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ABSTRACT

Complex rock composition and pore geometry, as well as anisotropic behavior
and heterogeneity, can significantly affect formation electrical resistivity and dielectric
permittivity, which are used to estimate in sifu petrophysical properties, such as
water/hydrocarbon saturation. The main research topic of this dissertation is to quantify
the impact of complex pore and grain structures on electrical resistivity and dielectric
permittivity measurements of rock samples. Through the quantification of these impacts,
this dissertation proposes a new dielectric permittivity model and a joint interpretation
model (combining dielectric permittivity and electrical resistivity measurements) to
improve the assessment of petrophysical properties of formations such as
water/hydrocarbon saturation. In addition to the main research topic, this dissertation
also designs and conducts laboratory experiments to quantify the impact of water-filled
porosity and salinity on the dielectric permittivity of brine-saturated rocks.

In this dissertation, pore-scale numerical simulations are implemented to estimate
the effective electrical resistivity and dielectric permittivity of rock samples. Then,
diffusive directional tortuosity, directional connectivity, and electrical directional
tortuosity are introduced and applied to quantify the impact of pore and grain structures
in rock samples on electrical resistivity and dielectric permittivity measurements. In the
case of organic-rich mudrocks, the impacts of mature kerogen and pyrite networks are
also quantified on electrical resistivity and dielectric permittivity of the rocks. The two

proposed models in this dissertation, a new dielectric permittivity model and a joint
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interpretation model, take into account the spatial distribution of rock components and
can provide more reliable estimation of water/hydrocarbon saturation in both
conventional and unconventional formations when compared to conventional models
such as the Complex Refractive Index Model. It is observed that formation water salinity
affects the sensitivity of effective electrical resistivity to the connectivity of conductive
components, as well as the sensitivity of dielectric permittivity to water-filled porosity.
Experimental results showed that the impact of water salinity on high-frequency
dielectric permittivity of brine-saturated rocks needs to be taken into account in the
interpretation of dielectric permittivity measurements, especially for rock samples with
water-filled porosity of higher than 15%. Overall, the outcomes of this dissertation
improve the interpretation of electrical resistivity and dielectric permittivity

measurements for reliable assessment of water/hydrocarbon saturation.
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CHAPTER 1

INTRODUCTION

This dissertation introduces a theoretical and computational quantification
method to characterize the complexity of pore/grain structure and rock fabric and
quantify the impact of theses on electrical resistivity and dielectric permittivity
measurements for both conventional and unconventional formations. In order to improve
the assessment of water/hydrocarbon saturation by taking into account complex
pore/grain structure and rock fabric, a new dielectric permittivity model and a joint
interpretation model (combining both dielectric permittivity and electrical resistivity
measurements) are developed by incorporating the aforementioned rock structure
impacts. Besides quantifying the impact of rock component structure on electrical
resistivity and dielectric permittivity measurements, laboratory dielectric permittivity
measurements are also carried out to investigate the impact of salinity and water-filled
porosity on dielectric permittivity measurements of carbonate/ sandstone samples. In
summary, this doctoral research could potentially improve the interpretation of electrical
resistivity and dielectric permittivity measurements for more reliable assessment of

water/hydrocarbon saturation.



1.1 Background

Electrical resistivity and dielectric permittivity measurements are widely used to
assess the in situ petrophysical properties of formations, such as hydrocarbon/water
saturation. However, complex pore and grain structures impact electrical resistivity and
dielectric permittivity such that the existing interpretation method might not be reliable.
Therefore, to accurately estimate hydrocarbon reserves in complex formations,
investigation of the impact of complex pore and grain structures on electrical resistivity

and dielectric permittivity is crucial.

1.1.1 Impact of pore and grain structures on electrical resistivity

Electrical resistivity measurements are used to classify lithology, specify fluid
type, and assess water/hydrocarbon saturation (Schlumberger, 1972, 1974; Doveton,
1994). Resistivity-porosity-saturation models, such as Archie’s (Archie, 1942), Dual-
Water (Clavier et al., 1984), and Waxman-Smits (Waxman and Smits, 1968), correlate
borehole electrical resistivity measurements to pore-scale petrophysical properties in
conventional reservoirs. However, interpretation of electrical resistivity is challenging
and involves significant uncertainty in complex formations. For instance, due to the
digenetic processes of sedimentary rocks, such as compaction, dissolution, and
cementation, there exist complex pore and grain structures in carbonate and organic-rich

mudroks formations (Moore, 2001; Crutis et al., 2010).
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Previous publications reported the influence of heterogeneity and anisotropy on
electrical resistivity measurements in conventional reservoirs (Ellis et al. 2010; Garing et
al. 2014; Jouniaux et al. 2006; Nabawy et al. 2010; Winsauer et al. 1952). Ellis et al.
(2010) showed that the ratio between vertical and horizontal electrical resistivity can be
as high as 5:1 in some conventional formations. Garing et al. (2014) showed that
micrometer- to centimeter-scale heterogeneities strongly influence electrical resistivity
measurements, which creates to uncertainty in estimating water/hydrocarbon saturation
when using conventional interpretation models. Verwer et al. (2011) indicated that, in
addition to porosity, the combined effect of micro-porosity, pore network complexity,
macro-pore pore size, and absolute number of pores all influence for electrical resistivity
measurements. Samples with small pores and an intricate pore network have a low
Archie’s cementation factor, m, whereas those with large pores and a simple pore
network have higher values and those with separate-vug porosity, have the highest
values (Verwer et al., 2011). Bae et al. (2006) investigated the effect of macro-pores on
electrical resistivity behavior in a heterogeneous porosity system and report that the
increase of vulgarity (vug percentage in the pores) increases Archie’s cementation
exponent, m, and saturation exponent, n. In the case of organic-rich mudrocks,
heterogeneity and anisotropy affect the physical properties obtained from well logs even
more significantly. Therefore, when interpreting electrical resistivity logs, failure to
consider the spatial distribution of complex pore structures can introduce significantly

uncertainty in well-log-based petrophysical evaluation of complex formations.



In addition to complex pore structure, the impact of other conductive components
in complex formations, such as organic-rich mudrocks, has not been quantified yet. Wei
(2005) showed that aromaticity and aromatic cluster size are increased as the thermal
maturity of kerogen increases through solid-state nuclear magnetic resonance (NMR)
measurement. As the kerogen’s aromaticity increases, the accumulation of delocalization
electrons around aromatic clusters of kerogen can lead to conductive behavior of the
kerogen. Kethireddy et al. (2014) showed that an increase in volumetric concentration of
kerogen decreases the total resistivity of organic-rich mudrocks. However, the impact of
the connectivity of conductive components, such as kerogen, on electrical resistivity
measurements has not yet been investigated. Likewise, the influence of pyrite network
connectivity has not been quantified, especially in cases such as the Woodford shale,

where the layered distribution of pyrite is dominant.

1.1.2 Impact of pore and grain structures on dielectric permittivity

In addition to electrical resistivity measurements, dielectric permittivity
measurements have become attractive candidates for assessment of water and
hydrocarbon saturation in organic-rich mudrocks and carbonate formations. Dielectric
permittivity of rocks is defined as the ability of rocks to store electrical charge.
Dielectric permittivity of rock-fluid systems is sensitive to water-filled porosity,
especially in a high frequency range (e.g., GHz frequency range) because of the higher

dielectric permittivity of water compared to other rock matrix components. In order to
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estimate fluid saturation, several studies have been previously conducted on interpreting
the dielectric property of the porous medium (Calvert and Wells, 1977; Wharton et al.,
1980; Dahlberg and Ference, 1984). Among previously published techniques, the
Complex Refractive Index Model (CRIM) has been a widely used in the industry
(Birchak et al., 1974; Dobson et al., 1985; Heimovaara et al., 1994). However, the
applicability of CRIM is limited, as it oversimplifies pore structure and neglects
geometrical distribution of rock components. Stroud et al. (1988) proposed an analytical
model by taking into account the impact of grain geometry in interpretation of dielectric
permittivity. They developed an analytical model for a family of brine-saturated rocks
for which the contacting area of neighboring grains is negligible compared to the grain
surface area. Feng and Sen (1985) also provided a geometry-dependent dielectric
permittivity model for partially saturated rocks by assuming ideal shapes for grains, such
as spherical and platy grains. Myers et al. (1996) introduced a pore-geometry-dependent
dispersion model to improve the volumetric method, which assimilates the impact of
vugs and interconnected pore space on rock dielectric permittivity. Seleznev et al. (2006)
developed a dispersion dielectric model by incorporating textural characteristics (e.g.,
aspect ratio of grains and pores). However, they did not take into account spatial
distribution, tortuosity, or connectivity of the pore and grain networks in their model.
Therefore, a new interpretation method, especially a pore-scale model, is needed for

better investigation of petrophysical properties of complex formations.



1.1.3 Impact of salinity on dielectric permittivity measurements

Not only are dielectric permittivity measurements influenced by pore/grain
structure and water-filled porosity, they are also impacted by salinity, which needs to be
taken into account in interpreting these measurements. Myer (1991) showed that
dielectric permittivity is salinity and frequency dependent in a low measurement
frequency domain (<0.5GHz). Rankin et al. (1985) discussed the effect of clay and
salinity on the dielectric properties of sand-clay mixtures and consolidated sandstone.
They showed that the increment of salinity increases crystallization, which leads to a
decrease in dielectric constant. Wu et al. (2015) measured the dielectric properties of
saline soil and develop an improved conventional dielectric model by taking into
account salinity in the C-band frequency range (i.e., 4 to 8 GHz). Hizem et al. (2008)
showed that dielectric permittivity is independent of salinity at 1-GHz frequency.
However, for all the previous studies, the impact of water-filled porosity on the
sensitivity of dielectric permittivity to water salinity or to critical frequency (where the
dielectric permittivity measurement is independent of salinity) was not quantified.
Therefore, dielectric permittivity measurements of saturated rocks corresponding to
different frequencies, water-filled porosity, and salinity need to be conducted to quantify

their impacts for the reliable assessment of petrophysical properties.



1.2 Statement of Problem

Electrical resistivity and dielectric permittivity measurements are typical
methods for assessing in situ and real-time petrophysical properties of formations, such
as hydrocarbon/water saturation. However, complex pore geometry and composition, as
well as anisotropy and heterogeneity, impact electrical resistivity and dielectric
permittivity, presenting a big challenge for interpretation methods. Thus,
characterization of complex pore and grain structure at the pore scale is necessary to
accurately predict hydrocarbon reserve in complex formations.

Conventional methods for interpreting electrical resistivity include resistivity-
porosity-saturation models, such as Archie’s equation (Archie, 1942), and shaly sand
models, such as the Dual-Water model (Clavier et al., 1984) and the Waxman-Smits
model (Waxman and Smits, 1968). However, none of these models takes into account
other conductive components of the rocks, such as pyrite and highly mature kerogen.
This limitation causes uncertainty in assessment of water saturation in formations with
complex matrix components. In addition to the presence of conductive components, the
spatial distribution of the conductive pathway (saline water, kerogen, and pyrite) can
also impact electrical resistivity measurements. Several studies have been conducted to
investigate the influence of heterogeneity and anisotropy on electrical resistivity
measurements in conventional reservoirs (Ellis et al. 2010; Garing et al. 2014; Jouniaux
et al. 2006; Nabawy et al. 2010; Winsauer et al. 1952). Ellis et al. (2010) showed that the

ratio between vertical and horizontal electrical resistivity can be as high as 5:1 in some



conventional formations. Compared to the conventional formation, heterogeneity and
anisotropy can be even more significant in organic-rich mudrocks. Therefore, the impact
of spatial distribution of conductive rock components on electrical resistivity
measurements needs to be studied and quantified.

In addition to electrical resistivity measurements, dielectric permittivity
measurements have become attractive candidates for assessing hydrocarbon/water
saturation in formations with complex structure, such as organic-rich mudrock and
carbonate formations. Compared with electrical resistivity measurement that is affected
by all conductive components, dielectric permittivity measurement is more sensitive to
water-filled porosity, especially in the high frequency range (e.g., GHz frequency range),
due to the high dielectric permittivity of water (usually one order of magnitude higher
than the other rock matrix components). Conventional methods to analyze dielectric
permittivity include the volumetric model (Calvert and Wells, 1977; Dahlberg and
Ference, 1984; Linde et al., 2006; Wharton et al., 1980), Stroud-Milton-De (SMD)
(Stroud et al., 1986), and CRIM (Feng and Sen, 1985; Pirrone et al., 2011). However,
interpretation of dielectric measurements can still be challenging because none of these
models takes into account the impact of complex pore structure and spatial distribution
of rock components. As for dielectric permittivity laboratory measurements, the impact
of water-filled porosity on the sensitivity of dielectric permittivity to water salinity or to
critical frequency (where dielectric permittivity measurement is independent of salinity)
is still not quantified, bringing uncertainty to the interpretation of dielectric permittivity

measurements.



In summary, the complex spatial distributions of rock components, such as water,
pyrite, and kerogen networks, significantly impact electrical resistivity and dielectric
permittivity measurements. Characterizing the impact of these factors while interpreting
electrical resistivity and dielectric permittivity measurements is still a challenge in the
petroleum industry. This dissertation quantifies the impact of these factors on electrical
resistivity and dielectric permittivity measurements. It also proposes a new dielectric
permittivity model and a new joint interpretation model (through combining dielectric
permittivity and electrical resistivity measurements) to improve estimates of
petrophysical properties (e.g., hydrocarbon saturation) of complex formations.
Furthermore, understanding the impact of salinity on dielectric permittivity
measurements can assist in accurately estimating hydrocarbon/water saturation,
especially for formations with high salinity. Therefore, this dissertation includes
laboratory measurements of dielectric permittivity to quantify the impact of water-filled
porosity on the sensitivity of dielectric permittivity to water salinity and to critical

measurement frequency.

1.3 Research Objectives

This dissertation aims to quantify the impact of complex pore and grain
structures on the electrical resistivity and dielectric permittivity measurements of rock
samples. With the quantification of such impact, this dissertation proposes a new

dielectric permittivity model and a new joint interpretation model (combining dielectric



permittivity and electrical resistivity measurements) to improve the assessment of

formation petrophysical properties such as water/hydrocarbon saturation. Furthermore,

regarding dielectric permittivity laboratory measurements, this dissertation conducts

experiments to quantify the impact of water-filled porosity and water salinity on

dielectric permittivity measurements. The detailed objectives achieved in this

dissertation include the following:

Y

2)

3)

4)

5)

Develop numerical simulators to calculate directional tortuosity, directional
connectivity of rock components to quantify the complex pore/grain structure,
and heterogeneous and anisotropic properties of the rock.

Develop numerical simulators to calculate effective electrical resistivity and
dielectric permittivity of rock samples.

Quantify the impact of diffusive directional tortuosity and directional
connectivity of rock components on electrical resistivity and dielectric
permittivity measurements.

Improve the assessment of hydrocarbon/water saturation through dielectric
permittivity measurements by developing a structure-dependent dielectric
permittivity method.

