; Hacikoylu et al., 2006).
Unfortunately, the latter studies suffer from lack of precision with regard to rock
properties, unlike laboratory studies where all parameters can be quantified with

higher certainty.

In addition to getting the joint elastic-electrical relationships from measurements,
theoretical approaches have been tried. Carcione et al. (2007) obtained cross-property
relations between electrical conductivity (the reciprocal of resistivity) and elastic

velocity using different combinations of electromagnetic and elastic models. Similar
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work includes Brito Dos Santos et al. (1988) and Mukerji et al. (2009). However, the
different theoretical relations have to be tested against observations, such as
laboratory experiments on synthetic or real rocks, before they can be applied to

practical work (Carcione et al., 2007).

We collected such a dataset for the purpose of gaining new insights into joint elastic-
electrical rock properties and for rock physics model validation. We discovered novel
joint relationships between electrical resistivity and the elastic velocity and
attenuation of both compressional and shear waves (here called joint elastic-electrical
relations for short) for the 63 samples at a differential pressure of 60 MPa
corresponding to high pressure trends (equivalent to about 4 - 5 km burial depth in the
Earth) given the similar joint elastic-electrical behaviours at other pressures, although
the empirical equations vary slightly between pressures; a detailed discussion of
pressure effects for this dataset is given in Chapter 5. Also, we were able to quantify
the relationships among reservoir petrophysical parameters (porosity, permeability
and clay content) and the joint elastic-electrical properties. These results show for the
first time the potential for estimating in situ sandstone permeability using joint
velocity-apparent formation factor crossplots from co-located seismic and CSEM

surveys.

6.2. Experimental results and discussion

6.2.1. Joint elastic-electrical properties

Joint elastic-electrical properties in this chapter refer to cross-property relations
between apparent electrical formation factor F* (defined as po/p,,, where po is the
resistivity of a sample fully saturated with an electrolyte of resistivity p,,) and elastic
velocity (V,, Vi for P- and S-wave respectively) and attenuation (Qp'l and Q," for P-
and S-wave respectively, where Q is the quality factor). These relations are useful
when some rock properties can be measured more easily than other properties
(Carcione et al., 2007), and are particularly important for joint seismic-CSEM data

interpretation.

Figures 6.1a and b show the cross-property relations between the logarithm of F* (p,,
= 0.213 Qm for 35 g/l brine at 19 °C) and V), and V; for all 63 samples. Apparent

formation factor increases with increasing velocity, and two approximately linear
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trends appear. Samples in one group (solid circles) have relatively high velocities
(both P- and S-waves for the same F* values) and low apparent formation factors (for
the same velocity; Group A, fitted by the solid lines in Figure 6.1); samples in the
other group (open circles) have relatively low velocities and high resistivities (Group
B, trend given by the dashed lines in Figure 6.1) with a larger scatter. The most
apparent outlier in Figure 6.1b which shows V; of about 2000 m/s and F* of around
100 is the sample CZ6. This is possibly because CZ6 contains about 6.7% smectite
clay minerals which expand on saturation resulting in different resistivity-velocity
dependence from the other sandstones without smectite. The deviation from the
Group B trend is less apparent in Figure 6.1a for V), suggesting that the smectite
primarily affects the shear modulus of the rock, and less so the resistivity and bulk

modulus, compared to rocks without smectite.
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Figure 6.1. Scatter diagrams showing the relationship between apparent formation factor F*

and velocity for (a) P-waves and (b) S-waves.
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The following least-squares linear regression equations were obtained for the two

groups, where V), and V are in km/s and R’ is the correlation coefficient.

P-waves and electrical resistivity:

log(F*) =0.396-¥, —0.223 with R* = 0.849, Group A (6.1)
log(F*) =0.657 -V, —0.853 with R* = 0.685, Group B (6.2)

S-waves and electrical resistivity:

log(F*) = 0.423-V, +0.372 with R*=0.819, Group A (6.3)

log(F*) =0.895-¥, —0.304 with R* = 0.550, Group B. (6.4)

Apparent formation factor F*

Figure 6.2. Scatter diagrams showing the relationship between apparent formation factor F*

and attenuation for (a) P-waves and (b) S-waves.

The cross-property relations between F* and Qp'1 and O, are shown in Figures 6.2a

and b respectively. In general, the joint resistivity-attenuation relations are more
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complicated and scattered than the resistivity-velocity relations. However, a tentative
interpretation can be offered as follows. The P-wave data in Figure 6.2a suggest Qp'1
increases initially with £* up to about F* = 100 where Qp'1 reaches a maximum, then
0, decreases with F* above 100, forming a bell-shaped correlation O, and F* as
outlined by the curve. The S-wave data in Figure 6.2b show a similar trend to the P-
wave data, however there appears to be larger scatter and Q' arrives at its maximum
value at F* < 100. The P-wave trends could be justified on the basis that apparent
formation factor is behaving in an analogous fashion to mean grain size in McCann
and McCann (1969) and Hamilton (1972a) or sorting in Best et al. (2001). It is
interesting to note that Groups A and B from Figure 6.1 broadly correspond to the
increasing and decreasing attenuation limbs respectively of the proposed trend in
Figure 6.2 (the location of the proposed attenuation peak is arbitrary and based on one

data point only).

Understanding to the underlying causes of the observed trends in Figures 6.1 and 6.2
would clearly aid the interpretation of reservoir rock properties from joint seismic-
CSEM surveys. We will investigate possible causes of these inter-relationships in the

next sections.

6.2.2. Porosity and the joint properties

Porosity is one of the most important parameters that affect both elastic and electrical
properties of reservoir rocks (Han et al., 1986; Klimentos and McCann, 1990;
Klimentos, 1991; Best et al., 1994; Archie, 1942). Specifically, porosity reduces the
velocity of both compressional and shear waves by reducing the bulk and shear
moduli of the solid framework; this frame moduli effect usually overrides the opposite
effect on velocity of reduced rock density caused by increasing porosity. Increased
porosity generally increases the elastic attenuation of saturated rocks by providing
more opportunity for viscous interaction between the pore fluids and the solid
framework (Biot, 1956a,b; Murphy et al., 1986) by which process rocks convert
compressional and shear wave energy into heat (Klimentos and McCann, 1990).
Increasing porosity decreases the electrical resistivity of rocks saturated with ionic
fluids because diffusion of free ions through the electrolyte is the main contribution to

current flow in clean rocks.
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The effects of porosity on the joint resistivity-velocity properties are shown in Figures
6.3a and b by colour-coding porosity. As expected both resistivity and velocity
decrease with increasing porosity for samples in both groups illustrated in Figure 6.1,
and the two groups converge at porosities around 17%. Samples with similar
porosities in the range 11% — 14% fall in both groups. This leads to the conclusion
that although porosity has a strong effect in determining both elastic and electrical
properties separately, it does not control the resistivity-velocity groups. Hence, the
cross-properties are controlled by lithological properties other than porosity and could

provide a way of discriminating between rock types.
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Figure 6.3. Scatter diagrams showing the relationship between apparent formation factor F*

and P-wave (a) and S-wave (b) velocity colour-coded by porosity (in percentage).

Figures 6.4a and b show the effects of porosity on the joint properties between
apparent formation factor and attenuation of compressional and shear waves
respectively. The results are consistent with our tentative explanation that apparent

formation factor is behaving in a similar fashion to mean grain size or sorting in its
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effect on P-wave attenuation (i.e., it gives rise to the “bell-shaped” curve); in this
case, intermediate porosities of 10% — 15% (F* values of 100 £ 50) show the highest
attenuations. Such a clear pattern is not seen for S-waves in Figure 6.4b, although we
could say that the attenuation maximum occurs over a much broader range of F*

values below about 100 (and hence a broader range of porosity) than for P-waves in

Figure 6.4a.
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Figure 6.4. Scatter diagrams showing the relationship between apparent formation factor F*

and P-wave (a) and S-wave (b) attenuation colour-coded by porosity (in percentage).

6.2.3. Permeability and the joint properties

The relationships between the logarithm of permeability and the joint apparent
formation factor - elastic velocity properties are shown in Figures 6.5a and b. For all
samples taken together, /'* decreases strongly with increasing permeability while V),

and V; seem to be independent of permeability in agreement with the velocity-
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permeability data of Klimentos and McCann (1990) and Best et al. (1994). For
example, permeabilities range between < 1 mD to 100 mD for a V), of 4500 m/s.
However, Figure 6.5 also shows that most samples in Group A have permeabilities
higher than approximately 1 mD, whereas samples in Group B have permeabilities
less than 1 mD. There is also evidence for a weak, but systematic, increase in both
apparent formation factor and elastic velocity with increasing permeability in Group
A samples (and with decreasing permeability in Group B samples). This correlation
between permeability and resistivity confirms the results of Huntley (1986) for clean

sandstones (see Figure 4.9).
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Figure 6.5. Scatter diagrams showing the relationship between apparent formation factor F*

and P-wave (a) and S-wave (b) velocity colour-coded by logarithmic permeability
(permeability in mD).

Figures 6.6a and b show the relationships between permeability and the joint
resistivity-attenuation properties. Again, the P-wave observations support F*
behaviour analogous to mean grain size or sorting where the intermediate F* values

correspond to intermediate permeabilities around the Qp'1 maximum.
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Figure 6.6. Scatter diagrams showing the relationship between apparent formation factor F*
and P-wave (a) and S-wave (b) attenuation colour-coded by logarithmic permeability
(permeability in mD).

The experimental results of Klimentos and McCann (1990) and Best et al. (1994)
showed that sandstone samples with permeabilities higher than about 100 mD tend to
have low attenuations. This is consistent with our observations for P-waves if we
consider the previous authors’ results to coincide with the lower limb of the proposed
bell-shaped Qp'1 - F* curve. That is Qp'1 increases initially with permeability (and F*)
and then decreases above some critical value of permeability (and F*). In the case of
S-waves, the range of permeabilities (and F*) giving high attenuations is much
broader. The P-wave observations are qualitatively similar to predictions from the
BISQ model (unified Biot and squirt flow) given in Figure 6 of Dvorkin and Nur

(1993) if one considers F* to be correlated with permeability.
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Permeability looks to account for the grouping of both joint resistivity-velocity and
joint resistivity-attenuation properties of the sandstone samples; however permeability
itself depends on other petrophysical properties (e.g., porosity, grain size and shape,
sorting, cementation and clay content as alluded to above). Although permeability can
be used to discriminate between samples in the two groups in Figure 6.1 and to
explain a possible bell-shaped curve in Figure 6.2, we will investigate whether there

are other petrophysical parameters that can explain these observations.

6.2.4. Clay content and the joint properties

Clay minerals have a large impact on both elastic and electrical properties of reservoir
sandstones. Small amounts of clay situated between grain boundaries in sandstones
tend to soften grain contacts, leading to a dramatic decrease in both compressional
and shear wave velocities (Han et al., 1986; Sams and Andrea, 2001). Enhanced
viscous interaction between pore fluids and the large surface area and microporosity
associated with clay minerals gives rise to higher attenuation (Klimentos and
McCann, 1990). The clay effect on electrical resistivity can work in two ways: on the
one hand the excess ions carried by clay minerals provide extra conductive paths in
addition to the pore electrolyte conductivity leading to a decrease in electrical
resistivity; and on the other hand clay minerals in the pores block the connectivity of
the pore fluids, which in turn causes an increase in resistivity. The detailed clay

effects on electrical resistivity are discussed in Chapter 4.

Figures 6.7a and b show the influence of volumetric clay content on the joint
resistivity-velocity properties of the sandstone samples. A correlation is found
between clay content and the joint resistivity-velocity properties, i.e., most of samples
in Group A defined in Figure 6.1 have volumetric clay content less than about 10%,
whereas samples in Group B have clay content higher than about 10% with a few
exceptions. This correlation is similar for the relationships between clay content and
the joint resistivity-attenuation properties shown in Figures 6.8a and b, although with

more scatter.



Chapter 6. Joint elastic-electrical properties of sandstones 109

cla
(a) . . . , d
L 10°H ®  GroupA | 25
% m Group B
0 20
5
= -
5 402 & oy “H 1t 115
S at =
= 10
5 i
8 © 5
210} o

‘ ' - . ' 0
3000 3500 4000 4500 5000 5500 6000
Vp (m/s)

clay
(b)
b 10°} 25
S
8 20
g e
= u -
g 107} E el %
25 10
b & oy
> €®
8 4 @ 5
210 o

1500 2000 2500 3000 3500
Vs (m/s)

Figure 6.7. Scatter diagrams showing the relationship between apparent formation factor F*

and P-wave (a) and S-wave (b) velocity colour-coded by volume clay content (in percentage).

The existence of pore-filling clay minerals contributes little to the bulk and shear
moduli of the rocks, but it increases the density slightly and therefore causes a small
reduction in both compressional and shear wave velocities. On the other hand for
resistivity, the initial increase in pore-filling clay minerals tends to reduce the mean
pore size and the overall porosity, as well as to block the connectivity between pores
(and hence of electrolyte in the case of brine saturation). This reduction in porosity
and pore fluid connectivity leads directly to a significant increase in electrical
resistivity. This explains why ‘clean’ samples with few clay minerals have relatively
lower resistivities (Group A) for a given velocity, and why clay-rich sandstones show
higher resistivities (Group B) for the same velocity. This is an explanation that takes
into account the effects of both clay content and porosity, because porosity and clay

content are highly negatively correlated for most of our samples as shown in Figure

4.7.
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Figure 6.8. Scatter diagrams showing the relationship between apparent formation factor F*
and P-wave (a) and S-wave (b) attenuation colour-coded by volume clay content (in

percentage).

Least-squares linear regression equations between F* and V, and V; were obtained
with better correlation coefficients for Groups A and B by introducing porosity and

clay content.
P-waves and electrical resistivity:

log(F*)=0.274-V, —1.669- ¢ +0.181-C +0.559
(6.5)
with R* = 0.903, Group A

log(F*)=0.343-V,-3.749- 9+ 0.765-C + 0.864
(6.6)
with R* = 0.801, Group B.

S-waves and electrical resistivity:
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log(F*)=0.303-V, —1.834- ¢+ 0.445-C + 0.964
(6.7)
with R* = 0.909, Group A

log(F*)=0.459-V, —4.928- ¢ +0.690-C +1.301
(6.8)
with R = 0.841, Group B.
Parameters V), and Vi are in km/s, and ¢ and C represent fractional porosity and
volumetric clay content respectively in equations 6.5 — 6.8, which indicate a much
higher (more than 3.8 times) porosity effect than the clay effect in controlling the joint

resistivity-velocity relations for samples in both groups.

Similarly to the explanation for the joint resistivity-velocity properties, the joint
resistivity-attenuation relations can also be explained by combining the effect of
porosity and clay content. Like for porosity and permeability, there also appears to be
a strong correlation between F* and clay content and their effects on Qp'1 if a bell-
shaped curve is considered. The highest Qp'1 values in Figure 6.8a occur at
intermediate volumetric clay contents of about 15% (corresponding to intermediate

porosities and permeabilities).

In Chapter 4 we suggest a possible link between electrical resistivity, porosity and
clay content based on the concept of a critical porosity dividing regimes of pore-
filling versus load-bearing clay minerals (Marion ef al., 1992). A similar qualitative
explanation could be offered here for the two limbs of the F* - Qp'1 bell-shaped curve.
However, it is interesting to note that while the critical clay blocking concentration
(Marion et al., 1992) for this dataset was about 10% (see Chapter 4), there seems to
be no sharp transition in Qp'1 at volumetric clay content = 10%, but instead a fairly
broad range of clay contents corresponding to the Qp'l maximum at F* = 100 £ 50.
This may be partly due to the difficulty of estimating clay content to any degree of
accuracy (+ 5% from XRD analysis is considered a good estimate) making it difficult
to resolve exactly the transition from pore-filling to load-bearing clay (a similar
transition zone of porosity and clay content was noted for apparent formation factor in
Chapter 4). However, it could also indicate a genuine range of clay contents over
which high P-wave attenuations can be expected. Such a transition range could be
caused by an imperfect distribution of clay minerals between pore-filling and load-

bearing as would happen with some detrital clay grains in a sandstone otherwise
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dominated by pore-filling clay, or diagenetic alteration of feldspars into load-bearing
clay grains. Despite this, Figure 6.8a seems to support this critical porosity model
concept with highest attenuations when clay content is about equal to the initial

cemented sand porosity. This observation needs further investigation.

Similar arguments hold for S-wave attenuation in Figure 6.8b, but with a much
broader O, peak than for Qp'l. This is consistent with the idea that pore-filling clay
does not affect the sandstone frame stiffness while load-bearing clay does, and
presumably this has some influence on S-wave attenuation. By contrast, both pore-
filling and load-bearing clay affect the saturated rock bulk modulus (and thus P-wave

attenuation), hence two limbs of the bell-shaped curve are seen in Figure 6.8a.

In Chapter 4 we conclude that for the samples with porosity less than 9%
(corresponding to F* = 100), clay contents higher than about 10% are above their
critical clay blocking concentration and show an effect of increasing porosity, and
therefore decreasing F*, no matter whether clay shows a conductive effect or not. For
samples with porosity greater than 9%, most of their clay contents are less than 10%
which is below the critical clay blocking concentration. In this case increasing clay
content tends to decrease the porosity, and hence increase apparent formation factor,
as the clay conductive effect (if present) is not strong enough to lower resistivity in

this porosity range.