Propose a joint interpretation model that incorporates both electrical resistivity
and dielectric permittivity measurements to better estimate hydrocarbon
saturation by taking into account the impact of spatial distribution of rock

components.
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6) Quantify the impact of water-filled porosity on the sensitivity of dielectric
permittivity to water salinity and to the critical frequency by conducting

dielectric permittivity laboratory measurements on brine-saturated rock samples.

1.4 Method Overview

This section outlines the method used to pursue the aforementioned objectives.
The method consists of four major steps: (1) 3D pore-scale digital rock construction; (2)
effective electrical resistivity and dielectric permittivity simulation; (3) directional
tortuosity and connectivity quantification; and (4) dielectric permittivity laboratory
measurements. The method section in each chapter contains an explicit description of the
methods applied to pursue each objective.

3D pore-scale digital images, which are obtained from X-ray Microscope or
Scanning Electron Microscope (SEM), reveal the internal pore and grain structures of
rock samples. In this dissertation, 3D digital sandstone and carbonate rocks are
constructed from actual X-ray computed tomography (CT), and 3D digital organic-rich
mudrocks are synthesized based on petrophysical parameters in actual rock samples and
actual 2D pore-scale rock images.

Local electrical resistivity and dielectric permittivity are then assigned to each
rock component of 3D digital rocks as inputs into the pore-scale numerical simulations.
The pore-scale numerical simulations are aim to calculate the effective electrical

resistivity and dielectric permittivity of rocks. The key step in these numerical
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simulations is to calculate the distribution of the electrical potential field by solving the
Laplace’s equation.

Next, three quantitative factors, diffusive directional tortuosity, directional
connectivity, and electrical directional tortuosity, are introduced and calculated to
quantify the complexity of pore and grain structures of these digital rock samples.
Through dielectric permittivity simulation and diffusive directional tortuosity
calculation, a new dielectric permittivity interpretation model that incorporates diffusive
directional tortuosity is proposed and used to better estimate water/hydrocarbon
saturation. Furthermore, through electrical resistivity/dielectric permittivity simulation
and electrical directional tortuosity calculation, a joint interpretation model that
combines the electrical resistivity and dielectric permittivity measurements is proposed
and used to improve the accuracy in estimates of water/hydrocarbon saturation.

Lastly, actual dielectric permittivity measurements are conducted to investigate
the impact of salinity on the dielectric permittivity of the brine-saturated rocks. During
the laboratory measurements, NMR, an impedance network analyzer, vacuum
pressure/core flood systems, and a centrifuge were used. The experiment procedures
include preparation of fully and partially bine-saturated rock samples, water-filled

porosity measurements, and high-frequency dielectric permittivity measurements.
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1.5 Outline of Dissertation

This dissertation has six chapters, including the present introductory chapter and
the final summary and recommendation chapter. Chapter I includes the research
background, research objectives, and methods. The following main body of the
dissertation covers five parts.

Chapter II introduces a method to quantify the directional tortuosity and
connectivity of rock matrix constituents and applies this method to investigate the
heterogeneous and anisotropic properties of the rock samples using 3D pore-scale
images. Correlations between directional connectivity of rock components and electrical
resistivity of organic-rich mudrocks are investigated to better understand the conductive
mechanism in organic-rich mudrocks. Fluid saturation estimation using the conventional
method is provided to confirm the importance of anisotropy and directional connectivity
of conductive rock components for assessing hydrocarbon saturation of organic-rich
mudrocks.

Chapter III investigates the complexity of pore and grain structure on dielectric
permittivity measurements and develops a new dielectric permittivity model to better
estimate water-filled porosity. A diffusive directional tortuosity factor is calculated from
the 3D pore-scale rock images to quantify the geometry and spatial distribution of the
pore and grain network. The introduced new permittivity model is applied to sandstone,
carbonate, and organic-rich mudrocks to estimate fluid saturation. The results are

compared with the ones obtained from the CRIM.
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Chapter IV introduces an analytical method, which is a joint interpretation of
electrical resistivity and dielectric permittivity measurements, for a better estimate of
water-filled porosity and hydrocarbon saturation. 3D pore-scale numerical simulation of
electrical resistivity and dielectric permittivity is conducted on both conventional
sandstone and unconventional organic-rich mudrocks. The application of this joint
method significantly enhances water-filled porosity prediction in comparison with the
conventional method of CRIM.

Chapter V focuses on the laboratory dielectric permittivity measurements and
investigates the impact of water salinity on the high-frequency dielectric permittivity
measurements of brine-saturated rocks. Core-flood and vacuum pressure systems are
used to saturate rock samples, and NMR and an impedance network analyzer are used to
measure water-filled porosity and dielectric permittivity of the bine-saturated rock
samples. It discusses the impact of water-filled porosity on the sensitivity of dielectric
permittivity to water salinity. In addition, it introduces the definition of critical
frequency at which interfacial polarization is negligible and discusses the impact of
water-filled porosity and salinity on this critical frequency.

Finally, Chapter VI presents the summary and conclusions of the dissertation and

provides recommendations regarding the future research.
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CHAPTER 11
QUANTIFYING THE DIRECTIONAL CONNECTIVITY OF MATRIX
CONSTITUENTS AND ITS IMPACT ON ELECTRICAL RESISTIVITY OF

ORGANIC-RICH MUDROCKS

Quantifying the hydrocarbon transport mechanism in organic-rich mudrocks is
still a challenge. Scientific consensus holds that the directional connectivity of organic
matter within organic-rich mudrocks significantly affects production in such
unconventional reservoirs. Furthermore, the directional connectivity of matrix
constituents has a significant impact on the physical properties of organic-rich mudrocks
such as electrical resistivity. The latter causes a significant uncertainty in assessment of
petrophysical properties such as hydrocarbon saturation. A quantitative approach is,
however, required to improve formation evaluation of organic-rich mudrocks. This
chapter first introduces a method to quantify directional connectivity of the matrix
constituents. Electrical resistivity of three-dimensional pore-scale rock images is then
numerically simulated using the finite difference method. The results of numerical
simulations for synthetic organic-rich mudrocks with different levels of directional
connectivity of kerogen network confirm that (a) the presence of conductive mature
kerogen can significantly impact the electrical resistivity of the rock in different
directions and the corresponding estimates of fluid saturations and (b) the directional
connectivity of the kerogen network has a measurable impact on electrical resistivity of

rocks. The synthetic examples, including pyrite, confirm that pyrite’s presence and its
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directional connectivity affect electrical resistivity of rocks even in a low concentration
(e.g. 4 vol%). Neglecting the presence of conductive kerogen and pyrite can result in up
to a 17.9% and 23% overestimate in water saturation, respectively. The results show up
to 31% and 37% variation in electrical resistivity caused by variation in directional
connectivity (i.e., ranging from dispersed to layered distribution) of kerogen and pyrite
networks, respectively. Furthermore, a measurable difference is observed in the effective
electrical resistivity of organic-rich mudrocks between horizontal and vertical directions.
Finally, the results confirm the importance of taking into account anisotropy and
directional connectivity of conductive rock components for enhanced assessment of

hydrocarbon saturation in organic-rich mudrocks.

2.1 Introduction

Electrical resistivity logs are typically used for assessment of fluid saturations in
conventional reservoirs. Resistivity-porosity-saturation models, such as Archie’s (Archie
1942), Dual-Water (Clavier et al. 1984) and Waxman-Smits (Waxman and Smits 1968),
correlate borehole electrical resistivity measurements to pore-scale petrophysical
properties in conventional reservoirs. All the conventional resistivity-porosity-saturation
models assume that water is the only conductive component of the rock-fluid mixtures.
Connectivity of the water network has been considered in the aforementioned models
using empirical constants. In the case of organic-rich mudrocks, however, highly mature

conductive kerogen and pyrite affect borehole electrical resistivity measurements.
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Passey et al. (2010) noted that in highly mature shale-gas reservoirs, the overall
electrical resistivity can be 1 to 2 orders of magnitude less than that measured in the
same formation at relatively lower thermal maturities. Current scientific consensus held
that formation of intermediary compounds in highly mature organic matter at high
temperatures may contribute to the increase of electrical conductivity in addition to the
presence of formation water, clay and pyrite (Passey et al., 2010). Although several
publications documented the conductive behavior of organic matter at high temperature
(Li et al., 2007; Mao et al., 2010; Rajeshwar et al., 1980), the correlation among
maturity, temperature, chemical structure and electrical properties of organic matter has
not been quantified.

Kethireddy et al. (2014) showed that conventional resistivity-porosity-saturation
models underestimate hydrocarbon saturation by 20% to 40% in the zones with high
volumetric concentration of kerogen. The same work quantified the impact of kerogen
concentration and electrical conductivity on electrical resistivity of organic-rich
mudrocks. The reported results suggested that not only the volumetric concentration but
also the connectivity of the kerogen network affect electrical resistivity measurements.
However, the impact of the connectivity of the conductive components, such as kerogen,
on electrical resistivity measurements has not yet been investigated. Likewise, the
influence of pyrite network connectivity has not been considered in conventional
resistivity-porosity-saturation models. Previous research has established that the impact
on electrical resistivity of pyrite-bearing rocks is negligible in the presence of a small

volumetric concentration of pyrite. Although this assumption could be correct in
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dispersed or local distribution of pyrite, the impact of pyrite cannot be neglected in the
cases such as the Woodford shale, where the layered distribution of pyrite is dominant.

Additional publications investigated the influence of heterogeneity and
anisotropy on electrical resistivity measurements in conventional reservoirs (Ellis et al.,
2010; Garing et al., 2014; Jouniaux et al., 2006; Nabawy et al., 2010; Winsauer et al.,
1952). Ellis et al. (2010) showed that the ratio between vertical and horizontal electrical
resistivity can be as high as 5:1 in some conventional formations. In the case of organic-
rich mudrocks, heterogeneity and anisotropy can significantly affect the physical
properties obtained from well logs, which are used to estimate the hydrocarbon reserves.
Therefore, in interpretation of electrical resistivity logs, failure to consider the spatial
distribution of conductive rock components can cause large uncertainty in well-log-
based petrophysical evaluation for both horizontal and vertical wells.

This chapter uses directional connectivity factor that incorporates diffusive
directional tortuosity to quantify network connectivity and distribution of desired rock
components (e.g., formation water, kerogen, and pyrite) for any given porous media. The
next step includes quantifying the impact of directional connectivity (i.e., dispersed vs.
layered) of kerogen and pyrite on electrical resistivity of organic-rich mudrocks. The
following sections describe the method and its application to organic-rich mudrocks in
two synthetic examples. The results include (a) estimates of the directional connectivity
of conductive matrix components, (b) quantifying the impact of the directional
connectivity of kerogen and pyrite on electrical resistivity of organic-rich mudrocks, (c)

quantifying anisotropic properties of the rocks by calculating the directional connectivity
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of conductive matrix components and directional electrical resistivity of the rock in both
horizontal and the vertical directions, and (d) quantifying the impact of the directional
connectivity of conductive matrix components on electrical resistivity in both horizontal
and vertical directions, and, consequently, on the accuracy of water saturation
assessment if conventional resistivity-porosity-saturation methods are applied.

Section 2.2 introduces the method used in this chapter. Section 2.3 presents the
results of the model application on synthetic organic-rick mudrocks including kerogen
and pyrite, and discusses the impact of spatial distribution of kerogen and pyrite on the

measurement of effective electrical resistivity.

2.2 Method

This section describes the method for investigating the impact of spatial
distribution of conductive matrix components on estimates of water-filled porosity from
electrical resistivity measurements. It introduces how to construct synthetic digital
organic-rich mudrocks and the assumed petrophysical model, define diffusive directional
tortuosity of a spatial network, and explains how to calculate diffusive directional
tortuosity based on 3D pore-scale digital rock images. The directional connectivity is
defined, which incorporates three main parameters: (a) the number of connected clusters
of a particular conductive rock component, (b) the volumetric concentration of each
connected conductive cluster, and (c) the diffusive directional tortuosity of each

connected conductive cluster. Finally, the numerical simulation, which is used to
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calculate the effective electrical resistivity of porous media, is described, and the
workflow showing how to investigate complexities of spatial distribution of a rock
matrix and their impact on interpretation of electrical resistivity measurements, is

summarized.

2.2.1 Digital rock samples

In this dissertation, 3D digital pore-scale images of rock samples are inputs to the
numerical simulators. Every cubic voxel of the images represents either some rock
matrix constituent or pore space. The 3D digital image is converted into a 3D grid
structure where the grid size is the resolution of the image (e.g., 10nm for the synthetic
organic-rich mudrocks used in this dissertation). After implementing numerical grids to
the rock images, the local physical properties (e.g., electrical conductivity and dielectric
permittivity) of the rocks are assigned to each grid. In this chapter, the 3D digital
organic-rich mudrocks are synthesized based on petrophysical parameters in actual rock
samples and actual 2D pore-scale FIB-SEM (Focused Ion Beam Scanning Electron
Microscope) rock images.

In order to generate the synthetic organic-rich mudrock sample, a 2D FIB-SEM
digital image of organic-rich mudrock is first converted into a 2D grid of pixels. This 2D
grid of pixels is treated as the starting points of a random walk algorithm to generate
synthetic samples with variable spatial distribution of rock components. For instance, to

generate pore networks, the number of walkers is assigned to be equal to the number of
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voxels representing pores in the first layer (i.e., obtained from the 2D FIB-SEM image),
with set theses voxels the starting positions for the walkers. The common random walk
is given equal walk probability, 1/6, to all six directions, denoted by X-, X+, Y-, Y+, Z-,
and Z+ (X- means negative X direction while X+ means positive X direction, and so do
the other notations). Assigning weighted probability to different directions can generate
samples with variable directional connectivity of different components. The process of
synthetic case generation includes following enforced constraints: (a) starting from the
first layer, all the walkers are forced to take one step to the second layer; (b) the walkers
in the second layer cannot travel back to the first layer; (c) the walkers in the boundary
layer will travel inside the grid from the mirror position of the opposite boundary layer
when they are assigned to travel out of the boundary; and (d) all the walkers will stop
travelling once the assigned porosity has been reached. The same algorithm can be used
to generate spatial distribution of other conductive mudrock components such as kerogen

and pyrite networks.

2.2.2 Petrophysical model

Before the study of petrophysical properties of rock samples, a petrophysical
model is first needed to define the petrophysical terminologies. Figures 2.1(a) and
2.1(b) show the assumed petrophysical models in this dissertation for conventional
sandstone and carbonate rocks and organic-rich mudrocks, respectively. In the assumed

petrophysical model for organic-rich mudrocks, the total volume of hydrocarbon, the
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total porosity, water-filled porosity, kerogen porosity, volumetric concentration of

kerogen, and volumetric concentration of pyrite are defined as

Vie= VstV weas (2.1
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respectively, where Ve is the volume of hydrocarbon in the kerogen pore space, Vyc
is the volume of hydrocarbon outside the kerogen pore space, V,, is the volume of water,
Vris the volume of rock, Vi is the volume of kerogen, and Vpis the volume of pyrite. In

the case of carbonate and sandstone rocks there is no kerogen volume in the model.
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Figure 2.1: Assumed petrophysical rock models for numerical simulations of electric potential

field in (a) conventional carbonate and sandstone rocks and (b) organic-rich mudrocks.
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2.2.3 Diffusive directional tortuosity

The diffusive directional tortuosity of a network of rock components (e.g., water,
kerogen, etc.) is defined as the ratio of the diffusion coefficient in the free space (i.e.,
100% porosity) to the diffusion coefficient in the network. The basic concept of
diffusion coefficients comes from the NMR measurements (Kimmich, 1997). Variable
diffusive tortuosity of the pore structure in different directions can be used to
quantitatively reflect the anisotropic properties of many formations (Pfleiderer and Halls,
1990; Siegesmund et al., 1991). Nakashima and Kamiya (2007) introduced an algorithm
to estimate tortuosity based on pore-scale images of volcanic rocks, which is used to

calculate the diffusive directional tortuosity in this dissertation.