Combining this finding with the observations in Figure 6.8a, it is reasonable to
conclude that for clay contents lower than the critical clay blocking concentration,
increasing clay content tends to reduce porosity and hence increase F*. Also, because
clay minerals provide a higher proportion of microporosity for a given total porosity
(although total porosity reduces overall), this leads to a greater interaction between
pore fluid and rock framework giving rise to heightened elastic wave attenuation; this
process is shown by the solid arrow in Figure 6.8a. On the other hand, for clay
contents higher than the critical clay blocking concentration, the increase in clay
content will increase porosity and therefore reduce F*. Due to the joint effect of
higher porosity and higher microporosity associated with the clay minerals, elastic

wave attenuation increases more rapidly, shown by the dashed arrow in Figure 6.8a.

As suggested above, the parameter that explains the joint elastic-electrical properties

should correlate with permeability. Figure 6.9 shows the relationship between
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permeability and the volumetric clay content for all 63 samples by colour-coding
porosity. For these samples, permeability and porosity decrease with increasing clay
content. This is expected because with more clay mineral assemblages inside the
pores, the pore size reduces and the connection between pores is affected and
accordingly the porosity and permeability decrease. With this explanation, the
observed relationships among permeability, porosity, clay content and the joint

elastic-electrical properties become much clearer.
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Figure 6.9. Scatter diagram showing the relationship between the logarithm of permeability

and volumetric clay content by colour-coding porosity (in percentage).

6.3. Conclusions

Laboratory joint elastic-electrical measurements were successfully performed on 63
sandstone samples with a wide range of petrophysical properties. The joint resistivity-
velocity and resistivity-attenuation of both compressional and shear waves and the
effects of primary petrophysical parameters on the joint elastic-electrical properties

were investigated. The following conclusions can be drawn from the results:

(1) Elastic velocity (both compressional and shear) is approximately positively
linearly correlated with apparent formation factor F* on a semi-logarithmic
scale. The sandstones fall into two discernible groups (Group A and Group B)
on the cross plot between elastic velocity and apparent formation factor. The

slope for the clay-rich sandstones is higher than that of the clean sandstones.
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(2) P-wave attenuation seems to follow a bell-shaped trend with apparent
formation factor analogous to P-wave attenuation dependence on mean grain
size and sorting reported in the literature for marine sediments. S-wave
attenuation shows only part of this bell-shaped curve with high O, values seen

at lower F'* values.

(3) Although porosity is one of the most important parameters that affect both
elastic and electrical properties of reservoir rocks, no direct correlation was
seen between porosity and the distinct groups for both joint resistivity-velocity
and resistivity-attenuation properties. Since sandstone samples with similar
porosities exist in both groups, joint elastic and electrical data can be used to
discriminate between samples of similar porosity but different lithological
properties. The latter seem to be the main factor controlling the grouping of

data points in joint property space.

(4) The combination of the clay-porosity effect divides the samples in the joint
resistivity-velocity plots into two groups — clean sandstones and clay-rich
sandstones. The clay content below or above critical clay concentration

controls both porosity and the joint resistivity-attenuation properties.

(5) Since clay minerals and porosity have a determining effect on sandstone
permeability, there is also a strong relationship between permeability and the
joint elastic-electrical properties. Considering conclusion 3, the petrophysical
properties that best discriminate between sandstones of similar porosities in

joint elastic-electrical property space are either clay minerals or permeability.

The results show for the first time how joint elastic-electrical properties can give
better discrimination between lithologies, for example between clean (high
permeability) and clay-rich (low permeability) sandstones. While the electrical results
are directly applicable to CSEM survey data, there is evidence that electrical
resistivity changes with frequency and rock type so that different relationships are
expected for electrical well logging frequencies. It remains to be seen how the
ultrasonic properties will change with measurement frequency down to the sonic and
seismic ranges used in exploration seismology; this is a topic of ongoing
investigations. However, the clearly observed links between electrical resistivity at 2

Hz (in the form of apparent formation factor) and ultrasonic velocity (and to a lesser
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extent with attenuation) are exciting developments. It is reasonable to expect the

underlying mechanisms to be present at all measurement scales.

Most importantly, there appears to be a strong link between elastic wave velocity (for
both P- and S-waves) and apparent formation factor (equations 6.1 — 6.8) that could
be used to discriminate the permeability of reservoir rocks from inversion of joint
seismic-CSEM survey data. What is required are better rock physics models to
describe these phenomena and facilitate inversion of field data. The empirical

relations given here could be used as a crude guide in the first instance.



116 Chapter 6. Joint elastic-electrical properties of sandstones




Chapter 7. Joint elastic-electrical effective medium models 117

Chapter 7

Effective medium models for the joint elastic-
electrical properties of reservoir sandstones

This chapter forms a paper submitted for publication to Geophysical Prospecting, Han
T., Best A.I., MacGregor L.M., Sothcott J. and Minshull T.A. 2010. Effective medium

models for the joint elastic-electrical properties of reservoir sandstones.
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Abstract: Improvements in the joint inversion of seismic and marine controlled
source electromagnetic datasets will require better constrained models of the joint
elastic-electrical properties of reservoir rocks. Various effective medium models were
compared to a novel laboratory dataset of elastic velocity and electrical resistivity
(obtained on 67 reservoir sandstone samples saturated with 35 g/l brine at a
differential pressure of 8 MPa) with mixed results. Hence, we developed a new 3-
phase effective medium model for sandstones with pore-filling clay minerals based on
the combined self-consistent approximation and differential effective medium model.
We found that using a critical porosity of 0.5 and an aspect ratio of 1 for all three
components gave accurate model predictions of the observed magnitudes of P-wave
velocity and electrical resistivity and the divergent trends of clean and clay-rich
sandstones at higher porosities. Using only a few well-constrained input parameters,
the new model offers a practical way to predict in situ porosity and clay content in
brine saturated sandstones from co-located P-wave velocity and electrical resistivity

datasets.

7.1. Introduction

Improved reservoir management and production optimisation demands require
accurate characterisation of reservoir rock and fluid properties. Advances in seismic
data acquisition and processing have led to dramatic improvements in remote imaging
of earth structure. However when only a single data type is considered ambiguities in
the interpretation of reservoir properties can remain. There is growing support for the
application of an integrated approach to reservoir characterisation, in which both
seismic and marine controlled source electromagnetic (CSEM) data are used so that
strengths in one technology can be used to compensate for weaknesses in the other.
However an integrated interpretation approach such as this is only possible within a
consistent rock physics framework which describes both electrical and elastic
parameters, linking them to the reservoir rock and fluid properties of interest (Du and

MacGregor, 2009).

Effective medium models are a kind of rock-physics model usually employed by
geophysicists to describe the macroscopic properties of a rock based on the physical

properties, the relative fractions of its components and the geometric details of how
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the components are arranged relative to each other. The geometric details of the
components are essential to give accurate estimation of rock properties as without
them effective medium models give only possible bounds (e.g., Reuss, 1929; Hashin
and Shtrikman, 1962, 1963; Milton, 1981). Gelius and Wang (2008) reviewed various
effective medium models for electrical conductivity (the reciprocal of electrical
resistivity) and proposed an extended effective medium scheme for electrical
conductivity that potentially takes into account the effect of important parameters like
grain-shape distribution, grain alignment, shalyness, salinity, saturation, temperature
and stress to model reservoir production effects. Carcione et al. (2007) introduced a
range of effective medium models for both electrical conductivity and elastic velocity
and the relations between them. They also combined these models to get the cross-
property relations between the electrical conductivity and seismic velocity of rocks.
However the different theoretical joint relations have to be tested against
observations, such as laboratory experiments on synthetic or real rocks, before they

can be applied to practical work (Carcione et al., 2007).

Carrara et al. (1994) proposed an electro-seismic model by assuming all phases
(matrix, clay, water and air) in the rock are contiguous, i.e., in parallel for the case of
electrical conductivity and in series with regard to the propagation of elastic waves for
the purpose of evaluating porosity and saturation; the validity of this model was

confirmed experimentally by Carrara et al. (1999).

We collected a joint elastic-electrical dataset on 67 typical reservoir sandstones
showing a wide range of petrophysical properties under full brine saturation
conditions at a differential pressure of 8 MPa; measurement frequencies were 2 Hz for
electrical resistivity (relevant to low frequencies used in marine CSEM) and 1.0 MHz
for P-wave velocity. Detailed sample characterisation and measurement procedures
are presented in Chapter 3. Various effective medium models for the joint elastic-
electrical properties of reservoir sandstones were implemented and compared to this
novel dataset. Carcione’s cross relations (Carcione et al., 2007) did not adequately
describe our clay-rich sandstone observations. Also, Carrara’s electro-seismic model
(Carrara et al., 1994) did not match our clean sandstone results although it showed the
observed clay effect on the joint elastic-electrical properties of our sandstones.
Therefore, we developed a new 3-phase effective medium model based on the

combined self-consistent approximation and differential effective medium model for
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quartz, brine and pore-filling clay minerals. The results show that the model gives
reasonable agreement with our observations for both clean and clay-rich sandstones

when a critical porosity of 0.5 and an aspect ratio of 1 are used for all three phases.