The algorithm for the diffusive tortuosity assessment uses 3D CT-scan images as
an input. The first step is to distinguish the pore space and other rock constituents and
digitize the pore-scale images. The next step includes generating random walkers in each
rock component (i.e., either pore space or certain mineral). To compute the diffusive
tortuosity of the pore structure, random walkers are assigned inside the percolated pore
space that can move around in the percolated pore space within a certain amount of time,
t. The walkers take a random step to one of the nearest voxels and ¢ is incremented by 1
after the step. If the walkers choose the solid voxel to jump, the time, ¢, still increases by
1, but the jump is not executed. When the walkers hit the boundary, they bounce back

using the mirror operation rule. The same algorithm can be applied to other rock
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components such as pyrite and kerogen. We calculate the directional mean square

displacement in the X, Y, and Z directions through

2y 2 1N - 2 2.7)
(x(1)*) = ; ;(x,m x,(0))°,
(y@)*) = 1 E (y,(t)-y,(0))*, (2.8)
n =
and
(2.9)

2 _l N z —z 2
(z(1) >—n;( (1) =2,(0)°,

where x,(t), vi(f), and z(#) denote the position of the ith random walker in each direction
at time ¢, and » is the number of random walkers employed in the simulation. The

overall mean-square displacement is given by

(1) = S - .00 + (3,00 - 7,0 + (0 -z,0))] (2.10)

ni=
In an extreme case where we have a void cube without grains (i.e., 100%

porosity), the directional mean-square displacement is given by

1
<.X2 >nogmin = <y2 >nograin = <Zz >nograin = g(rz >nograin :

We define and calculate the diffusive tortuosity of the pore network by

2.11)

comparing the time derivative of displacement covered by the walkers via

1%dt
d(r(t)*)’

T = as [ —> ® (2.12)

where T'is the dimensionless tortuosity factor and / is the lattice constant of the simple
cubic lattice (i.e., the dimension of a cubic voxel). The diffusive directional tortuosity of

rock components are defined by
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- I*dt

T.=——, ast—® 2.13
T30 _—
2
T, =Lt2, as t —> @ (2.14)
3d{y(1)")
and
2
~ [~dt as f —> 00 2.15)

T, =—,
3d{z(t)*)

where T, T, and 7. are the diffusive directional tortuosity along the X, Y, and Z

directions, respectively. In a symmetric and isotropic media, T, T, and 7. are equal to

each other.
2.2.4 Directional connectivity

The directional connectivity along i direction (X, Y, or Z) is first introduced by

this dissertation and defined as

_ J
Yi= 2 (2.16)

where j is the order index for the connected clusters of some conductive component, M
is the total number of the connected conductive clusters along i direction, C; is the
volumetric concentration of the jth connected conductive cluster, o and /S are
connectivity parameters, and 7;; is the diffusive directional tortuosity of the jth

connected cluster of this conductive component along i direction. Figure 2.2 shows the
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schematic description of connected clusters used in the definition of directional
connectivity in Equation 2.16. Figures 2.2(a) and 2.2(b) represent example cases with
one and two connected clusters in y direction, respectively. All the connected clusters are
labeled through (a) searching for the next unlabeled voxel, p; (b) using a flood-fill
algorithm (Bond, 2011) to label all the voxels in the connected component containing p;
and (c) repeating steps 1 and 2 until all the connected components are labeled. Equation
2.14 is then applied on each connected cluster to calculate its tortuosity. The introduced
directional connectivity is a dimensionless index, which is a function of volumetric
concentration and tortuosity of each network. According to the directional connectivity
index defined in Equation 2.16, the increase in volumetric concentration of a given
component network increases the directional connectivity while the increase in
directional tortuosity decreases the directional connectivity of that network. The
connectivity parameters, a and f, are affected by pore structure, grain shapes and
cementation.

In this chapter, for Equation 2.16, a and / are assumed to be 0.48 and 1,
respectively, for synthetic example no. 1. For synthetic example no. 2, a and f are
assumed to be equal to 0.92 and 1, respectively. These fitting parameters can be adjusted
for different rock types when processing three-dimensional pore-scale rock images and
applied to the entire formation. Then, the effective electrical resistivity is numerically

simulated by solving the Laplace’s equation which is explained in the next subsection.
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Figure 2.2: The schematic diagram showing (a) one connected cluster and (b) two connected

clusters along y direction.

2.2.5 Assessment of effective electrical resistivity using numerical simulations

For a rock sample, if the electric currents are in a steady state, the charge

conservation equation is given by
V-J=0, 2.17)

where [ is the electric current and V is the divergence operator. Using the constitution

equation, f can be written as
J =0k, (2.18)

where E is the electric field and ois the local electrical conductivity (that is, o(i, j, k) is

the electrical conductivity for the (i, j, k) point). The electric field E can be written as
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E=-VU, (2.19)
where U is the electric field potential (that is, U(i, j, k) is the electric potential for the
(i,j,k) point). By substituting Equations 2.18 and 2.19 into Equation 2.17, the charge
conservation equation can be written as

V-(oVU) =0, (2.20)
which is also called the Laplace’s equation.

In order to estimate the effective electrical resistivity of digital rock samples in
the static potential field, the distribution of the electrical potential field is first calculated
by solving the Laplace’s equation using a finite difference method. Figure 2.3 shows the
mesh grid used in the finite difference method. The discretization of Equation 2.20 is

implemented via

V- (oVU)= a(o;U)+ a(O;UL a(OaVZU) (2.21)

where

aovU) (oli+1,j,k)+oli, j,k)\U(i+1, j,k)-U(i, j,k))

0x 2Ax7
_(oli-1.0)+ 00 j kWU jo) - Ui~ 1.5.) (222)
2Ax° ’
3ovU) _(olij+1.k)+0li, j, K)NU G, j +1,k)- U, j. k))
ay 24y° 223)
(ol =1+ ol N )~ U - 1.6) @
24y° ’
and

31



aovU) (oli,j,k+1)+oli, j,k)\UG, j.k+1)-U(i, j,k))

9z 2427
(U(i’j’k _1)+ U(iaj’k))(U(iajsk)_ U(iajak - 1))
2477

(2.24)

where U(i, j, k) is the electrical potential at the grid point (i, j, k), o(i, j, k) is the electrical
resistivity at the grid point (i, j, k), and Ax, Ay, and Az are the grid sizes along the X, Y,
and Z directions, respectively. The corresponding electrical conductivity of each rock
component is assigned to the cubic voxels representing those rock components.

The boundary conditions for calculating the effective electrical resistivity along

the Y direction include Dirichlet and Neumann boundary conditions, given by

lJIY:] = 0 and U|Y=N =U()’ (225)
and

9 =0 and U =0,

¥ et ¥z (2.26)

respectively. N represents the number of grids in the digitized pore-scale rock images, Uy
is the potential imposed at the last layer. Using the output of spatial distribution of

electric potential, U, we can calculate the local current, 1(i,j,k), and the total current, 7,

via
16, . K)= (UG +1, k) - UG. j.5)- (o(i, ] + l,k; +0(i, j,k)) (2.27)
and

(2.28)

1
I,=— Y I(i, j,k).
= ]Ek (i, j. k)
The effective resistivity can be finally calculated via
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Figure 2.3: Seven-point finite difference stencil used for discretization of the Laplace’s equation

in a 3D domain.

2.2.6 Workflow

Figure 2.4 shows the workflow used in this chapter for the study on complexity
of spatial structure of rock matrix and its impact on the interpretation of electrical
resistivity measurements. Several organic-rich mudrocks with different directional
connectivity are synthesized based on the real 3D pore-scale images. The electrical
properties for each rock components are used as inputs into the pore-scale simulation.
The numerical simulation includes (a) solving the Laplace’s equation to get electrical

potential distribution, and (b) using a random-walk algorithm to estimate diffusive
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directional tortuosity of pore and grain network in a porous medium. Next, the
directional connectivity of a conductive component such as kerogen and pyrite is
estimated. The relative error in estimated water saturation is used by applying the
conventional Archie’s method. Finally, the impact of the directional connectivity of the
conductive rock components is quantified on the effective electrical resistivity of the

rock, as well as the relative error in estimation of water saturation

~
Anisotropic properties

of the rock
Synthetic Orgainc-rich mudrocks Diffusive directional Tortuosity )
7 gl 3 ~
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Figure 2.4: The workflow for the study on complexity of spatial structure of rock matrix and its

impact on the interpretation of electrical resistivity measurements in this chapter.
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2.3 Results

2.3.1 Synthetic example no. 1: spatial distribution of kerogen

In this subsection, a set of eight synthetic organic-rich mudrocks is designed to
quantify the impact of directional connectivity of the kerogen network on the vertical
and horizontal electrical resistivity values. To pursue our objective above, eight synthetic
cases are generated with similar porosity, fluid saturation, and volumetric concentration
of kerogen, but different kerogen network connectivity. Developing synthetic cases
enables sensitivity analysis on directional connectivity of different matrix components in
a wide range. The spatial distribution and directional connectivity of matrix components
such as kerogen and pyrite can be extremely variable in organic-rich mudrocks, ranging
from dispersed to parallel layers. The spatial distribution of the kerogen depends on
factors such as the sedimentary deposition, organic matter maturity stages, and
environment changes. For instance, a dispersed distribution of kerogen and a layered
distribution of kerogen are often observed in the Haynesville shale and in the Woodford
shale, respectively. The synthetic cases are developed based on pore-scale images and
rock fabric observed in different mudrocks. A random walk algorithm is used to generate
the kerogen networks with different spatial distributions in synthetic cases. The random
walker is controlled to go to different directions with prescribed probability. Table 2.1
summarizes the input petrophysical and modeling parameters for the eight synthetic

cases. These eight synthetic cases, denoted as R1-0 to R1-7, have different directional
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connectivity and tortuosity of the kerogen network. The synthetic rock R1-0 has no
connectivity in the kerogen network so that the only connected conducting phase in all
the directions is formation water. R1-1 and RI1-7 represent dispersed kerogen
distribution (e.g., the Haynesville shale-gas formation) and layered kerogen distribution
(e.g., the Woodford shale-gas formation) along the horizontal direction, respectively.
These synthetic cases only contain one connected cluster of the kerogen network.
Electrical resistivity of gas-bearing kerogen at reservoir temperature is assumed to be 50
ohm-m. Water network distribution is considered to be the same in all seven synthetic
cases. Figure 2.5 shows two of the synthetic pore-scale rock images with two levels
(i.e., layered and dispersed) of kerogen spatial connectivity along the Y direction. In
Figure 2.5(a), the Y directional connectivity is 0.42 and the corresponding tortuosity is
1.26. In Figure 2.5(b), the Y directional connectivity is 0.18 and the corresponding
tortuosity is 2.99. The effective electrical resistivity (R;) of the synthetic rock samples
was estimated using numerical simulation of electric field spatial distribution.

Figure 2.6 shows the impact of directional tortuosity of the kerogen network on
electrical resistivity in the horizontal direction, R, where formation water salt
concentration is 60 kppm NaCl. The electrical resistivity of the synthetic organic-rich
mudrocks increases in the horizontal direction as the directional tortuosity of the kerogen

network increases in the horizontal direction.
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Table 2.1: Summary of the assumed petrophysical, electrical, and modeling parameters for

synthetic examples no. 1.

Input parameters Value Units
Total volume of the rock Ix1x1 ,um3
Network grid size 10 nm
Water-filled porosity 5 vol%
Kerogen porosity 35 vol%
Volumetric concentration of kerogen 26 vol%
Formation water salt concentration 60, 116, 196 Kppm NaCl
Electrical conductivity of non-clay minerals at 175 °F 0 S/m
Electrical conductivity of kerogen at 175 °F 0.02 S/m
Archie’s saturation exponent , n 23 -
Archie’s cementation exponent , m 23 -
1.4 -

Archie’s factor, a

(a) high kerogen connectivity (0.42) in Y direction, where layered kerogen distribution is
dominated and (b) low kerogen connectivity (0.18) in Y direction, where dispersed kerogen

distribution is dominated. Yellow, blue, and black regions represent the grains, water, and

kerogen, respectively
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Figure 2.5: Synthetic three-dimensional pore-scale images of two organic-rich mudrocks with
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Figure 2.6: Synthetic example no. 1: the impact of directional tortuosity of the kerogen network

on electrical resistivity of synthetic organic-rich mudrocks in the horizontal direction. The

directional tortuosity decreases from the first (R1-1) to the seventh (R1-7) rock sample.

Equation 2.16 is used to calculate the directional connectivity of the kerogen
network from the synthetic rock R1-1 to R1-7 in the horizontal direction. Table 2.2
summarizes the directional tortuosity of the kerogen network and the corresponding
electrical resistivity of the synthetic rocks with different formation water salt
concentrations. Figure 2.7 shows the impact of directional connectivity of the kerogen
network on electrical resistivity of synthetic organic-rich mudrocks in the horizontal
direction with different formation water salt concentrations: (a) 60 Kppm NaCl, (b) 116
Kppm NaCl, and (c) 196 Kppm NaCl. The sensitivity of electrical resistivity of the rock
to the kerogen network’s directional connectivity is largely affected by the salt

concentration of formation water. This increase in salt concentration decreases the
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sensitivity of the electrical resistivity to the kerogen network’s connectivity. Figure 2.8
shows the correlation between the effective electrical resistivity and the directional
connectivity in the (a) horizontal and (b) vertical directions for one connected kerogen
cluster. The results confirm that the increase in the directional connectivity causes a

decrease in the electrical resistivity of the rock.

Table 2.2: Summary of the diffusive directional tortuosity of the kerogen network in the
horizontal direction, and corresponding electrical resistivity of kerogen-fluid system under

different formation water salt concentration.