7.2. Effective medium models

This section first implements and compares existing effective medium models to our
joint elastic-electrical dataset in sequence for clean and clay-rich sandstones; it then
develops a 2-phase model for inclusions with arbitrary aspect ratio; a 3-phase model
for quartz, brine and pore-filling clay minerals is finally developed and compared well

to the joint dataset.

7.2.1. Carcione’s method

Carcione et al. (2007) conducted a theoretical study of the joint elastic-electrical
behaviour of reservoir rocks by combining elastic velocity calculated from
Gassmann’s equation (Gassmann, 1951) with electrical conductivity obtained from
Archie’s equation (Archie, 1942), Hermance’s model (Hermance, 1979), the CRIM
model (Schon, 1996) and the self-similar model (Sen et al., 1981). They found a
reasonable fit to well logging data by using the Gassmann/CRIM and Gassmann/self-

similar effective medium relations.

Table 7.1. Physical properties of the components used in the effective medium models.

Medium Bulk modulus Shear modulus | Resistivity Density
K (GPa) G (GPa) p (Qm) d (g/em’)
Quartz 36.6 45 10° 2.65
Clay 20.9 6.85 50 2.58
Brine 2.29 0 0.213 1.025

Figure 7.1 shows a comparison of the above models with the experimental data
collected on the 67 reservoir sandstones with porosity from 2% to 29% at differential
pressure of 8 MPa. The models are calculated for clean sandstones fully saturated
with brine using the medium properties given in Table 7.1, where the brine properties
are for the 35 g/l brine used in our experiments. Also shown are the Gassmann/HS

bounds (Hashin and Shtrikman, 1962).
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Figure 7.1. Comparison of Carcione’s cross relations (Carcione et al., 2007) between elastic
velocity and electrical resistivity with experimental data. Elastic velocity is calculated from
Gassmann’s equation, and electrical resistivity is obtained using Archie, Hermance, self-

similar, CRIM and HS electrical models respectively.

All the 4 models fall within the HS bounds confirming their validity. In spite of the
limited input information (physical properties and volume fractions of components)
all models show a good fit to the general trend of the lower grouping of laboratory
data. According to Chapter 6, these datapoints correspond to clean sandstones with
porosity consisting of mainly large open pores. However the 4 models are too close to
each other to distinguish between them; they also lack any clay component and grain
shape information that are needed to simulate the clay-rich sandstones in the upper
grouping of datapoints. The latter might have lower aspect ratio pores associated with

clay minerals.

7.2.2. Carrara’s model

The electro-seismic model proposed by Carrara ef al. (1994) takes into account the
effect of clay on both elastic velocity and electrical resistivity. The model assumes
contiguous rock phases, specifically in parallel for the case of electrical conductivity

and in series for the case of elastic wave propagation, and gives
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where p and V, p,, and V,,, p; and V;, p,, and V,, and p, and V, are the resistivity and
velocity of the effective medium, the matrix, the clay mineral, the water and the air
respectively, S,, is the water saturation fraction in the porosity ¢, and P, corresponds
to the volume clay fraction in the solid matrix. In order to adjust P, to the
conventionally used concept of volumetric clay content of the whole rock and to
simulate our full brine saturation condition (S, = 1), equations 7.1 and 7.2 can be

transformed into

=+, (7.3)

%
+—, .
. (74)

where C represents the volumetric clay content over the whole rock.

Figure 7.2 shows the model results compared to the experimental data by colour-
coding volumetric clay content. The matrix is assumed to be quartz; electrical

resistivities and elastic moduli of each component are listed in Table 7.1, and P-wave

velocities are calculated by V = Jé(K +§G) . The model shows a profound clay

effect on the joint elastic-electrical properties of reservoir sandstones, that is, with
increasing volumetric clay content both electrical resistivity and elastic velocity
decrease provided porosity keeps constant. However this cannot be explained by the
clay softening effect at grain boundaries for reducing elastic velocity (e.g., Sams and
Andrea, 2001) or excess ions associated with clay minerals in reducing electrical
resistivity (e.g., Waxman and Smits, 1968) since the model assumes contiguous
connections of each component. Instead, it is purely because of the lower electrical

resistivity and elastic velocity of the clay minerals compared to the quartz matrix.



Chapter 7. Joint elastic-electrical effective medium models 123

103 . . . | . Clay1
08
10°
e
S {06
= 1
S 10
o {04
QL
o
10°
0.2
10" - 0
2 3 4 5 6
Vp (km/s)

Figure 7.2. Comparison of Carrara’s electro-seismic model (Carrara et al., 1994) for quartz

matrix, brine and clay with experimental data by colour-coding volumetric clay content.

The clay effect on the joint elastic-electrical properties of sandstones shown by the
model generally matches the manner of the two groups of the experimental data
caused by clay content (Chapter 6); however the actual values predicted by the model
fail to fit the data. In fact the model predicts electrical resistivity that is too low and
elastic velocity that is too high which can be traced back to the assumptions in the
model. The assumption of in series phases for the elastic velocity and in parallel
phases for electrical resistivity overestimates the high velocity value phase (e.g.,
quartz matrix) and the low resistivity value phase (e.g., brine). Equations 7.1 and 7.2
are the well-known equations which perform poorly at high porosities (e.g.,

Berryman, 1995).

7.2.3. Combined self consistent approximation (SCA) and differential effective
medium (DEM) model

7.2.3.1. Elastic velocity

The combined self consistent approximation (Hill, 1965; Wu, 1966; Berryman, 1980a,
b) and differential effective medium (Cleary et al., 1980; Berryman, 1992) model
(combined SCA/DEM) is a more advanced model than those discussed above because

it specifies the grain shapes. It has been used to estimate elastic velocity of both
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unconsolidated sediments and consolidated sandstones with great success (e.g.,
Sheng, 1990; Hornby et al., 1994; Jakobsen et al., 2000; Chand et al., 2004; Ellis,
2008). The combined SCA/DEM model starts by calculating the effective bulk and
shear moduli for a two phase medium at a specific porosity (known as the critical
porosity ¢., note the difference in meaning between this critical porosity and that
defined by Marion et al., 1992) using the SCA model, which are then entered into the
DEM model as the holding matrix component. The final effective moduli are then
calculated using DEM by adding brine and quartz (for sandstones) as the inclusion
components into the matrix for porosity higher and lower than the critical porosity ¢,
respectively. The procedure of the combined SCA/DEM model is schematically
shown in Figure 7.3. Ellis (2008) gives a detailed description of the advantages of the
combined SCA/DEM model over each method applied alone.

P, Effective
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porosity @_as
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Figure 7.3. Schematic diagram showing the implementation procedure of 2-phase (both

elastic and electrical) combined SCA/DEM model for clean sandstones.

Figure 7.4 shows the comparison of the combined SCA/DEM model for spherical
shaped medium components to the experimental velocity data; also shown are the
elastic HS bounds. The choice of the starting porosity (critical porosity ¢.) for the
DEM model has a great influence on the final results. Similarly to the critical porosity
value suggested by Sheng (1990), our data show that the combined SCA/DEM gives a

good fit to the brine saturated sandstones when a critical porosity of ¢. = 0.5 is used.
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Figure 7.4. Elastic velocity calculated using the 2-phase (elastic) combined SCA/DEM model
with varying critical porosities showing that the model with critical porosity of 0.5 gives the

best fit to the samples.

7.2.3.2. Electrical resistivity

SCA and DEM models have also been employed to model the electrical properties of
rocks (Bruggeman, 1935; Landauer, 1952; Sen et al., 1981; Berryman, 1995). In a
similar format to the combined SCA/DEM for elastic velocity, we propose a
combined SCA/DEM for electrical resistivity, where the SCA model is well described
in the literature (e.g., Berryman, 1995), and DEM model for electrical conductivity is

given by
(1- xi)% [0* (x; )] = [O-i -0 (xi)]' [30* (x; )]R*l > (7.5)

where x; and o; correspond to the volume fraction and conductivity of the inclusion
respectively, o is the conductivity of the effective medium and R is a function of the

depolarisation factors L,, L, and L. (Berryman, 1995; Mavko et al., 1998):

.1 1
== = (7.6)
9.5~ Lo +(-L)o

J=a,b,c



126 Chapter 7. Joint elastic-electrical effective medium models

The depolarisation factors L,, L, and L. for prolate spheroid are calculated according

to Osborn (1945):

1 m m+(m* —1)"?
a = m2 _1[2(m2 _1)1/2 Xh’l(m_(m2 _1)1/2)_1]’ (7.7)
m 1 m+(m* =1)"?

L =L

e~ 2 [m — 2 77 < In(
2(m~ —1) 2(m”~ —1)

)]s (7.8)

m—(m* —1)

where m = a/b equals the reciprocal of aspect ratio, and a, b and ¢ are the ellipsoid
semi-axes fulfilling a>b=c . Electrical resistivity p can be easily calculated

byp=1/0.

Figure 7.5 shows the effect of critical porosity on the electrical resistivity of the
models for medium components with spherical shapes. With varying critical porosity
values from 0.4 to 0.6, the electrical resistivity calculated by the electrical combined
SCA/DEM model is well within the electrical HS bounds indicating the validity of
this model. Similarly to the critical porosity value used for the elastic combined
SCA/DEM model, the critical porosity value of 0.5 for the electrical combined

SCA/DEM model gives a good fit to most of our measured electrical resistivity data.

Resistivity ((2m)
o
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Figure 7.5. Electrical resistivity calculated using the 2-phase (electrical) combined
SCA/DEM model with varying critical porosities showing that the model with critical
porosity of 0.5 gives the best fit to the samples.
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7.2.3.3. Joint elastic velocity-electrical resistivity

Both the elastic and electrical combined SCA/DEM models give good predictions of
elastic velocity and electrical resistivity respectively for a critical porosity of 0.5. It is
therefore reasonable to expect that the joint elastic-electrical combined SCA/DEM
models with critical porosity 0.5 would also give good estimates of the joint elastic-
electrical properties of our reservoir sandstones. This is confirmed by the results
shown in Figure 7.6 where the same critical porosity value is employed by the
electrical resistivity and elastic velocity models for each curve. However, the models
using a critical porosity value of 0.5 for spherical shaped components only coincide

with the clean sandstone data.

10 r

Resistivity (2m)
S

Figure 7.6. Joint elastic-electrical properties obtained from the 2-phase (joint elastic-
electrical) combined SCA/DEM model with varying critical porosities showing that the model
with critical porosity of 0.5 gives the best fit to the samples.

As mentioned above, the clay-rich sandstones in the upper group of our samples
might have lower aspect ratio components due to the existence of clay minerals. To
account for this, we varied the component aspect ratios for the joint models even
though a third clay component is not included in these models. In the following
discussions, a critical porosity of 0.5 is employed for the combined SCA/DEM

models of both elastic velocity and electrical resistivity.
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Figure 7.7 shows a comparison of the joint elastic-electrical combined SCA/DEM
model with varying components aspect ratio from 1 to 0.1 with the experimental data.
The same aspect ratio in the combined SCA/DEM model is assigned to the two
components, which is determined by the assumption that the SCA model treats the
two components symmetrically. As component aspect ratio decreases there is an
upwards shift of the model indicating a decrease in elastic velocity while an increase
in electrical resistivity. The decreasing elastic velocity is mainly caused by the pore
fluid; with decreasing pore fluid aspect ratio the compressibility of the medium
increases resulting in lower bulk and shear moduli and elastic velocity. By contrast
the increase in electrical resistivity is highly sensitive to the random arrangement of
the insulating grains;, with decreasing grain aspect ratio, the grains block the
connectivity of the conducting pore fluids and lead to an increase in electrical

resistivity.
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Figure 7.7. Joint elastic-electrical properties obtained from the 2-phase (joint elastic-
electrical) combined SCA/DEM model showing the effect of varying aspect ratios on the joint

properties of sandstones. The same aspect ratio is assigned to the two components.

With component aspect ratios ranging from 1 to 0.1, the models cover the whole
range of the experimental data. However Figure 7.7 shows that the model curves are
approximately parallel to each other in the possible sandstone velocity range (2.5 —
5.5 km/s). This implies that the effect of mineral and fluid shapes on the joint elastic-

electrical properties of reservoir sandstones are due to velocity-resistivity relations
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(defined by other parameters such as clay content or critical porosity) also modified in

a parallel manner.

7.2.4. Three-phase combined self consistent approximation and differential

effective medium model

In order to fit the upper group of our sandstone samples which according to Chapter 6
contain non-negligible clay content, we introduce a clay component into the 2-phase
combined SCA/DEM model, thus giving a 3-phase effective medium model. There
are a number of ways to include a third phase such as clay minerals and gas hydrate
(e.g., Jakobsen et al., 2000; Ellis, 2008). Here, we choose to develop a 3-phase
effective medium model specifically for sandstones with pore-filling clay minerals.

This best resembles the distribution of clay minerals found in most of our samples.
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Figure 7.8. Schematic diagram showing the implementation procedure of 3-phase (both
elastic and electrical) combined SCA/DEM model for sandstones with pore-filling clay

minerals.
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The 3-phase effective medium is modelled firstly by using the 2-phase combined
SCA/DEM method described above for clay and brine with volume fractions of /5. and
P respectively; the clay and brine mixture is then calculated with quartz (volume
fraction of ;) using the 2-phase combined SCA/DEM model for a second time to get
the final effective properties of the medium. The porosity of the 3-phase medium

corresponds to the final volume fraction of brine given by ¢ = g,(1-4,) , and
volumetric clay content is given by C = f.(1- f,). Figure 7.8 shows schematically

the implementation of the 3-phase combined SCA/DEM model, where the critical
porosity ¢. = 0.5 is used for both the two rounds of 2-phase models.
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Figure 7.9. Comparison of the joint elastic-electrical properties obtained from the 3-phase

(joint elastic-electrical) combined SCA/DEM model with varying volumetric clay contents to
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the experimental data (a) general comparison and (b) detailed comparison. Both models and

experimental data are colour-coded by volumetric clay content.

Figure 7.9a shows the results of the 3-phase joint elastic-electrical combined
SCA/DEM model for components aspect ratio 1 with varying volumetric clay content
from 0 to 0.9. Clay shows a similar effect to that of Carrara’s electro-seismic model
(Carrara et al., 1994) on the joint elastic-electrical properties of reservoir sandstones;
that is with increasing clay content elastic velocity decreases while electrical
resistivity increases. This is expected since we are modelling pore-filling clay
minerals, the existence of which reduces the mean pore size and the overall porosity,
as well as blocking the connectivity of the conducting brine between pores (in case of
full brine saturation) resulting in increasing electrical resistivity. On the other hand for
elastic velocity, the existence of pore-filling clay minerals contributes little to the bulk
and shear moduli of the rocks, but increases the density and therefore causes a

reduction in elastic velocity.

The model also shows the important role played by porosity in controlling the joint
elastic-electrical properties of reservoir sandstones. With increasing porosity both
elastic velocity and electrical resistivity decrease and clay content shows a
diminishing effect enabling the model to fit the converging pattern of the two groups
in the higher porosity range. Another interesting feature of the model is that it
confirms the approximate linear correlation between electrical resistivity and elastic
velocity on a semi-logarithmic scale observed for the laboratory data for both groups

of clean and clay-rich samples.

Whereas Figure 7.9a shows generally the effects of clay content on the joint elastic-
electrical properties of reservoir sandstones, Figure 7.9b shows the detailed
comparison of the model with our experimental data, where both the model curves
and the data are colour-coded by volumetric clay content from 0 to 0.3 covering the
whole clay content range shown by our samples. Although calculated for spherical
shaped components (aspect ratio = 1) the model fits the clay effects on the
experimental data with an acceptable error since the accuracy of the clay
measurement using whole rock X-ray diffraction (XRD) is + 5%. As mentioned
above, by lowering the aspect ratio of model components the model curves shift
upwards without changing shape (i.e., parallel curves). Therefore, we would expect to

get a better fit to the clay-rich samples using lower aspect ratios for the components.
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However, this would add unnecessary complexity to the model because it uses the
same aspect ratio for all phases and it is difficult to determine an ‘effective’ aspect

ratio for the whole rock.

7.3. Discussion

A 3-phase joint elastic-electrical combined SCA/DEM effective medium model has
been developed for isotropic and homogeneous sandstones. It requires that the
constituents of the effective medium are linear and isotropic, the inclusion shapes are
idealized and all inclusions have the same shape, and the size of all inclusions is much
smaller than the wavelength of both elastic and electrical waves passing through the
medium. This last condition implies that the medium is suitable for low frequencies
and is frequency independent. The effective electrical resistivity can therefore be
applied directly to the low frequencies employed by marine CSEM and the effective

elastic velocity to low frequency surface seismic data.