Synthetic Tin R, @ C,=60Kppm R@ C,=116Kppm R@ C,~=196 Kppm

Rock NaCl NaCl NaCl
Samples
R1-1 2.990 54.96 39.84 25.02
R1-2 2.934 54.80 39.75 25.00
R1-3 2.302 52.52 38.54 24.50
R1-4 2.059 51.77 38.13 24.34
R1-5 1.603 49.33 36.79 23.79
R1-6 1.544 48.83 36.52 23.67
R1-7 1.260 47.13 35.56 23.26
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Figure 2.7: Synthetic example no. 1: the impact of directional connectivity of the kerogen
network on electrical resistivity of synthetic organic-rich mudrocks in the horizontal direction
with different formation water salt concentrations: (a) 60 Kppm NacCl (circle), (b) 116 Kppm
NaCl (diamond), and (c) 196 Kppm NaCl (triangle).
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Figure 2.8: Synthetic example no. 1: the correlation between the effective electrical resistivity
and the directional connectivity in the (a) horizontal and (b) vertical directions for one connected

kerogen cluster. R, represents the electrical resistivity in the vertical direction.
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Table 2.3 lists the directional tortuosity of the kerogen network for the synthetic
rock R1-1 to R1-7 in the horizontal and vertical directions. The volumetric concentration
of kerogen remains 26% in the synthetic rocks. Table 2.3 shows that the directional
tortuosity of the kerogen network in the horizontal direction is increasing from the
synthetic rock R1-1 to R1-7. Inversely, the directional tortuosity of the kerogen network

in the vertical direction is decreasing from the synthetic rock R1-1 to R1-7.

Table 2.3: Synthetic example no. 1: diffusive directional tortuosity of kerogen network in

the horizontal and vertical directions for each rock sample.

Synthetic Rock Sample Tin Thy
RI-1 2.990 3.274
RI-2 2.934 3.509
RI1-3 2.302 3.512
R1-4 2.059 3.853
RI1-5 1.603 4.789
R1-6 1.544 5.342
RI1-7 1.260 7.610

The next step includes quantifying the impact of directional connectivity of
kerogen network on the electrical resistivity in the horizontal and vertical directions.
Figures 2.8(a) and 2.8(b) show the impact of the directional connectivity of the kerogen
network on electrical resistivity of the synthetic rock samples in both the horizontal and
vertical directions. Wy, and W, represent the directional connectivity of the kerogen

network in the horizontal and vertical directions, respectively. A significant variation of
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effective electrical resistivity occurs in the vertical and horizontal directions due to the
spatial distribution of kerogen. The directional connectivity of the kerogen network in
the horizontal direction increases from the synthetic rock R1-1 to R1-7, while the
directional connectivity in the vertical direction declines from R1-1 to R1-7. For
instance, in the horizontal direction, the increase of the directional connectivity of the
kerogen network from 0.18 to 0.42 results in the decrease of the horizontal electrical
resistivity of the synthetic rocks from 55 to 47 ohm-m, in the presence of 26%
volumetric concentration of kerogen. Meanwhile, the decrease in the directional
connectivity of the kerogen network in the vertical direction from 0.16 to 0.06 leads to
an increase of vertical electrical resistivity of the synthetic rocks from 53 to 57 ohm-m.
This measurable variation of effective electrical resistivity in each direction
impacts estimates of water saturation from electrical resistivity. Figures 2.9(a) and
2.9(b) illustrate the impact of directional connectivity of the kerogen network in the
horizontal and vertical directions on relative errors in estimates of water saturation,
respectively. This error is calculated by comparing the water saturation estimated from
Archie’s equation against the prescribed model values shown in Table 2.1. Figure 2.9
shows an overestimate of 10.2% to 17.9% in water saturation when the horizontal
electrical resistivity is used for water saturation assessment. When applying the vertical
electrical resistivity, these errors decrease to 8.5% to 12%. In other words, the errors in
estimates of water saturation decrease when the directional connectivity of the kerogen

network decreases.
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Figure 2.9: Synthetic example no. 1: the impact of the directional connectivity of the kerogen

network in the (a) horizontal and (b) vertical directions on the relative errors in estimates of

water saturation (using Archie’s equation) compared to the prescribed model value.
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Finally, it is shown that the directional connectivity can be calculated when the
number of connected conductive clusters is more than one. The seven synthetic rock
samples, R2-1 to R2-7, are comprised of more than one connected cluster of the kerogen
network. R2-0 is a synthetic rock with no connectivity in the kerogen network. Synthetic
case R2-1 includes two clusters of connected kerogen networks. The directional
tortuosity values of the two kerogen networks along the Y direction are 1.54 and 1.76,
and the directional connectivity values estimated along the Y direction are 0.015 and
0.02, respectively. Figure 2.10 shows the relationship between the horizontal electrical
resistivity and the corresponding directional connectivity for these seven synthetic rocks
with 20% volumetric concentration of kerogen. The directional connectivity of the
kerogen network in the horizontal direction appears inversely proportional to the
horizontal electrical resistivity of the rock samples. The results are consistent with those
from previous synthetic rock samples, which only included one connected cluster of the

kerogen network.

2.3.2 Synthetic example no. 2: spatial distribution of pyrite

Pyrite can impact electrical properties of the rocks because of its high electrical
conductivity. The impact of pyrite on electrical conductivity of rocks has been typically
assumed to be negligible because of its low concentration. Average volumetric
concentration of pyrite in organic-rich mudrocks is usually less than 4%. However,

spatial distribution of pyrite is unpredictable and can vary from isolated to layered. The
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generated synthetic cases described in this section are designed to investigate the impact
of pyrite and its spatial connectivity on electrical resistivity of organic-rich mudrocks.
The primary objective of this section is to quantify the impact of volumetric
concentration of pyrite on electrical resistivity of rocks. To achieve this objective, three
groups of rock matrices with different directional connectivity of the pyrite network are
used while keeping the krogen network isotropic. Table 2.4 summarizes the
petrophysical properties, modeling parameters and rock properties assumed for the
synthetic cases shown in this section. Electrical conductivity of N-type pyrite is assumed

to be 0.5 S/m (Abraitis et al., 2004) in the input models for the numerical simulations.

R,(ohm-m)

50

Figure 2.10: Synthetic example no. 1: the relationship between the effective directional

resistivity and the directional connectivity for more than one connected kerogen clusters.
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Table 2.4: Synthetic example no. 2: the assumed input parameters for the numerical

simulation.
Input Parameters Value Units
Total volume of the rock Ix1x1 ,um3
Mesh grid dimension 10 nm
Water-filled porosity 5 vol%
Gas-filled porosity 9 vol%
Volumetric concentration of pyrite 2-16 vol%
Formation Water salt concentration 60 Kppm NaCl
Electrical conductivity of non-clay minerals at 175 °F 0 S/m
Electrical conductivity of water network at 175 °F 20 S/m
Electrical conductivity of pyrite network at 175 °F 0.5 S/m
Archie’s saturation exponent , n 23 -
Archie’s cementation exponent , m 23 -
Archie’s factor, a 1.4 -

Figure 2.11 shows the impact of volumetric concentration of pyrite with
different levels of horizontal connectivity (high, low, and none) on horizontal electrical
resistivity of the synthetic rock samples. The results confirm that the impact of
volumetric concentration of pyrite on electrical resistivity of the synthetic rock samples
becomes more significant as the directional connectivity of the pyrite network increases.
For the case of high connectivity in the horizontal direction (layered distribution), the
horizontal electrical resistivity changes considerably from 45 ohm-m to around 10 ohm-

m (i.e., a 78% decrease in electrical resistivity), when the volumetric concentration of
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pyrite increases from 2% to 16%. Meanwhile, for the case of low connectivity in the
horizontal direction (dispersed distribution), the horizontal electrical resistivity decreases
from 60 ohm-m to around 40 ohm-m (i.e., a 33% decrease in electrical resistivity).

The secondary objective of this section is to quantify the impact of the directional
connectivity of the pyrite network on the electrical resistivity of rock samples in the
same direction. Six synthetic organic-rich mudrocks with 4% volumetric concentration
of pyrite but different directional connectivity of the pyrite network are considered for
sensitivity analysis. Figure 2.12 shows the impact of the directional connectivity of the
pyrite network in the horizontal direction on the electrical resistivity of the synthetic
rock samples in the horizontal direction. The six synthetic rock matrices are denoted as
R3-1 to R3-6. The rock sample R3-0 contains no connectivity in the pyrite network. The
results confirm that the increase in the directional connectivity of the pyrite network in
the horizontal direction leads to the decrease of horizontal electrical resistivity of the
synthetic rocks. The connectivity of the pyrite network in the vertical direction is zero
for these six synthetic rocks. Therefore, the contribution of the pyrite to the vertical

electrical resistivity is negligible.
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Figure 2.11: Synthetic examples no. 2: the impact of directional connectivity and volumetric
concentration of pyrite on the electrical resistivity of organic-rich mudrocks. Rectangular,
diamond, and triangle dots represent the electrical resistivity in the horizontal direction with no

connectivity, low connectivity, and high connectivity of pyrite network in the horizontal

direction, respectively.

Figure 2.13 shows the relative errors in estimates of water saturation using
Archie’s equation. As the directional connectivity of the pyrite network increases, it
results in up to a 23% overestimation of water saturation. Based on the results in Figure
2.8 and Figure 2.12, the estimates of water saturation are more sensitive to the presence
of connected pyrite than to the kerogen network. However, this claim cannot be
generalized and depends on many other factors, including volumetric concentration of

these components, as well as maturity of kerogen.
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Figure 2.12: Synthetic example no. 2: the impact of the directional connectivity of the pyrite

network in the horizontal direction on the horizontal electrical resistivity.
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Figure 2.13: Synthetic example no. 2: the relative errors of water saturation estimated upon
Archie’s equation against the directional connectivity of the pyrite network in the horizontal

direction.
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2.4 Conclusions

In organic-rich mudrocks, in addition to formation water and clay minerals,
kerogen and pyrite can contribute to electrical conductivity of the rock. Consequently,
electrical conductivity, directional connectivity, and diffusive directional tortuosity of
these conductive rock components should be taken into account when interpreting
horizontal or vertical electrical resistivity for assessment of fluid saturations.

This chapter calculated directional connectivity of conductive components in
organic-rich mudrocks. This parameter is calculated based on diffusive directional
tortuosity, which is estimated using three-dimensional pore-scale rock volumes. It then
quantified the impact of directional connectivity and diffusive directional tortuosity of
mature kerogen and pyrite networks on the electrical resistivity of organic-rich mudrocks
using numerical simulations (i.e., solving Laplace’s equation in porous media).
Furthermore, the results showed that the formation water salinity affects the sensitivity
of rock electrical resistivity to connectivity of the kerogen-fluid network. This chapter
has also documented a comparison on the influence of the directional connectivity and
diffusive tortuosity of conductive components (e.g., kerogen and pyrite networks) on
horizontal and vertical electrical resistivity of synthetic organic-rich mudrocks using
pore-scale numerical simulations.

Synthetic cases of organic-rich mudrocks were demonstrated with different levels
of connectivity and tortuosity of mature kerogen and pyrite in different directions. Pore-

scale numerical simulations showed that directional tortuosity and connectivity of the
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conductive components could significantly affect electrical resistivity of the rock. The
horizontal electrical resistivity drops from 55 to 47 ohm-m, as the directional
connectivity of the kerogen network increases from 0.18 to 0.42, respectively, in the
horizontal direction. For the same synthetic rock (with the presence of 26% volumetric
concentration of kerogen), the vertical electrical resistivity increases from 53 to 57 ohm-
m as the directional connectivity of the kerogen network in the vertical direction
decreased from 0.16 to 0.06, respectively.

The results confirmed that pyrite can influence electrical resistivity of the rock in
certain conditions and needs to be taken into account when interpreting borehole
electrical resistivity measurements for water saturation assessment. It has been shown
that the increase in the volumetric concentration of the pyrite network decreases the
electrical resistivity of the rock. Furthermore, a higher decline in the estimated electrical
resistivity of the rock occurs for the case of layered pyrite distribution compared with the
dispersed case. The results confirmed that even a small concentration of pyrite (about 4
vol%) could significantly affect electrical resistivity of the rock in a particular direction,
if well connected in that direction.

Failure to consider the contribution of directional connectivity and diffusive
directional tortuosity of kerogen and pyrite leads to significant errors when estimating
water saturation using electrical resistivity measurements in organic-rich mudrocks. The
results showed that Archie’s equation overestimates water saturation by 17.9% and 23%
in the presence of horizontally layered connected kerogen (26 vol%) and pyrite (4

vol%), respectively, if horizontal electrical resistivity is used for the estimation of water
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saturation. Directional borehole resistivity measurement tools can be used to provide
vertical and horizontal resistivity. Taking into account the quantified directional
connectivity of rock components at different scales can potentially improve
interpretation of these measurements for reliable assessment of water/hydrocarbon
saturation. Although this chapter focuses on pore-scale evaluation of electrical properties
of the rock, the work can be further extended to log-scale applications in the future.

The results shown in this chapter are influenced by the assumed conductivity for
pure kerogen and gas-bearing kerogen at reservoir temperature. Further laboratory
measurements are required for reliable assessment of conductivity values for pure
kerogen at different temperatures and different levels of maturity. In general, the results
are promising for the possible application of electrical resistivity logs in assessment of
kerogen network connectivity in organic-rich mudrocks in certain conditions where

kerogen is highly mature.
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CHAPTER III
PORE-SCALE EVALUATION OF DIELECTRIC MEASUREMENTS IN

FORMATIONS WITH COMPLEX PORE AND GRAIN STRUCTURES

Dielectric permittivity measurements are typically used to estimate water-filled
porosity. The dielectric interpretation methods such as Complex Refractive Index Model
(CRIM) (i.e., volumetric techniques) are extensively used to correlate dielectric
permittivity of fluid-bearing rocks to petrophysical properties such as water-filled
porosity. However, volumetric techniques usually oversimplify the rock structure and do
not take into account the impact of spatial distribution of solid and fluid components on
dielectric properties of the rock. The lack of reliable rock physics models to interpret
dielectric permittivity measurements can lead to significant uncertainty in estimates of
water-filled porosity.

This chapter applies a pore-scale numerical simulation method to quantify the
impact of pore and grain structures and anisotropy on dielectric permittivity
measurements, and introduces a new dielectric permittivity model to improve assessment
of water-filled porosity in formations with complex pore and grain structures. A
diffusive directional tortuosity factor is used to quantify the geometry of pore and grain
networks.

The introduced techniques are applied on 3D CT-scan images of sandstone and
carbonate samples as well as synthetic organic-rich mudrocks. It is shown that the new

dielectric permittivity model is more reliable for assessing water-filled porosity
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compared to the conventional CRIM, in the twelve sandstone and carbonate samples
evaluated in this chapter. In the case of synthetic organic-rich mudrocks, it is observed
that (a) despite the change of the overall dielectric permittivity, accuracy in estimates of
water-filled porosity is not affected in the presence of kerogen, if the influence of
kerogen is correctly taken into account by the CRIM, and (b) the presence of pyrite and
its spatial distribution significantly affect the dielectric permittivity of organic-rich
mudrocks. Failure to consider influence of pyrite and its spatial distribution on dielectric

permittivity may cause large uncertainty in estimating water-filled porosity.