The arrangement of the components determines whether the medium is isotropic or
anisotropic when the aspect ratio differs from unity. Since we are modelling isotropic
sandstones, all inclusions in the medium are required to be randomly arranged; this
leads to reducing elastic velocity and increasing electrical resistivity with decreasing
aspect ratio, as established above. However if all inclusions are arranged regularly
(i.e., all inclusions are arranged along the same direction) the medium will be
anisotropic. The arrangement of low aspect ratio inclusions has a particularly strong

effect on electrical anisotropy (Ellis et al., 2010).

The model assumes the same aspect ratio for all inclusions (i.e., quartz, clay and
brine). This is not the case for natural rocks and sediments where quartz and other
minerals typically have sub-spherical grains (aspect ratio close to 1) while clay
platelets have very low aspect ratios. However this complexity can be addressed by
assigning an ‘effective aspect ratio’ to the phases if necessary when clay forms an
important part of the sandstones. A possible way of calculating an effective aspect
ratio is to average the aspect ratios of each inclusion by weighting their volume

fractions using equation

a=¢a + o, +pa;, (7.9)
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where o is the effective aspect ratio and¢, «,, ¢, a,and ¢, «;are the volume

fractions and aspect ratios of the three phases respectively.

Clay has a profound effect on electrical resistivity as well as on elastic velocity. Based
on laboratory data (Patnode and Wyllie, 1950; Wyllie and Southwick, 1954; Waxman
and Smits, 1968; Rink and Schopper, 1974) Worthington (1982) suggested a critical
value of brine resistivity below which sandstones with a particular clay content can
show a negligible conductive effect; similarly in Chapter 4, we proposed a critical
value of clay content above which sandstones saturated with a particular salinity brine
show a non-negligible conductive effect. We also discussed the two ways clay works
on electrical resistivity, that is, a blocking effect at low clay concentrations and both
blocking and conductive effects at higher clay concentrations. Unfortunately our
model does not take into account the clay conductive effect due to limited knowledge
about the critical clay content (if it does exist) for a particular brine and the clay
conductive behaviours at concentrations higher than the critical clay content for that
particular brine. A way to include the clay conductive effect is to assign a decreasing
electrical resistivity value to clay minerals in case of saturation with increasing brine
resistivity and/or clay content. Further experiments will be required to know the
extent to which clay resistivity decreases although theoretical approaches (e.g., Revil
and Glover, 1998; Revil et al., 1998; Rabaute et al., 2003) to account for clay surface

conduction already exist.

Differential pressure is another parameter that affects both elastic and electrical
properties and hence joint elastic-electrical properties of reservoir sandstones. In
Chapter 5 we studied systematically the pressure effects on the joint elastic-electrical
properties of reservoir sandstones. By combining the model developed in this chapter
and the empirical joint relations established in Chapter 5 it is possible to construct the

exact behaviours of the joint elastic-electrical properties for any given pressure.

The 3-phase effective medium model developed in this chapter for pore-filling clay
minerals requires all clay minerals to reside in the pore spaces. By replacing the clay
phase with hydrate (either CO, hydrate or methane hydrate) the model is potentially
applicable to hydrate-bearing reservoir sandstones. However because the SCA and
DEM models can not be used to predict the elastic properties of two fluid phases (e.g.,

gas or oil) due to the zero moduli, the clay phase in this 3-phase effective medium
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model can not be replaced by a fluid phase to simulate hydrocarbon saturation effects

on the joint elastic-electrical properties of reservoir sandstones.

7.4. Conclusions

A robust rock-physics model that links elastic and electrical properties of reservoir
rocks is essential for joint seismic-CSEM interpretation and inversion. A number of
effective medium models were implemented to fit the joint elastic-electrical
experimental data collected on 67 brine saturated clean and clay-rich sandstones.
Carcione’s (Carcione et al., 2007) cross relations using Gassmann’s equation for
elastic velocity and the Archie, Hermance, self-consistent and CRIM models for
electrical resistivity all predict the joint elastic-electrical behaviours of clean
sandstones quite well but they fail to predict the correct behaviour for clay-rich
samples. Although Carrara’s electro-seismic model (Carrara et al., 1994) succeeds in
showing the effect of clay on the joint elastic-electrical properties of sandstones, it
underpredicts electrical resistivity and overpredicts elastic velocity compared to the

experimental results.

We developed a new 3-phase effective medium model based on 2 rounds of a 2-
phase, combined SCA/DEM model for quartz, brine and pore-filling clay minerals
with the same aspect ratio and a critical porosity of 0.5 for both rounds. By using an
aspect ratio of 1 for all three phases, the model gives accurate predictions of P-wave
velocity and electrical resistivity and the observed trends for both clean and clay-rich
sandstones. Using only a few, well constrained input parameters, this model offers a
robust description of the joint elastic-electrical response of both clean and shaly
sandstones. The model could be used to invert in situ, co-located, P-wave velocity and
electrical resistivity datasets from boreholes and surface geophysical surveys in terms

of the porosity and clay content of brine saturated reservoir sandstones.
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8.1. Overview and main conclusions

The aim of this project was to study the inter-relationships among the elastic and
electrical properties of typical reservoir sandstones and to relate the joint elastic-
electrical properties to reservoir sedimentological properties so that in situ reservoir

parameters can be better predicted by joint seismic-CSEM measurements.

Chapter 1 gave a brief introduction to the marine CSEM method; it was shown that a
successful joint seismic-CSEM inversion which can better characterise rock and fluid
properties depends largely on the knowledge of the inter-relationships among elastic,
electrical and reservoir petrophysical properties and the development of a robust rock
physics model linking these parameters. This was the initial motivation for this
laboratory rock physics study, which was considered to be the best way to obtain the
required knowledge.

From the literature review of the current knowledge of some key reservoir parameters
on the elastic and electrical properties of reservoir sandstones presented in Chapter 2,
it was found that although tremendous work has been done there is still a lack of
understanding in terms of clay and permeability on attenuation, frequency effects on
elastic properties and the combined influence of petrophysical parameters on
electrical resistivity. There seems to be a complete lack of studies of the joint elastic-
electrical properties and petrophysical control on these properties for reservoir

sandstones.

In Chapter 3 the principle of the joint elastic-electrical laboratory apparatus used in
this project was described. The collection, characterisation and preparation of the
sandstone samples, the experimental and data processing procedures were described
therein. It concluded that the large joint elastic-electrical dataset collected on 67
typical sandstones showing a wide range of petrophysical properties was accurate and
of high quality. This enabled the data to be analysed for subtle inter-relationships
among the parameters and gave the basis for validating some existing mathematical

models and for developing a new model as part of this study.

While most of the previous knowledge of electrical resistivity was obtained from well
logging data at high frequency (~ 50 kHz), Chapter 4 reported for the first time
quantitative empirical relations among electrical resistivity, porosity, clay content and

permeability for typical reservoir sandstones at low frequency (2 Hz) likely to be



Chapter 8. Conclusions 137

employed by CSEM surveys. It was found that at our particular experimental
conditions sandstone samples with volumetric clay contents as high as 22% were
found to behave like Archie’s clean sandstones when porosity is higher than 9%,
while samples with volumetric clay content as low as 10% behave like shaly
sandstones when porosity is less than 9%. The clay effect on resistivity depended not
only on clay content, porosity and electrolyte resistivity but also on the differential
pressure and clay type; electrical resistivity was negatively correlated with hydraulic

permeability.

Chapter 5 presented for the first time the pressure effects on the cross-property
relations between electrical resistivity and elastic velocity, electrical resistivity and
elastic attenuation and elastic velocity and elastic attenuation in reservoir sandstones.
Elastic velocity, attenuation and electrical resistivity were found to follow similar

trends with changing differential pressure which were described by empirical

_CP . .
“ . The minor differences between C

expressions of the form Z = A4-Be
coefficients gave rise to almost linear correlations between parameters (elastic
velocity, attenuation and electrical resistivity) as a function of differential pressure.
The slopes of the linear correlations were defined by the ratios of B coefficients
between parameters. It was shown that electrical resistivity was more sensitive to low
aspect ratio pores and micropores while elastic attenuation was more subject to large
open pores (macropores); different pore types did not have any impact on elastic
velocity with changing differential pressure. Low aspect ratio pores and micropores

had a more profound effect on electrical resistivity than that of the macropores on

elastic attenuation.

Chapter 6 explored the joint elastic-electrical properties of reservoir sandstones and
the petrophysical influence on the joint properties. It demonstrated that elastic
velocity (both compressional and shear) was approximately positively linearly
correlated with apparent formation factor F* on a semi-logarithmic scale; the data fell
into two converging groups, where the slope for the clay-rich sandstones was higher
than that of the clean sandstones. P-wave attenuation seemed to follow a bell-shaped
trend with apparent formation factor /'*, analogous to P-wave attenuation dependence
on mean grain size and sorting reported in the literature for marine sediments; S-wave
attenuation showed only part of this bell-shaped curve. The combination of the clay-

porosity effect was found to best explain the joint elastic-electrical behaviour.
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Chapter 7 described the implementation of some existing joint elastic-electrical
models and compared them to the dataset. Also, a 3-phase combined SCA/DEM
model for quartz brine and pore-filling clay minerals was developed. The existing
models either did not fit any observations very well, or fitted only the group of clean
sandstones. However, the newly developed model gave a reasonable fit to both clean

and clay-rich sandstones.