3.1 Introduction

Borehole electrical resistivity measurements have been traditionally applied for
assessment of water and hydrocarbon saturation. However, interpretation of electrical
resistivity is challenging and involves significant uncertainty in organic-rich and
carbonate formations, resulting from complex pore structure and the presence of
conductive pyrite and mature kerogen (Passey et al., 2010; Kethireddy et al., 2014).
Because of challenges and uncertainties associated with interpretation of electrical
resistivity measurements, dielectric permittivity measurements have become attractive
candidates for assessment of water and hydrocarbon saturation in organic-rich mudrocks
and carbonate formations. Several studies have been previously conducted on the
interpretation of the dielectric property of the porous medium (Calvert and Wells, 1977;

Wharton et al., 1980; Dahlberg and Ference, 1984). Among previously published
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techniques, Complex Refractive Index Model (CRIM) has been the most widely used
approach (Birchak et al., 1974; Dobson et al., 1985; Heimovaara et al., 1994). However,
applicability of the CRIM is limited, as it oversimplifies the pore structure and neglects
geometrical distribution of rock components. Stroud et al. (1986) proposed an analytical
model to take into account the impact of grain geometry when interpreting dielectric
permittivity. They develop an analytical model for a family of brine-saturated rocks in
which the contacting area of neighboring grains is negligible compared to the grain
surface area. Feng and Sen (1985) also provided a geometry-dependent dielectric
permittivity model for partially saturated rocks by assuming ideal grain shapes such as
spherical and platy grains. Toumelin et al. (2009) pointed out that rock morphology and
pore connectivity affect dielectric permittivity measurements. Myers et al. (1996)
introduced a pore-geometry-dependent dispersion model to improve the volumetric
method, which assimilates the impact of vugs and interconnected pore space on
dielectric permittivity of rocks. However, they do not take into account the spatial
distribution, tortuosity, and connectivity of pore and grain networks in their model.

This chapter conducts pore-scale numerical simulations to (a) estimate the
effective dielectric permittivity of rock-fluid mixture by taking into account pore and
grain structures and spatial distributions of rock and fluid constituents, (b) improve
interpretation of dielectric measurements for assessing water-filled porosity, and (c)
quantify uncertainty in estimates of water-filled porosity by interpreting dielectric
measurements using the CRIM. Assessment of water-filled porosity in complex

formations is improved by taking into account pore/grain structures in the CRIM.
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The introduced new dielectric permittivity model is first applied on 3D pore-
scale images of sandstone and carbonate core samples as well as synthetic examples of
organic-rich mudrocks, all with complex pore structure. Next, the diffusive directional
tortuosity of rock samples is calculated based on pore-scale images to reflect the rock’s
anisotropic and heterogeneous characteristic. The diffusive directional tortuosity is then
incorporated into the CRIM to improve estimates of the effective dielectric permittivity
and water-filled porosity. Furthermore, the impact of kerogen and pyrite networks is
studied on dielectric permittivity measurements in the case of organic-rich mudrocks.

The upcoming sections describe the methods for pore-scale numerical
simulations and directional tortuosity assessment, the new dielectric permittivity model,

and the results from examples of sandstone, carbonate, and organic-rich mudrocks.

3.2 Method

Micro computed tomography (micro-CT) is a quick and non-destructive method
used to generate 3D digital pore-scale images of internal structure of rock samples,
which has many advantages over conventional core analysis methods. In this chapter, the
3D digital rock images of sandstones and carbonates, which are taken from Imperial
College London (Dong, 2007), are generated by micro-CT. Each digital image is
converted into a 3D grid structure where the grid size is 3.875 um in the case of
sandstone rocks and 2.857 um in the case of carbonate rocks. The organic-rich mudrocks

are synthetized based on petrophysical parameters in actual rock samples and actual 2D
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pore-scale FIB-SEM rock images (the construction procedures are described in detail in
Chapter II, Subsection 2.2.1) and the grid size is 10 nm. The assumed petrophysical
models are the same as those introduced in Chapter II, Subsection 2.2.2. Diffusive
directional tortuosity (Chapter 11, Subsection 2.2.3) is applied to quantify complexity of
the spatial structure of conductive matrix components.

The following subsections first introduce the high-frequency dielectric
permittivity measurement and numerical simulation procedures for calculating the
effective relative dielectric permittivity of 3D pore-scale images. Next, a new dielectric
permittivity model that takes into account diffusive directional tortuosity to improve
assessment of water-filled porosity is proposed. Finally, a workflow is summarized for
the study on pore-scale evaluation of dielectric permittivity measurements in formations

with complex pore and grain structures.

3.2.1 High-frequency dielectric measurements

The measurement frequencies affect the application of dielectric permittivity
measurements. Hizem et al. (2008) proposed a multi-frequency dielectric permittivity
measurement from 20MHz to 1GHz to estimate formation water saturation, invaded
zone water salinity, and rock texture. In the low-frequency range (o < 1GHz) dielectric
permittivity of formations is affected by interfacial polarization, which is generated from
cation exchange capacity (CEC), ions (Maxwell Wagner effect), and rock texture. Thus,

in the low-frequency range, dielectric permittivity measurements can reveal textural
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information such as Archie’s cementation exponent, and assess clay volume and water
salinity of the formation. In the high-frequency range (w > 1GHz), interfacial
polarization is largely attenuated and water molecule polarization becomes the dominant
parameter affecting dielectric permittivity. Therefore, dielectric measurements at high-
frequency are widely used to estimate water-filled porosity (Bittar et al., 2010). In this
chapter, we focus on the single high-frequency (i.e., 1GHz) dielectric numerical

simulations for assessing water-filled porosity.

3.2.2 Assessment of relative dielectric permittivity using pore-scale numerical

simulations

The relative dielectric permittivity is the ability of a body to store electric

charges. It is a complex value given by

£(w)= 5'(w)+i20(—w), (3.1

£,
where w is frequency, ¢ is relative dielectric permittivity vector where &(w, i, j, k) is the
relative dielectric permittivity value for the (i, j, k) grid point at frequency w, &' is the
real part of ¢, g is the dielectric permittivity of the vacuum space, which is equal to
8.854x10™"* F/m, and o(w) is the conductivity vector at frequency w. The real and
imaginary components correspond to the dielectric constant and dielectric loss,

respectively.
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To estimate spatial distribution of electric potential field in a non-steady state

condition, we solve the continuity equation in the time domain given by
v-i+2 oy, (3.2)

where p is electric current density which can be written as

0=¢V-E, (3.3)

where ¢ is local relative dielectric permittivity. By substituting Equations 2.19 and 3.3

into Equation 3.2, the continuity equation in time domain can be written as

V-(GVU)+%(V-(5VU)) =0. (3.4)

where o is electrical conductivity and ¢ is relative dielectric permittivity such that o(7, j,
k) and (i, j, k) are the electrical conductivity and relative dielectric permittivity for the
(i, j, k) point in the digitized pore-scale images.

Through the Fourier transform, Equation 3.4 can be rewritten as

V- (e(w)VU(0)=0, 3-5)
where U is electric potential distribution at frequency domain. In the simulation that is
presented in this dissertation, w is assumed to be 1 GHz. However, dielectric permittivity
can be estimated at other frequencies. Spatial distribution of electrical potential field is
calculated by solving Equation 3.5 using the finite difference method. Boundary
conditions for calculating the effective relative dielectric permittivity along the Y

direction include Dirichlet and Neumann boundary conditions, given by
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Il = d U =
UY=1 0 an UY=N UO, (36)
and

g 7 3.7
a0l _oand 29 _o. S
aY X=1,N aY Z=1,N

respectively. The effective dielectric permittivity along the Y direction is then calculated

via

/ ~ 2
Yy _ Y
NI fg(r)‘VU(r)‘ dv, (3.8)

where Iy, Iy, and I; are the length of rock sample in the X, Y, and Z directions (which are
all equal to N-1 in the simulation), respectively, and Uj is the initial potential difference
along the Y direction. Equation 3.8 can be used to estimate the effective dielectric
permittivity along the X and Z directions, if Y is replaced by X and Z, respectively. The
discretized form of Equation 3.8 is given by

e(w=1Li+1,j,k)+e(w=14,j,k)
2

O@=1i+1,j.k)-O(@=1,i,j,k)f -

1 A .. A .. ew=Li,j+Lk)+e(w=1,i,j,k (3.9)
e =—— S+ 0@=1ij+ 10 -O(@=1i o] L= LI LD S@ = L0 |
N-14 2
) ) i y
(0@ =i jk +1) = U@ =1,i, jb) | - @=Lk ;+ £(@=1i,).k)

3.2.3 The new dielectric permittivity model

The CRIM is a common approach applied to interpret dielectric measurements

for assessment of water saturation, expressed as

61



\/?=2Ci\/?l., (3.10)

where 7 is the number of components in a rock-fluid mixture, ¢is the effective relative
dielectric permittivity, and ¢; and C;are the relative dielectric permittivity and volumetric
concentration of ith rock component, respectively. In the case of reservoir rocks, the

CRIM is usually expressed as

Ve =S, gJe, +(1=S )@ enc + =0 (3.11)

where S,, is water saturation, ¢, is total porosity, and &,, euc, and €nanie are the relative
dielectric permittivity of water, hydrocarbon, and rock matrix, respectively. Water

saturation can be estimated via

P U AN T
' Be, ~Newe)

While, this model does not take into account structure and spatial distribution of

(3.12)

rock components. Therefore, we modify it to a new dielectric model that includes the

structure of pore and matrix constituents via

Jeo = Lo Suen + Fuea0=S )0 e e + Frier (= 8 E e (3.13)

where &, fix, frcx. and fuaminx are the relative dielectric permittivity, tortuosity-dependent
coefficients for water, hydrocarbon, and rock matrix components along the X direction,
respectively. In this chapter, it is assumed that these tortuosity-dependent coefficients are

power functions of diffusive directional tortuosity. For example, f,, . can be defined by
fon=a, 500 +d, (3.14)
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where T, , is the diffusive directional tortuosity of water network in the X direction, and
awx, qwx and d,, . are the coefficients dependent on pore structure, grain shapes, and
cementation, respectively. The same definition can also be applied to the Y and Z

directions.

3.2.4 Workflow

Figure 3.1 summarizes the workflow for the pore-scale evaluation of dielectric
permittivity measurements in formations with complex pore and grain structures. 3D
digitalized images including sandstone, carbonate, and synthetic organic-rich mudrocks
are used for pore-scale numerical simulation. For rock samples without pyrite and
kerogen, the simulation is directly implemented to get the effective dielectric
permittivity of rocks and tortuosity-dependent coefficient of pore/water network. For
rock samples with pyrite and kerogen, the simulation is implemented, first to get the
tortuosity-dependent coefficient of the pore/water network by treating pyrite and
kerogen as normal grain, and second, to estimate tortuosity-dependent coefficient of
pyrite and kerogen networks by restoring kerogen and pyrite back to the rock matrix.
The tortuosity-dependent coefficient for the pore and grain networks is applied to the
same rock types in estimates of the water-filled porosity by using the new developed
dielectric permittivity model. Finally, the estimated water-filled porosity is compared
using the newly developed dielectric permittivity model and the Complex Refractive

Index Model.
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Figure 3.1: The workflow for the study on pore scale evaluation of the dielectric measurement in

the formation with complex pore and grain structure.

3.3 Results

This section includes the results from our pore-scale numerical simulations. It
first shows the correlation between the relative dielectric permittivity and the diffusive
directional tortuosity of the pore space (fully saturated by water) for six sandstone
samples (from the same rock type) and six carbonate samples (from the same rock type).

Then, it compares the relative errors in assessment of water-filled porosity using the
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CRIM and the new dielectric permittivity model. For synthetic examples of organic-rich
mudrocks, it shows the relative error in estimates of water-filled porosity from the CRIM
in the presence of different amounts of total organic content (TOC). This section also
show the impact of the diffusive directional tortuosity of the pyrite network on the
effective relative dielectric permittivity along the same direction and the corresponding

estimates of water-filled porosity.

3.3.1 The effect of tortuosity on relative dielectric permittivity of sandstone and

carbonate rock samples

3D CT-scan images of six sandstone samples and six carbonate samples from
different formations are used in the research. These images are taken from the Petroleum
Engineering & Rock Mechanics Group at Imperial College London (Dong, 2007). The
image resolution for the sandstone and carbonate samples is 3.85um and 2.857um,
respectively (Dong, 2007). The voxel size used for numerical simulations in all the rock
samples is 100x100x100. Figure 3.2 shows examples of the 3D pore-scale images in
two of the rock samples. The interconnected and isolated pore spaces are both calculated
using 3D pore-scale images of the rocks. Table 3.1 lists the diffusive directional
tortuosity of the water network and the calculated total and interconnected pore space for
six-sandstone samples and six carbonate samples. It’s observed that the tested carbonate

samples have more isolated small pore clusters compared to the sandstone samples.
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Table 3.1: Total (¢,) and interconnected (4.) porosity estimated for the six sandstone and

carbonate rock samples calculated based on 3D pore-scale images

Samples Dir. T, o o Samples Dir. T, ¢ ()

(%) (%) (%) (%)
X 2.90 X 2.90

Sandstone 1 Y 2.47 22.4 21.8 | Carbonate 1 Y 15.6 21.7 18.6
Z 4.34 Z 2.36
X 2.27 X 3.57

Sandstone2 Y 1.91 27.0 26.0 | Carbonate 2 Y 3.02 274 227
Z 3.00 Z 2.32
X 7.85 X 4046

Sandstone 3 Y 10.2 23.0 22.4 | Carbonate 3 Y 842 132 10.1
Z 11.4 V4 59.64
X 8.90 X 23098

Sandstone 4 Y 12.2 24.0 23.2 | Carbonate 4 Y 11.03 15.0 13.1
Z 12.4 Z 7.34
X 2.78 X 8.42

Sandstone 5 Y 2.78 35.6 33.1 | Carbonate 5 Y 585 151 11.6
Z 1.96 Z 21.79
X 2.05 X 4.12

Sandstone 6 Y 3.05 21.1 20.3 | Carbonate 6 Y 8.64  20.7 17.8
Z 3.12 Z 3.81

In the numerical simulations, it is assumed that all the pore space is fully
saturated with water. The Klein-Swift model (Klein and Swift, 1977) is applied to
estimate the relative dielectric permittivity of saline water by assuming that the
formation water has salt concentration of 3000 ppm and temperature of 86°F. The

resulting relative dielectric permittivity value for water is 76+10j. It is also assumed that
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relative dielectric permittivity of carbonate and sandstone grains are 7.5+0.01; and
4.65+0.1j, respectively, which are within the reasonable range provided by Schmitt et al.

(2011) and Quirein et al. (2012).

—_— 100pm

(a) (®)

Figure 3.2: 3D CT-scan images of (a) sandstone and (b) carbonate rock samples. Yellow and

blue areas represent grains and pore space, respectively.

Next, the effective relative dielectric permittivity of the rock samples are
calculated in the X, Y, and Z directions using numerical simulations. The diffusive
directional tortuosity is also calculated for each sandstone and carbonate sample. Figure
3.3 shows the impact of the diffusive directional tortuosity of the water network on the
relative dielectric permittivity in two rock samples. It is observed that the diffusive
directional tortuosity changes in each direction for these rock samples, which

significantly impacts the directional relative dielectric permittivity. The results shown in
67



Figure 3.3 verify that the relative dielectric permittivity decreases as the result of
increase in the diffusive directional tortuosity. The other sandstone and carbonate
samples also show the same relationship between the diffusive directional tortuosity and
the relative dielectric permittivity. Generally, the diffusive directional tortuosity value
for the tested carbonate samples is larger than the sandstone samples, which indicates

more complex pore structures in these carbonate samples.
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Figure 3.3: Correlation between the diffusive directional tortuosity of the water network and the
relative dielectric permittivity for (a) sandstone sample 2 and (b) carbonate sample 2. X, Y, and
Z represent the direction along which the tortuosity and the relative dielectric permittivity are

calculated.
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3.3.2 The application of the new modified dielectric permittivity model to the

sandstone and carbonate rock samples

For the case of sandstone and carbonate samples, it is assumed that £, is equal
to one, since the tortuosity of the rock matrix is close to tortuosity of the free space,
especially in low-porosity rocks. However, this assumption is not valid in the presence
of matrix components with high permittivity values, such as pyrite. Also, it is assumed
that fyc is equal to one, because of its low permittivity value. Thus, we can simplify

Equation 3.13 to

Ve = (a7, +d,)S,gJe, + (=S e e + 1= )€ 0 - (3.15)

Three sandstone samples (sandstone samples 1-3) and three carbonate samples
(carbonate samples 1-3) are used as calibration samples to calculate the correlation
between the tortuosity and the tortuosity-dependent coefficient. This coefficient will then
be used in the new dielectric permittivity model (Equation 3.15) to estimate water-filled
porosity in all the rock samples. Figure 3.4 shows the relationship between the
tortuosity-dependent coefficient and the diffusive directional tortuosity of the water
network for sandstone 1-3 and carbonate 1-3 samples. Based on the calibration results
shown in Figure 3.4, the correlation between the tortuosity-dependent coefficient and
diffusive directional tortuosity of the water network for sandstone 1-3 and carbonate 1-3

samples can be written as

£, =072, 407 (3.19)
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and

£, =0.58% % +0.65. (3.17)

Next, Equations 3.16 and 3.17 are applied to estimate f,, for sandstone 4-6 and
carbonate 4-6 samples, respectively. Furthermore, the estimated f, is used in the
introduced new model to estimate the water-filled porosity in the corresponding
sandstone 4-6 and carbonate 4-6 samples.

Figure 3.5 shows the correlation between the tortuosity-dependent coefficient
and the relative errors in estimates of water-filled porosity from the CRIM and the new
model. The decrease in f,, increases the relative error in estimates of water-filled porosity
from the CRIM. In other words, increase in calculated complexity of pore structure leads
to increase in the possible errors in dielectric-based assessment of water-filled porosity
using volumetric methods such as the CRIM. It is also observed that the relative error in
estimates of water-filled porosity using the CRIM is up to 27% and 26% for sandstone
and carbonate samples, respectively. By using the new model, the relative errors are all
within 10%. The decrease in uncertainty of dielectric permittivity assessment improves

the estimates of water-filled porosity from dielectric measurements.
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Figure 3.4: Correlation between the tortuosity-dependent coefficient, f,, and the diffusive
directional tortuosity of the water network for (a) sandstone samples 1, 2, and 3 and (b)

carbonate samples 1, 2, and 3.
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Figure 3.5: The impact of the tortuosity-dependent coefficient for the water network on relative
errors in estimates of water-filled porosity using the CRIM and the new model for (a) sandstone

samples 4, 5, and 6 and (b) carbonate samples 4, 5, and 6.
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3.3.3 Dielectric permittivity of organic-rich mudrocks

3.3.3.1 Synthetic case no. 1: the impact of TOC on relative dielectric permittivity

A set of synthetic organic-rich mudrock examples containing variable TOC is
designed to investigate the impact of TOC on the accuracy of the CRIM. Table 3.2
summarizes the assumed petrophysical properties for synthetic case no. 1. In this set of
synthetic rocks, water-filled porosity and the structure of pore space remain the same,
while TOC varies between 1wt% and 10.5wt% in the seven synthetic examples. The
diffusive directional tortuosity of the kerogen network remains almost constant in the
seven synthetic examples. The kerogen pore space is assumed to be fully saturated by
gas. Figure 3.6(a) compares the impact of TOC on the relative dielectric permittivity,
estimated from the CRIM and from the numerical simulations. Figure 3.6(b) illustrates

the relative errors in estimates of water-filled porosity obtained from the CRIM.
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Table 3.2: Organic-rich Mudrock, synthetic case no.l: the assumed parameters in the

petrophysical model.

Parameters Value Units
Pu 3 vol%
O 30 vol%
) 3.9-93 vol%
TOC 1-10.5 wt%
Salt concentration of formation water 35000 ppm
Formation temperature 86 °F
&w @1GHz 70+1057 -
& @1GHz 2.5 -
&, @1GHz 7.5+0.015 -

The increase in TOC causes the decrease in relative dielectric permittivity of the
organic-rich mudrock samples from 8.22 to 6.3, which is within the reasonable range
reported in previous publications (Clennell et al., 2010; Seleznev et al., 2011). There is
not a significant difference between the results of water-filled porosity obtained from the
CRIM and the prescribed model values. The reason for this observation is the relatively
close dielectric permittivity of kerogen (2.5) and grains (7.5+0.01;), when comparing
against dielectric permittivity of saline water of (76+10j). Thus, the performance of

CRIM is not significantly affected by the presence of kerogen.
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Figure 3.6: Impact of TOC on (a) the relative dielectric permittivity of the synthetic organic-rich
mudrock samples and (b) the relative errors in estimates of water-filled porosity obtained from

the CRIM.
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3.3.3.2 Synthetic case no. 2: the impact of pyrite on relative dielectric permittivity

This set of synthetic organic-rich mudrock samples is designed to quantify the
impact of volumetric concentration of the pyrite and its tortuosity on dielectric
permittivity. Pyrite has a high relative dielectric permittivity value and typically exists in
organic-rich formations. Because of the high relative dielectric permittivity, pyrite can
influence effective relative permittivity of the rock, even with low volumetric
concentration. Failure to consider the impact of pyrite can cause significant
overestimation of water-filled porosity in organic-rich mudrocks.

This set of synthetic examples contains 7.5wt% TOC, 3vol% water-filled
porosity, and the same spatial distribution of organic content, water, and pore space. The
only variable factor in these synthetic rock samples is the pyrite. Table 3.3 summarizes
the petrophysical properties of synthetic organic-rich mudrocks in this set of examples.
Pyrite is known to have a relatively high conductivity compared to other minerals. The
dielectric permittivity of pyrite, 40+0.1j, is used based on lab measurements documented
in a previous publication (Peng and et al., 2014). This section quantifies the impact of (a)
volumetric concentration of the pyrite and (b) spatial distribution of the pyrite network
(i.e., layered vs. dispersed) on relative dielectric permittivity of the rock. Last, it
quantifies the influence of the aforementioned parameters on the estimates of water-

filled porosity using the CRIM and the new dielectric permittivity model.

76



Table 3.3: Organic-rich Mudrock, synthetic case no. 2 and 3: the assumed parameters in the

petrophysical model

Parameters Value Units

Pw 3 vol%

o 30 vol%

0} 9.5 vol%

G, 1-10 vol%

TOC 7.5 wt%

Salt concentration of formation water 35000 ppm
Formation temperature 86 °F
&w @1GHz 70+10; ;
Epprie @1 GHz 40+0.1j _
Ekerogen @1 GHz 2.5 -
Egrains @1GHz 7.5+0.01 -

Figure 3.7(a) compares the impact of the volumetric concentration of pyrite on
relative dielectric permittivity of the rock, estimated from the CRIM and from the
numerical simulations in both dispersed and layered spatial distribution of the pyrite
network. Figure 3.7(b) shows the relative errors in estimates of water-filled porosity
obtained from the CRIM. The numerical simulation results shown in Figure 3.7(b)
verify that failure to consider the impact of pyrite in organic-rich mudrocks results in
significant overestimation of water-filled porosity using the CRIM. The error in
estimates of water-filled porosity is larger in the case of layered spatial distribution of

pyrite compared to the case of dispersed distribution.
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Figure 3.7: Impact of volumetric concentration of pyrite on (a) the relative dielectric permittivity
of the synthetic organic-rich mudrocks and (b) the corresponding estimates of water-filled

porosity using the CRIM for both the cases of layered and dispersed distributions of the pyrite



3.3.3.3 The impact of the pyrite network tortuosity on dielectric permittivity

Synthetic case no. 2 shows the sensitivity of dielectric permittivity measurements
and the corresponding estimates of water-filled porosity to volumetric concentration and
spatial distribution of pyrite network. This synthetic case aims to quantify the impact of
tortuosity of pyrite network on dielectric permittivity measurements and the
corresponding estimates of water-filled porosity using the CRIM and the new model. To
this end, six synthetic cases is developed with the same volume and spatial distribution
of the water and kerogen networks, but variable tortuosity of the pyrite network. In these
cases, the volumetric concentration of pyrite is 6%.

Table 3.3 summarizes the assumed petrophysical properties of the synthetic
organic-rich mudrocks in this set of examples. Figure 3.8 illustrates the impact of pyrite
network tortuosity on the relative dielectric permittivity of synthetic cases. Figure 3.9
shows the relationship between the tortuosity-dependent coefficient and the diffusive
directional tortuosity of pyrite network. The constant parameters a, ¢ and d (Figure 3.9)
are used in the new dielectric permittivity model to improve the estimates of water-filled
porosity. Figure 3.10 compares the relative error in the estimates of water-filled porosity
using the CRIM and the new model. The results of numerical simulations (Figure 3.10)
show that in the presence of 6vol% pyrite, the increase in the diffusive directional
tortuosity of pyrite network causes up to a 6% decrease in the relative dielectric

permittivity and up to a 64% overestimation of the water-filled porosity using the CRIM
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(Figure 3.10). Meanwhile, the application of the new model reduces the relative errors

in estimation of water-filled porosity to less than 10%.
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Figure 3.8: Impact of the diffusive directional tortuosity of the pyrite network on the relative

dielectric permittivity of the synthetic organic-rich mudrocks along the same direction.
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3.4 Conclusions

This chapter quantified the impact of pore structure and spatial distribution of
other rock components on effective dielectric permittivity of fluid-bearing rocks using
pore-scale numerical simulations of spatial distribution of electric potential. Spatial
distribution and structure of pore space and matrix components were quantified using a
tortuosity factor estimated based on pore-scale images. It was shown that dielectric
permittivity of the same rock along the three orthogonal directions can vary by up to
16%, while the directional tortuosity changes from 1.9 to 3 in one of the sandstone rock
samples. It was observed that the pore space in the simulated carbonate samples
generally more tortuous in each direction compared to the sandstone samples.

Furthermore, it was shown that the conventional CRIM for interpretation of
relative dielectric permittivity and water-filled porosity are not reliable, due to failure in
taking into account the impact of spatial distribution of rock components (either fluids or
solid components). The relative errors are up to 27% and 26% for the sandstone and
carbonate samples evaluated in this chapter, respectively, in the water-filled porosity
estimated using the conventional CRIM. To improve the assessment of water-filled
porosity using dielectric permittivity measurements, a new dielectric permittivity model
was introduced by taking into account the diffusive directional tortuosity of the solid and
fluid components of the rock samples. The new dielectric permittivity model decreases

the relative error in estimates of water-filled porosity from the largest relative error of
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approximately 27% (using the CRIM) to less than 10% error for both sandstone and
carbonate samples.

Dielectric property of synthetic organic-rich mudrocks was investigated, where
the presence of organic matter and pyrite significantly affect dielectric permittivity of the
rock. It has been shown that an increase in TOC from 1wt% to 10.5wt% causes a 23%
decrease in dielectric permittivity. However, the impact of kerogen on estimates of
water-filled porosity is not significant using the CRIM. Instead, the presence of pyrite
substantially influences effective relative dielectric permittivity as well as estimates of
water-filled porosity. The simulation results showed that the dielectric permittivity of
organic-rich mudrocks is not only affected by the volumetric concentration of pyrite, but
also by the diffusive directional tortuosity of pyrite network. It was found that with the
presence of 6vol% pyrite, the increase in the directional tortuosity can result in up to a
64% overestimation of water-filled porosity by the CRIM. This error is decreased to be
within 10% using the new dielectric permittivity method.

The new dielectric permittivity model introduced in this chapter relies on the
input of tortuosity-dependent parameters that are used to quantify pore/grain structure.
The tortuosity-dependent parameters are calculated using pore-scale rock image
representatives each rock type of formations. Furthermore, this model does not take into
account the effect of textual polarization. This impact can be negligible at high
frequency measurements in low-salinity environments. However, in the presence of
high-salinity water in a formation, the textural polarization can have a significant impact

on dielectric permittivity measurements and needs to be taken into account in the
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interpretation method. Overall, the outcomes of this pore-scale research in this chapter
are promising for improvements in interpretation of dielectric well logs in the presence

of complex pore structure and variable spatial distribution of matrix constituents.
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CHAPTER 1V
PORE-SCALE JOINT EVALUATION OF DIELECTRIC PERMITTIVITY AND
ELECTRICAL RESISTIVITY FOR ASSESSMENT OF HYDROCARBON

SATURATION USING NUMERICAL SIMULATIONS"

Complex pore geometry and composition, as well as anisotropic behavior and
heterogeneity can affect physical properties of rocks such as electrical resistivity and
dielectric permittivity. The aforementioned physical properties are used to estimate in
situ petrophysical properties of formations such as hydrocarbon saturation. In application
of conventional methods for interpretation of electrical resistivity (e.g., Archie’s
equation and the dual-water model) and dielectric permittivity measurements (e.g.,
Complex Refractive Index Model, CRIM) the impacts of complex pore structure (e.g.,
kerogen porosity and inter-granular pores), pyrite, and conductive mature kerogen have
not been taken into account. These limitations cause significant uncertainty in estimating
water saturation. In this chapter, a new method is introduced that combines interpretation
of dielectric and electrical resistivity measurements to improve assessment of
hydrocarbon saturation. The combined interpretation of dielectric and -electrical
resistivity measurements enables assimilating spatial distribution of rock components

(e.g., pore, kerogen, and pyrite networks) in conventional models.