Since different rationales and nomenclature were used for grouping various data
points in Chapter 4 (Groups 1, 2 & 3) and Chapter 6 (Groups A & B), the

correspondence between these five groups is explained here.

Firstly to reiterate the rationale for the various groupings. In Chapter 4, the three
groups (1, 2 & 3) were chosen arbitrarily on the basis of the plot of apparent
formation factor F* against porosity ¢ (Figure 4.4). The data show an approximately
linear trend of increasing F* with decreasing ¢ until a porosity of about 0.09 where
there is a reduction in slope. Hence, data above ¢ = 0.09 were assigned to Group 1
and those below ¢ = 0.09 to Group 2. Additionally, all samples with kaolinite clay
minerals were assigned to Group 3; these have porosities greater than 0.09 but show
higher F* values for a given porosity than Group 1 samples. In Chapter 6, the two
groups were assigned arbitrarily on the basis on the plot of /'* against P-wave velocity
V, (Figure 6.1). Here, two approximately linear trends F* rising with V), were seen
with the Group A trend having a lower gradient and smaller values of F* for a given

V, than the Group B trend. Both trends converge below V), = 3000 m/s.

The exact correspondence between the samples in Groups 1, 2 & 3 and Groups A & B
has not yet been established. However, some general observations are that, from an
electrical properties point of view: i) only clean sandstones reside in Group A (i.e.,
little clay); i1) Group B comprises shaly sandstones only (i.e., all have some clay), a
mixture of sandstones with clay contents that exceed, and are below respectively, the
clay surface conductivity threshold for a salinity of 35 g/1; iii) Group 1 contains both
clean sandstones and shaly sandstones, the latter with clay contents below the clay
surface conductivity threshold; iv) Group 2 contains only shaly sandstones with clay
contents that exceed the clay surface conductivity threshold; v) Group 3 contains
sandstones with kaolinite clay minerals (all the other shaly sandstones have
dominantly illite clay minerals). From the point of view of elasticity: vi) Group A

only contains clean sandstones; vii) Group B contains shaly sandstones with both
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pore-filling and load-bearing clay minerals; viii) Group 1 has both clean sandstones
and shaly sandstones with pore-filling clay (i.e., with clay content partially filling the
pores); ix) Group 2 has only shaly sandstones with load-bearing clay (in the sense that
the clay content at which the pore space is totally filled with clay is exceeded); x)
Group 3 has only shaly sandstones with partially pore-filling kaolinite clay.

8.2. Discussion

Work done in this thesis has provided fundamental new data and correlations, but how
these new findings impact on hydrocarbon exploration and other suitable targets for
joint seismic-CSEM surveying (e.g., gas hydrates and geological sequestration of

CO,) needs to be discussed.

8.2.1. Are the samples representative of reservoir sandstones?

As mentioned in Chapter 3, although some of the samples (e.g., CZ samples) are
reservoir sandstones that contain oil, most of the rest are quarry and shallow borehole
samples. This naturally raises the question: are these samples representative of real
reservoir sandstones? Indeed quarry sandstones may differ from real reservoir
sandstones in terms of rock properties (e.g., compaction, consolidation history and
age) and environment (e.g., stress history and depositional environment) as seen in
Table 2.1. However all these factors prove to have minor effects on the elastic
properties of sandstones compared to other parameters such as porosity and pore
shape (e.g., Wang, 2001), which might be exactly the same between quarry and
reservoir sandstones. In fact, a lot of rock physics studies (e.g., Best 1992; Jones,
1995; Gomez, 2009) are performed (fully or partially) on quarry and shallow borehole

rocks (e.g. Berea sandstone) since they can be obtained more easily and economically.

A comparison in Figure 8.1 of the elastic measurement results from this thesis with
the data from Han er al. (1986), a classic rock physics study, shows a good
coincidence in both the porosity range (although my dataset has few samples with
porosity in the range from 0.2 to 0.3) and the measured velocity values. The samples

in this study can be considered to be representative of typical reservoir sandstones as
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the majority of samples in Han’s (Han et al., 1986) study are from real reservoir
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Figure 8.1. Comparison of velocity measured in this study (red) with that from Han et al.
(1986, blue) as a function of porosity at 40 MPa differential pressure. Open circles and

triangles represent P- and S-wave velocity respectively.

8.2.2. Frequency dependent effects

The change of electrical resistivity with measurement frequency has been observed
both from laboratory experiments and theoretical calculations (e.g., Olhoeft, 1985,
1987; de Lima and Sharma, 1992; Denicol and Jing, 1998). At low frequencies (less
than 1 Hz) chemical interactions such as adsorption and cation exchange at the solid-
brine interface play an important role while at higher frequencies (10 Hz to 10 MHz)
ionic double-layer polarisations at the solid-fluid interface become significant
(Garrouch and Sharma, 1994) leading to lower resistivities. Therefore caution should
be exercised when comparing CSEM inversion results at a frequency lower than 10
Hz to well logging and measurement while drilling results at a frequency around 50
kHz. Existing theoretical models, such as the one of de Lima and Sharma (1992),
could be used to transform high frequency well logging data to lower frequencies for

comparison to the joint elastic-electrical relationship discovered in Chapter 6.

The frequency dependent nature of elastic properties is one of the key problems faced

by geophysicists in interpreting surface seismic data at frequencies 10 — 200 Hz, and
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at borehole sonic logging frequencies of about 2 — 20 kHz, when using empirical
relations obtained from laboratory ultrasonic measurements in the MHz frequency
range. It is shown in Section 2.4.4 that the elastic velocity of reservoir sandstones
tends to increase with frequency, and there are several theoretical formulas for
predicting the frequency dependent elastic velocities and attenuations of reservoir
rocks (e.g., Gassmann, 1951; Biot, 1956a, b; Geertsma and Smit, 1961; Dvorkin and,
Nur 1993; Dvorkin et al., 1994; Ruiz and Dvorkin, 2010). The joint ultrasonic-CSEM
relations (e.g., Figure 6.1 and Figure 6.2) established in Chapter 6 can then be
transformed to joint sonic-CSEM or joint seismic-CSEM relations using these

theoretical formulas (assuming the models are valid).

8.2.3. Reservoir conditions

Whereas the experiments in this study simulated reservoir pressures, no effort was
made to simulate elevated reservoir temperatures (in fact temperature was kept at
around 19 °C to minimize its impact on the results). Temperature is known to
influence both the elastic and electrical properties of reservoir sandstones. The
relations observed in the laboratory therefore need further calibration to account for

reservoir temperature before they can be applied to in situ reservoir characterisation.

The temperature dependencies of velocity and resistivity in sandstones are for the
most part controlled by the properties of the fluid filling the pore space (Johnston,
1987). Increasing temperature will decrease the viscosity and increase the
conductivity of the pore fluid so that velocity and attenuation decrease (e.g., Jones and
Nur, 1983; Johnston, 1987) and resistivity also decreases (e.g., Johnston, 1987; Sen
and Goode, 1992). However temperature may also affect the chemical interactions
between the rock framework and the pore fluid resulting in a more complicated
frequency dependence of both elastic (e.g., O’Hara, 1985) and electrical (e.g.,
Chelidze et al., 1999) properties.

8.2.4. How can an exploration geophysicist use the results?

Once the laboratory results on typical reservoir sandstones presented in this thesis are
properly calibrated in terms of practical frequency and reservoir temperature, they are

ready to guide joint seismic-CSEM explorations. However, brine was used as the pore
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fluid in these experiments rather than oil or methane gas which are the targets of

interest to the industry.

An exploration geophysicist can apply the joint velocity-resistivity effective medium
models developed in Chapter 7 as input to the joint seismic-CSEM inversions if there
are no well logging data available as constrains. The inverted resistivity can be plotted
against inverted velocity as shown in Figure 6.1. If the inversion results match the
well calibrated resistivity-velocity relations based on the laboratory data, this could
indicate that the potential reservoir is filled with brine. Another possibility is that the
inverted relation will not match that discovered in this thesis; this would be a possible
indication of hydrocarbons present in the reservoir, especially if the resistivity is
higher than normal. However, the saturation of brine/hydrocarbon must first be taken
into consideration. Relationships and theoretical models have already been published
which deal with saturation effects on electrical resistivity in sandstones (e.g., Taylor

and Barker, 2002; Toumelin and Torres-Verdin, 2005).