"Reprinted with permission from “Assessment of Hydrocarbon Saturation in Organic-Rich Source Rocks using
Combined Interpretation of Dielectric and Electrical Resistivity Measurements” by Huangye Chen and Zoya Heidari,
2014. SPE Conference Paper, 170973-MS. Copyright 2014 by the Society of Petroleum Engineers.
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This chapter starts with pore-scale numerical simulations of electrical resistivity
and dielectric permittivity of fluid-bearing porous media to investigate the structure of
pore and matrix constituents on these measurements. The inputs to these simulators are
three-dimensional (3D) pore-scale images. An analytical model is then introduced that
combines resistivity and permittivity measurements to assess water-filled porosity and
hydrocarbon saturation. The new joint model is applied to actual digital sandstones and
synthetic digital organic-rich mudrocks. The relative errors (compared to actual value
estimated from image processing) in estimates of water-filled porosity through the new
joint model are all within 10% range. In the case of digital sandstone samples, the CRIM
provides reasonable estimates of water-filled porosity, with only four out of twenty-one
estimates beyond 10% relative error, with the maximum error of 30%. However, in the
case of synthetic digital organic-rich mudrocks, six out of ten estimates for water-filled
porosity are beyond 10% using the CRIM, with the maximum error of 40%. Therefore,
the improvement is more significant in the case of organic-rich mudrocks with complex
pore structure. In the case of synthetic digital organic-rich mudrock samples, the
simulation results confirm that not only the pore structure, but also spatial distribution
and tortuosity of water, kerogen, and pyrite networks, affect the measurements of
dielectric permittivity and electrical resistivity. Taking into account these parameters
through the joint interpretation of dielectric and electrical resistivity measurements

significantly improves the assessment of hydrocarbon saturation.
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4.1 Introduction

Unconventional reservoirs such as organic-rich mudrocks, contain complex pore
geometry and composition, as well as a strong anisotropic and heterogeneous nature.
These characteristics significantly affect physical properties such as electrical resistivity
and dielectric permittivity as measured by well logs. Electrical resistivity logs are typical
measurements for assessment of fluid saturations in conventional reservoirs.
Conventional methods for interpreting electrical resistivity logs include resistivity-
porosity-saturation models such as Archie’s law (Archie, 1942) and shaly sand models
such as the dual-water model (Clavier et al., 1984) and the Waxman-Smits model

(Waxman and Smits, 1968). For instance, dual-water model is given by

msn S

i=$. L+LIJ(L_L)’ 4.1
Rw Swt wa R

where R,, R,,, R, are electrical resistivity of the rock, formation water, and clay-bound

water, respectively. S,, and S,, are total water saturation and clay-bound water
saturation, respectively. ¢, is the total porosity and a, m, and n are constants. The
conventional resistivity-porosity-saturation models such as the one shown in Equation
4.1, can cause uncertainty in estimates of water saturation in organic-rich mudrocks
because of the extra charge arising from other conductive component such as pyrite and
mature kerogen (Passey et al., 2010; Kethireddy et al., 2014; Chen et al., 2014).

Therefore, diclectric measurements have become attractive candidates to assess

water/hydrocarbon saturation in organic-rich mudrocks.
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Previous publications introduced methods for analyzing dielectric permittivity
measurements of saturated porous media, such as the effective medium theories (Miller,
1969; Sen et al., 1981; Bussian, 1983) and volumetric models (Calvert and Wells, 1977;
Wharton et al., 1980; Dahlberg and Ference, 1984; Pride, 1994; Linde et al., 2006).
Among the conventional methods, the Complex Refractive Index Model (CRIM)
(Birchack et al., 1974; Dobson et al., 1985; Roth et al., 1990; Heimovaara et al., 1994) is
one of the typically used methods for interpretation of dielectric measurements. The
CRIM model is reliable at frequency larger (e.g., > 1GHz) where interfacial polarization
is negligible (Donadille and Faivre, 2015; Hizem et al., 2008; West et al., 2003).
However, interpretation of dielectric measurements can be challenging because none of
the conventional models takes into account the impacts of complex pore structure and
spatial distribution of solid and fluid components on dielectric properties of the rock.
Chapter III has shown that the use of conventional volumetric dielectric permittivity
methods could result in up to 22% overestimate of water-filled porosity compared to the
actual value in conventional sandstone and carbonate formations, because of complex
pore structure and rock fabric. Unconventional organic-rich mudrocks are typically even
more heterogeneous and anisotropic compared to conventional formations. Organic-rich
mudrocks usually consist of complex lithology and show highly variable spatial
distribution of water, kerogen, and pyrite networks. All of these factors affect electrical
resistivity and dielectric permittivity measurements in unconventional formations. Thus,
a reliable method is needed for accurate assessment of fluid saturations using electrical

resistivity and dielectric measurements.
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Electrical resistivity and high-frequency dielectric permittivity are both affected
by rock fabric (e.g., spatial distribution of each rock component) and pore structure (e.g.,
tortuosity and pore network connectivity). Thus, a combined interpretation of electrical
resistivity and dielectric permittivity is a powerful tool to estimate rock fabric, fluid
saturation, and soil salinity (Malicki and Walczak, 1999; Binley et al., 2001; Hamed et
al., 2003; Linde et al., 2006). Brovelli and Cassiani (2011) developed an analytical
model to estimate the effective dielectric permittivity of the rock by combining the
Hashin Shtrikman bounds and Archie’s law. However, their model might not be suitable
for estimating water-filled porosity in organic-rich mudrocks, because first it does not
take into account spatial distribution of rock components and pore network. Second, it
does not take into account the impact of conductive components in organic rich
mudrocks such as mature kerogen and pyrite on electrical resistivity and dielectric
permittivity of the rock. Passey et al. (2010) showed that electrical resistivity in high
thermally mature organic-rich source rocks can be 1-2 orders of magnitude less than that
of the same formation with a low thermal maturity zone. The low resistivity values in
shale can lead to significant underestimation of hydrocarbon saturation, if conventional
models are applied for interpretation of resistivity logs (Kethireddy et al., 2014). Meng
et al. (2012) and Rajeshwar et al. (1980) indicated that the thermal maturity of kerogen
might affect the conductivity of organic-rich mudrocks as a function of temperature.
Furthermore, Mao et al. (2010) indicated a correlation between thermal maturity and
aromaticity from solid-state nuclear magnetic resonance (NMR) studies on kerogen.

Walters et al. (2014) observed that graphite-like turbostratic nanostructures are
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proportionally more prevalent in the electrically conductive highly mature shale samples.
These studies indicate the possible presence of graphite-like nano-scale features in
highly mature kerogen. Consequently, the highly mature kerogen might provide
graphite-like electrical properties including presence of delocalized electrons, which
makes the interpretation of electrical resistivity measurements challenging.

Chapter III proposes a new dielectric permittivity model that incorporates the
diffusive directional tortuosity. In the new dielectric permittivity model, the effective
relative dielectric permittivity of the rock along the i direction, &;, is given by

\/5— fw,[Sw¢t\/€_w+fHC,i(l_Sw)¢t'\/ Ene + [1.Cin €

= 4.2
+£,,Co\ e, + £, 0=8,8,-C, -C,)Je, 4.2

where &, enc, &, & & are the relative dielectric permittivity values of water,
hydrocarbon, pyrite, kerogen and non-conductive grains, respectively. S,, is the water
saturation, ¢, is the total porosity, and C, and C, are the volumetric concentrations of
kerogen and pyrite, respectively. f,,; is the tortuosity-dependent coefficient of the water
network in the i direction and can be defined as

foi=a, T wi+d,, (4.3)
where T, ; is the diffusive directional tortuosity of the water network in the 7 direction,
aw, qw and d,, are the coefficients determined by the structure of water network. The
same definition applies to hydrocarbon, kerogen, pyrite, and non-conductive grains.
Because the relative dielectric permittivity of water and pyrite are higher than that of
hydrocarbon and non-conductive grains, we can usually assume that fx¢ and f, are equal

to one. f is also close to one when kerogen is not highly mature. Chapter III shows that
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this new model improves the estimates of water-filled porosity in both conventional and
unconventional reservoirs compare to the CRIM.

In this chapter, we propose a new method that combines electrical resistivity and
dielectric permittivity measurements to improve the assessment of water-filled porosity.
The following sections include the detailed description of the proposed method, as well
as application of the method to digital sandstone and synthetic digital organic-rich

mudrock samples.

4.2 Method

This section summarizes the method used to do the joint interpretation of both
the electrical resistivity and dialectical permittivity measurements to improve the
accuracy of estimation of water-filled porosity. The concept of 3D pore-scale digital
rock is introduced in Chapter II, Subsection 2.2.1, and the petrophysical models for
digital rocks are described in Chapter II, Subsection 2.2.2. Diffusive directional
tortuosity (Chapter II, Subsection 2.2.3) is used to validate the concept of electrical
directional tortuosity in this chapter. The frequency of dielectric measurements is 1 GHz,
and the effective relative dielectric permittivity is numerically simulated based on 3D
pore-scale images by solving the Laplace’s equation in the frequency domain (Chapter
ITI, Subsection 3.2.2). The following subsections first define electrical directional
tortuosity, and then proposed a new interpretation method that combines electrical

resistivity and dielectric permittivity to estimate water-filled porosity and

91



water/hydrocarbon saturation. At the end is found the workflow for the study on
quantifying the complexity of pore and grain structure and its impact on the combined
interpretation of the electric resistivity and dielectric permittivity measurements for rock

samples.

4.2.1 Electrical directional tortuosity

As introduced in Chapter II, the directional connectivity of the jth conductive
component along the i direction (X, Y, or Z) can be written as

C, () wa

Yoa@) o

where C; is the volumetric concentration of the jth conductive component, and 7 ; is the
diffusive direction tortuosity of the jth conductive component along the i direction. j can
be any rock component such as water, pyrite, or kerogen. o; and o;; represent the
conductivity of the jth conductive component and the part of total conductivity of the
rock sample contributed by the jth conductive component, respectively. o and f are
constant parameters that are dependent on pore geometry, shapes, and rock fabric. The
parameters a and S are close to one in the examples presented in this chapter.

The electrical directional tortuosity of the jth conductive component along the i
direction is obtained via

C.
T,=—". 4.5)
Ty

92



After substituting Equation 4.4 in Equation 4.5, the electrical directional
tortuosity can be estimated via

ajCj

CAN (30

Y
T =a(r;,;)" =

4.2.2 Combined interpretation of electrical resistivity and dielectric permittivity for

water saturation assessment

Chapter III proposes a new dielectric permittivity model which improves
assessment of water saturation by taking into account the diffusive directional tortuosity
of pore space and matrix components. In this chapter, we take a step further and combine
interpretation of electrical resistivity and dielectric permittivity measurements. To this
end, we introduce a new joint model that includes electrical resistivity measurements as
indicators of directional tortuosity of pore network for assessment of water saturation.
The addition of electrical resistivity measurements enables quantifying directional
tortuosity of pore network (in the presence of directional resistivity measurements),
which is required to be taken into account in interpretation of dielectric measurements
for assessment of water/hydrocarbon saturation.

First, Equation 4.3 is generalized as

fu=a,T,)" +d,, 4.7)
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where a;, g;, and d; are the coefficients determined by the spatial distribution of the jth
component network. The electrical directional tortuosity of the water network along the i

direction, 7,,;, is then calculated using Equation 4.6 via

= a( )ﬂ Ow¢tva

(0,.); @9

where w stands for water. After substituting Equations 4.8 and 4.3 into Equation 4.2,

we have

b,
O-M/'¢ISW
\/g_i=(ew(ﬁ) +dw)¢tSw ng +fHCJ(1_SW)¢t VgHC +fk,iCk sk

+fl”"ci’\/g+fg»i(1_¢t _Ck _Cp)\/g

where ey, b,,, and d,, are coefficients determined by the structure of the water network.

(4.9)

These parameters can be obtained by core calibration for different rock types. It is
assumed that they remain almost constant in each rock type, where rock fabric and
spatial distribution of rock components remain the same. Because ey >> enc, ew>> &g,
and &, >> ¢, we assume that fic, fg, and f; are close to one. In the presence of pyrite, f,;

is computed via Equation 4.7 and approximate (a;,); by

o,C,
(0,,);=(0,), —T— (4.10)

pi
In the case of digital sandstone samples, there is no pyrite and kerogen. Thus, Equation
4.9 can be further simplified by assigning zero values to Cand C,.

Equation 4.9 is used to estimate water-filled porosity. Hydrocarbon saturation

can finally be estimated via
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¢W
Sue =1-$[, 4.11)

where Syc is hydrocarbon saturation. The new joint model incorporates parameters
which quantify the structure and directional connectivity of all the conductive
components of the rock, which is important to be taken into account in rock samples

with significant anisotropic properties.
4.2.3 Workflow

Figure 4.1 shows the workflow for quantifying the complexity of pore and grain
structure and its impact on the combined interpretation of the electric resistivity and
dielectric permittivity measurements for rock samples. In this research, 3D pore-scale
rock images are first generated from rocks of different formations. Next, electrical and
dielectric properties are assigned to each rock component as an input into the pore-scale
numerical simulation. The outputs of the numerical simulations include effective electric
resistivity and dielectric permittivity of the rocks, and electrical directional tortuosity of
the pore and grain network. The research concludes with a proposed electrical
resistivity/dielectric permittivity joint interpretation model that incorporates the
electrical directional tortuosity of the pore and grain structures to improve the

assessment of water-filled porosity.
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4.3 Results

This section shows the application of the introduced method on examples of
actual digital sandstones and synthetic digital organic-rich mudrocks to demonstrate the
performance of the model for assessment of water-filled porosity in rocks with different
pore structures and matrix components. The resistivity and dielectric permittivity are

numerically simulated from these digital rock samples.
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Figure 4.1: The workflow for the study on quantifying the complexity of pore and grain
structure and its impact on the combined interpretation of the electric resistivity and dielectric

permittivity measurements of rock samples.
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4.3.1 Validation of dielectric permittivity numerical simulations using laboratory

experiments

The reliability of the developed numerical simulator for assessment of effective
dielectric permittivity is validated in the case of Berea sandstone. Dielectric permittivity
is numerically estimated in a 3D pore-scale digital image of a Berea sandstone sample
when it is fully saturated with distilled water and when it was dried. The laboratory
measurements of dielectric permittivity on the same samples are carried out. Figure 4.2
shows the Berea sandstone core sample and its 3D pore-scale digital image obtained
from a micro CT-scanner. Figure 4.3 compares the dielectric constant values estimated
from numerical simulations against those measured in the laboratory in both cases of dry
and fully water saturated rock samples. The results confirm that the dielectric constant
values obtained from numerical simulations are in agreement with laboratory

measurements with relative errors of less than 5%.

4.3.2 Sandstone rock samples

3D CT-scan images (Dong, 2007) of seven sandstone rock samples are used
which have different total porosity (fully water saturated) and diffusive directional
tortuosity of the pore network. These seven sandstone rock samples are denoted by S1 to
S7. Table 4.1 lists the assumed petrophysical properties used for the numerical

simulations.
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Figure 4.2: Berea sandstone core samples used for laboratory measurements and the 3D pore-
scale CT-scan image taken from these rock samples. Blue and yellow regions represent the grain

and pore space, respectively.
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Figure 4.3: Comparison of dielectric constant of the Berea sandstone obtained from numerical
simulation and laboratory measurements in (a) dry rock samples, (b) fully water saturated rock

samples.
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Table 4.1: Sandstone rock samples: summary of the assumed petrophysical properties.