Seismic velocity is still the most commonly used parameter in seismic exploration at
present but increasing attention has been paid to attenuation which is also related to
the petrophysical properties of reservoir rocks. Although the joint resistivity-
attenuation relations presented in this thesis are not as clear and straightforward as the
joint resistivity-velocity relations, there does exist a correlation between resistivity
and attenuation. With our improvement in the understanding of attenuation
mechanisms and its relations with petrophysical parameters in the future, a better
explanation of the joint resistivity-attenuation relations will be achieved. This could
also improve our ability to better characterise reservoir parameters from joint seismic-

CSEM surveying.

8.3. Summary

The results reported in Chapters 4 to 7 give for the first time a systematic study of the
joint elastic-electrical properties of reservoir sandstones. The results provide insight
into wave propagation phenomena in porous rocks and have the potential to constrain
joint seismic-CSEM data interpretation and inversion schemes. While the work
presented in this thesis makes a major step forward, the full realisation of the results

in terms of practical applications will need further work along the lines discussed
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above. Nevertheless, the results presented in this thesis must surely be considered a
significant step forward in improving the accuracy of the joint inversion of combined
elastic-electrical geophysical datasets. This is of major interest to hydrocarbon

exploration and other suitable targets for the joint seismic-CSEM survey method.
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Appendix A

Petrophysical and mineralogical results for the
67 sandstone samples in this study
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Appendix B

Validity of the electrical resistivity
measurements at different frequencies and
differential pressures
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B.1. Introduction

The circumference resistivity measurement method described in Chapter 3 relies on
certain assumptions, most notably that: 1) the measured impedance is the real part of
the complex electric impedance; ii) the electrical impedance of the test
instrumentation is effectively infinite; and iii) the geometric calibration factors are
constant at different effective pressures. However the validity of these assumptions

needs to be confirmed.

B.2. Effect of measurement frequency

B.2.1. Complex impedance

The electrical resistivity that was measured during the experiments in Chapter 3 is
actually the magnitude or modulus of the complex electrical impedance Z of the rock

sample. The complex impedance Zis given by
Z=Z,+iZ,, (B1)

where Zp and Z; are the real and imaginary parts, respectively, and i =+/—1. The

magnitude (or modulus) Z of the impedance is given by

Z=\Zy+Z; . (B2)

The measurement is only meaningful if the imaginary part of Z is zero or negligible,
i.e., as Z; — 0 then Z — Zz. While this may be the case at low frequencies, at higher
frequencies, particularly at frequencies approaching 100 kHz, the imaginary part may
become non-negligible (e.g., Olhoeft, 1985). However, even though the imaginary
part was not measured, the measured modulus could indicate the presence of

frequency dependent effects in the samples as it would become larger as Z; increases.

Although an attempt was made to assess possible frequency dependent effects in the
67 sandstone samples by recording the modulus at 2 Hz, 440 Hz and 50 kHz, thus
covering the frequency range used in CSEM and well logging, it became apparent that
the 50 kHz data were unrepresentative of the true sample properties because of

variable instrument impedance effects (see below).
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B.2.2. Variable instrument impedance

The following theoretical analysis demonstrates that the test instrumentation has a
variable electrical impedance and this leads to inaccurate measurements of sample

resistivity at 50 kHz, but does not affect those at 2 Hz and 440 Hz.

The electrical resistivity measurement equipment (mainly the Fluke scopemeter and
cables) can be represented by an equivalent electrical circuit comprising a capacitor
(Ce) in parallel with a resistor (Re) as shown in Figure B1. The impedance of the
capacitor (Z¢, in Ohm) is a function of current frequency given by
-1
Ze=—07pm, (B3)
where w is the angular frequency and C. is the capacitance (in Farad) of the capacitor

Ce. The impedance of the equipment (Z,) can then be expressed as a function of Z¢

and the resistance R, (in Ohm) of the resistor Re

=+ (B4)

Figure B1l. Equivalent circuit of the resistivity measurement equipment. Re and Ce

Ce
I
I

correspond to the resistor and capacitor respectively.

Figure B2 shows how the magnitude of the complex impedance of the measurement
equipment varies with current frequency from 2 Hz to 50 kHz, assuming some
reasonable values for R, and C,. It shows that the equipment impedance is very high
at low frequencies then starts to reduce significantly above about 500 Hz. The result is
that above about 500 Hz, a non-negligible electrical current will flow in the test
equipment which is effectively arranged in parallel with the rock sample (Figure B3).
The ideal (assumed) situation is that all the applied electric current will flow through
the sample so that the voltage measured across the sample gives the sample

impedance. However, at higher frequencies this is not the case; the measured voltage
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will include the effect of the sample and the equipment as indicated in Figure B3. This
leads to an underestimate of the true rock resistivity at higher frequencies. This can be

verified as follows.

10

10 ¢

Magnitude of impedance (Q)

10 1 1 2 1 " 1
10 10 10 10 10 10
Frequency (Hz)

Figure B2. Variation of the equipment impedance with current frequency. Here, the
capacitance of the capacitor and resistance of the resistor are estimated to be 300 pF and 10’

Q respectively.

— Ce Re

Figure B3. Equivalent circuit of the resistivity measurements on a rock sample of resistance

Rs showing the instrument effect. I corresponds to the constant current source.

Assume the sandstone sample in Figure B3 is a pure resistor so that the total

impedance (Z,) of the circuit is
- =5t (BS)

The voltage measured over the sample according to Ohm’s law is
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Vmeas = Zt] > (B6)

and the measured resistance (R,..;) of the sample is calculated to be

Vmeas
Rmeas = I - = Zt * (B7)
1‘1 H | T T T T T T T T
1_ .
09r .
o 0.8F .
x p.=10m
=, S
8 0.7+ -
g p.=10Qm
S
o
0.6 p.=300m T
s
051 ps=50 aQm .
04+t PS= 100 Om i
0.3 0 |1 I2 Ia |4 5
10 10 10 10 10 10
Frequency (Hz)

Figure B4. The ratio of measured sample resistance (R,..s) to the actual sample resistance (R;)

as a function of frequency on a series of samples with varying resistivity p,, where R, = 250p;.

Figure B4 shows the ratio of the measured sample resistance Ry.,s to the actual
sample resistance R; as a function a frequency with sample resistivity ranging from 1
Qm to 100 Qm; this range covers most of the sample resistivities observed in this
study. Figure B4 shows that the measured sample resistance in general becomes lower
than the actual sample resistance with increasing current frequency and with
increasing sample resistivity (resistance). However, at 2 Hz and 440 Hz in particular,
the deviation of the measured sample resistance from the actual sample resistance is
negligible for all cases, confirming that resistivity measured at these two frequencies
are representative of the actual resistivity of the sample. However, the resistivity data
at 50 kHz are significantly affected by the equipment impedance and therefore lack
the required accuracy (they may be less than 50% of the true value according to

Figure B4).
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B.3. Effect of measurement pressure

It was assumed that the geometric factors calibrating measured resistance to the
sample resistivity are constant at all differential pressures. However a slight change of
the sample dimensions would be expected with elevated pressure requiring the
geometric factors to be re-determined accordingly. It is therefore necessary to test

whether this constant geometric factors assumption is valid.

Best (1992) showed that for consolidated sandstones sample length (axial) varies by
less than about 0.3% at differential pressures from 0.1 to 60 MPa. Hence, we would
expect a resistivity measurement error of no more than 0.5% due to changes in
geometric factors in our sandstone samples by calculating resistivity from the varying
geometric factors using a finite element method (Adler and Lionheart, 2006) as shown
in Figure BS. This is taken into account in the overall accuracy of the circumference
method of = 2% quoted in Chapter 3.

3 T . T T .

— Axial Change
Radial Change 1

Percentage error in resistivity (%)
o

_3 1 1 L 1 L
-3 -2 -1 0 1 2 3

Percentage change in dimension (%)

Figure B5. The resistivity error induced by the change of the sample dimensions. The error
corresponds to the deviation in resistivity calculated using a finite element model from that

using constant geometric factors.

B.4. Conclusions

It has been shown that the measurement frequency does not affect the resistivity at 2
Hz and 440 Hz due to the equipment impedance but does at 50 kHz. The error

associated with using constant geometric calibration factors at all differential



Appendix 155

pressures are small, but finite, and are therefore taken into account. Hence, only the 2
Hz electrical data relevant to CSEM were analysed in Chapters 4 — 7; these values
were almost identical to those at 440 Hz, which are included in Appendix D for

completeness.

A more sophisticated measurement system will be required to study electrical

frequency-dependent effects in future.
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Appendix C

Regression coefficients in equation 5.1 for the
elastic and electrical properties of the 63
sandstone samples
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Appendix D

Joint elastic-electrical measurement results on
the 67 sandstone samples in this study
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