Parameters Value Units
Electrical conductivity of formation water at 175 °F 20 S/m
Electrical conductivity of non-conductive grains at 175 °F 0 S/m
Electrical conductivity of hydrocarbon at 175 °F 0 S/m
Dielectric permittivity of formation water at 1 GHz 76+10i -
Dielectric permittivity of non-conductive grains at 1 GHz 4.65+0.1i -
Dielectric permittivity of hydrocarbon at 1 GHz 1 -
Salt concentration of formation water 60 Kppm
Size of digital sandstone rock samples 465 x 465 x 465 um
Mesh grid of digital sandstone rock samples 120x 120 x 120 -

The diffusive directional tortuosity of all seven sandstone samples along the X,
Y, and Z directions are first numerically calculated using the algorithm introduced by
Nakashima and Kamiya (2007). The effective electrical resistivity and the effective
relative dielectric permittivity of these samples in the X, Y, and Z directions are then
calculated by solving the Laplace’s equation of Equations 2.20 and 3.5. Figure 4.4
shows the correlation between the electrical directional tortuosity (Equation 4.6) and the
diffusive directional tortuosity (Equation 2.14) of the water network in these seven rock

samples. This correlation is given by
T =(1,)", (4.12)

which provides the coefficients o and f in Equation 4.8 equal to 1 and 0.95 for all seven

sandstone samples, respectively.

Table 4.2 summarizes rock properties and the simulation results for all the

sandstone rock samples, including the total porosity, ¢,, the effective electrical
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resistivity, Rt, the effective relative dielectric permittivity, €, and the electrical
directional tortuosity in the X, Y, and Z directions. It is observed that the electrical
resistivity increases with the increase in the electrical directional tortuosity (Table 4.2).
Results show as well that the amplitude of the complex relative dielectric permittivity

decreases with the increase in the electrical directional tortuosity.
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Figure 4.4: Sandstone rock samples: the correlation between the electrical directional tortuosity
and the diffusive directional tortuosity of the water network in the seven rock samples (in the X,

Y, and Z directions).

Figure 4.5 shows the correlation between the electrical directional tortuosity and
the tortuosity-dependent coefficient. This cross plot is used to estimate the parameters
ew, by, and d,, in our new model as 0.68, -0.95, and 0.69, respectively. Next, the new

joint model is applied to estimate the water-filled porosity of these sandstone rock
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samples. Figure 4.6 compares the estimates of the water-filled porosity obtained from

the new model and the ones from the CRIM.

Table 4.2: Sandstone rock samples: total porosity, ¢,, effective DC electrical resistivity, R,,
effective relative dielectric permittivity, &, and electrical directional tortuosity of the water

network, 7, in the X, Y, and Z directions.

Sample Dir. & R;(ohm-m) & Ty
X 0.22 0.59 12.98+1.08i 2.90
S1 Y 0.22 0.50 14.00+1.24i 2.47
Z 0.22 0.82 11.50+0.86i 4.34
X 0.24 1.69 10.45+0.77i 8.92
S2 Y 0.24 2.33 10.45+0.62i 12.17
Z 0.24 2.48 10.40+0.60i 12.41
X 0.37 0.36 18.47+1.73i 2.78
S3 Y 0.37 0.35 18.28+1.70i 2.78
V4 0.37 0.26 20.67+2.11i 1.96
X 0.21 0.43 14.26+1.32i 2.05
S4 Y 0.21 0.78 11.54+0.88i 3.55
Z 0.21 0.65 12.11+0.97i 3.13
X 0.27 0.39 15.90+1.50i 2.27
S5 Y 0.27 0.33 17.00+1.68i 1.91
Z 0.27 0.47 14.68+1.29i 3.00
X 0.18 1.37 9.62+0.63i 5.10
S6 Y 0.18 1.38 9.63+0.63i 5.20
V4 0.18 0.61 12.06+1.01i 2.14
X 0.21 0.98 11.22+0.80i 4.42
S7 Y 0.21 0.97 11.30+0.83i 4.50
Z 0.21 0.96 11.36+0.81i 4.60
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Figure 4.5: Sandstone rock samples: the correlation between the estimated tortuosity-dependent
coefficient and the simulated electrical directional tortuosity of the water network in the seven

rock samples (in the X, Y, and Z directions).

The errors in estimates of water-filled porosity using the new model are less than
those obtained from the CRIM. The relative errors in estimates of water-filled porosity
in all the samples are less than 10% when using the new model. The CRIM leads to
relative errors of up to 30% in one of the cases. The largest error from the CRIM
corresponds to the S2 rock sample, for which the electrical directional tortuosity values
in the X, Y, and Z directions are 8.92, 12.17, and 12.41, respectively. Such large errors
in estimates of water-filled porosity using the CRIM can be due to the strong anisotropic
behavior of this sample and the fact that the CRIM does not take into account the

anisotropic properties of the pore and grain structure. The errors observed in estimates of
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water-filled porosity in sandstone examples can be significantly increased in the

formations with more complex pore/grain geometry and dominant anisotropic behavior.
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Figure 4.6: Sandstone rock samples: the comparison of the estimates of water-filled porosity
obtained from the new model (blue dots) and the CRIM (red dots). The two dashed black lines

represent the +10% and -10% relative error lines in estimates of water-filled porosity.

4.3.3 Synthetic organic-rich mudrock samples

Compared to conventional sandstone rocks, organic-rich mudrocks incorporate
more anisotropic and heterogeneous properties. To investigate the performance of the
new method on organic-rich mudrocks, organic-rich rock samples are synthesized which

contain water, hydrocarbon, pyrite, non-conductive grains, and hydrocarbon-bearing
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kerogen components. Table 4.3 summarizes the assumed petrophysical properties used
in numerical simulations for these samples. The following subsections document the
application of the new model to synthetic digital cases where (a) kerogen is not
conductive, (b) kerogen is highly mature and conductive, and (c) pyrite is present. This
section first compares the results from the new joint model against those from the CRIM.
Next, it quantifies the impact of the tortuosity of the kerogen and pyrite networks on
estimates of water saturation obtained from the new joint model and conventional

models.

Table 4.3: Synthetic digital organic-rich mudrock samples: summary of the assumed

petrophysical properties.

Parameters Value Units
Electrical conductivity of formation water at 175 °F 20 S/m
Electrical conductivity of non-conductive kerogen network at 175 °F 0 S/m
Electrical conductivity of conductive kerogen network at 175 °F 0.015 S/m
Electrical conductivity of pyrite at 175 °F 0.5 S/m
Electrical conductivity of non-conductive grains at 175 °F 0 S/m
Dielectric permittivity of formation water at 1 GHz 76+10i -
Dielectric permittivity of non-conductive grains at 1 GHz 4.65+0.1i -
Dielectric permittivity of hydrocarbon at 1 GHz 1 -
Dielectric permittivity of kerogen at 1 GHz 33 -
Dielectric permittivity of pyrite at 1 GHz 40+i -
Salt concentration of formation water 60 Kppm
Water-filled porosity 1.6t0 3.3 vol%
Kerogen porosity 30 vol%
Size of synthetic digital mudrock samples 1.2x1.2x1.2 pm
Mesh grid of synthetic digital mudrock samples 120x 120 x 120 -
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4.3.3.1 The new joint model vs. the CRIM

This section compares the results of water saturation obtained from the new joint
model against those from the CRIM in synthetic digital organic-rich mudrocks. Ten
synthetic digital organic-rich mudrocks examples are built with different water
saturation ranging from 16% to 27% and the same volumetric concentration of kerogen
network of 30%. There is no pyrite in these synthetic digital cases, and spatial
distribution of the kerogen network is kept the same in all ten cases. The use of synthetic
digital rock models enables better control on properties of the rock for sensitivity
analysis. The numerical simulations are performed for both situations: (a) kerogen is not
conductive and (b) kerogen is conductive. To implement the new joint model, the
coefficients, e,, b, and d,, need to be first estimated. The results from numerical
simulations (Figure 4.7) in the case of non-conductive kerogen are used to calculate e,,
b.,and d,,. Figure 4.7 shows the correlation between the electrical directional tortuosity
and the tortuosity-dependent coefficient of the water network. This cross-plot provides
the parameters e,, b,, and d, in the new joint model as 0.95, -0.68, and 0.93,
respectively. There shows a significant difference between these constant parameters in
the sandstone and organic-rich mudrock samples (parameters e, b,,, and d,, are equal to
0.68, -0.95, and 0.69, respectively, for the sandstones samples), which is due to the
difference in their pore structure.

Figure 4.8 compares the water saturation estimated by the CRIM against to that

from the new model. The absolute relative errors in estimates of water saturation using
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the new model for all ten samples are less than 10%, no matter whether the kerogen is
conductive or non-conductive. When using the CRIM, the relative errors in six of the ten
samples are beyond 10%, and the relative errors in four samples are larger than 30%. In
the previously described sandstone samples, the CRIM provided reasonable results in the
estimates of water saturation with relative errors of less than 10% in most of the cases.
However, the CRIM did not provide reliable estimates of water saturation in organic-rich

mudrocks because of their strong anisotropic properties.

f(z,) = 0.957,,%8 + 0.93
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Figure 4.7: Synthetic digital organic-rich mudrock examples including non-conductive kerogen:
the correlation between the estimated tortuosity-dependent coefficient and the simulated

electrical directional tortuosity of the water network.
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Figure 4.8: Synthetic digital organic-rich mudrock examples including conductive or non-
conductive kerogen: the comparison of the new model (blue and green dots) and the CRIM (red
dots) in estimates of water saturation. The two dashed black lines represent the +10% and -10%

relative error lines in estimates of water saturation.

4.3.3.2 Impact of tortuosity of the kerogen network on estimates of water saturation

A set of digital organic-rich mudrocks is synthesized with the same water
saturation (i.e., 21%) and spatial distribution, but different diffusive directional
tortuosity of the kerogen network. The volumetric concentration of kerogen network is
30% in all the samples. Figure 4.9 shows the electrical resistivity and the relative

dielectric permittivity values for this set of rock samples in the cases where (a) kerogen
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is highly mature and conductive and (b) kerogen is not conductive. It is observed that the
diffusive directional tortuosity of the kerogen network affects the electrical resistivity
measurements when kerogen is conductive. The electrical resistivity of the rock samples
increases from 87 ohm-m to 98 ohm-m (i.e., 13% increase), with the increase of the
diffusive directional tortuosity of the kerogen from 1.9 to 4.3. In the case of non-
conductive kerogen, the electrical resistivity remains constant, when the diffusive
directional tortuosity varies in different samples. Furthermore, it is observed that the
diffusive directional tortuosity of the kerogen network has a negligible impact on
dielectric permittivity of the rock. With an increase of the diffusive directional tortuosity
of the kerogen network from 1.9 to 4.3, the relative dielectric permittivity decreases
slightly from 4.61 to 4.58 (1% decrease).

Next, the impact of the directional tortuosity of the kerogen network is
investigated on estimates of water saturation by using the new dielectric permittivity
model (Equation 4.9). Figure 4.10 shows the impact of the diffusive directional
tortuosity of the kerogen network on the relative errors in estimates of water saturation
by the new dielectric permittivity model and the CRIM in ten synthetic digital samples.
It is observed that with the increase of the diffusive directional tortuosity of the kerogen
network from 1.9 to 4.3, the relative error in estimates of water saturation using the new
model decreases from a 2.3% overestimation to a 1.5% underestimation, if kerogen is
assumed to be conductive. These errors are significantly less than those obtained using
the CRIM (i.e., in the range of 13% to 9%). The difference between the errors from the

CRIM and the new joint model is associated with the water network structure, which is
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not taken into account in the CRIM. This difference if not significantly affected by the
presence of kerogen, because of the negligible impact of kerogen network on dielectric

permittivity compared to the water network.
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Figure 4.9: Synthetic digital organic-rich mudrock examples including conductive or non-
conductive kerogen: impact of diffusive directional tortuosity of the kerogen network with 21%
water saturation on electrical resistivity (orange and red dots) and relative dielectric permittivity

(blue dots).
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Figure 4.10: Synthetic digital organic-rich mudrock examples including conductive kerogen: the
comparison of the water saturation estimates using the new model (orange dots) and the CRIM

(red dots).

4.3.3.3 Impact of tortuosity of the pyrite network on estimates of water saturation

A third set of digital organic-rich mudrock samples is synthesized to investigate
the impact of the diffusive directional tortuosity of the pyrite network on estimates of
water saturation. The nine synthetic digital organic-rich mudrocks used to pursue this
objective, all contain the same water saturation (i.e., 21%), the same volumetric
concentrations of kerogen network (i.e., 30%) and pyrite (i.e., 2%). The same spatial
distribution of water and kerogen networks is kept in all the synthetic examples which

have the different diffusive directional tortuosity of the pyrite network. This is achieved
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by assigning different existence probability of connected pathways in different
directions, while keeping the total volume of pyrite constant. It is assumed that kerogen
is not conductive in these examples. Figure 4.11 depicts the correlation between the
tortuosity-dependent coefficient and the diffusive directional tortuosity of the pyrite
network. The coefficients, e,, b,, and d,, in our new model are calculated as 0.72, -

1.877, and 1.05, respectively, using the cross-plot shown in Figure 4.11.
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Figure 4.11: Synthetic digital organic-rich mudrock examples including pyrite and non-

conductive kerogen: the correlation between the tortuosity-dependent coefficient and the

diffusive directional tortuosity of the pyrite network for organic-rich rock samples.
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After calculating the tortuosity-dependent coefficient of the pyrite network, the
new joint model is applied to estimate water saturation. Figure 4.12 shows the impact of
the diffusive directional tortuosity of the pyrite network on the relative errors in
estimates of water saturation by the new dielectric permittivity model and the CRIM. It
is observed that with the increase of the diffusive directional tortuosity of the pyrite
network, the relative errors in estimates of water saturation decrease from 27% to 4%
overestimation by applying the CRIM. However, the relative errors from the new
dielectric permittivity model are within the range of 3% overestimation to 3%

underestimation, which are smaller than those obtained from the CRIM.

30
V'S ® New Model

25 ‘ ¢ CRIM

20

15 2

10

Relative error in estimates
of water saturation, %
L 2

0 ‘ L ® O

0 1 2 3 4 5 6 7
Diffusive directional tortuosity of the pyrite network

Figure 4.12: Synthetic digital organic-rich mudrock examples including pyrite and non-
conductive kerogen: the comparison of the new model (green dots) and the CRIM (red dots) in

estimates of water saturation with different diffusive directional tortuosity of the pyrite network.
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4.4 Discussions

A new method is introduced that combines interpretation of electrical resistivity
and dielectric permittivity of saturated rocks for assessment of water-filled porosity and
hydrocarbon saturation based on 3D digital pore-scale images. Unlike the conventional
interpretation techniques for dielectric permittivity and electrical resistivity
measurements, the new joint model takes into account the anisotropic properties of the
rock samples such as directional tortuosity of the conductive rock components. In the
case of organic-rich mudrocks, in addition to incorporating the complex anisotropic
water network, the new method takes into account the presence of kerogen and pyrite
networks in interpretation of electrical resistivity and dielectric permittivity
measurements for assessment of water-filled porosity and hydrocarbon saturation.

This chapter focuses on the pore-scale evaluation of electrical and dielectric
properties of the rocks for better understanding the rock physics and for model
development. The new joint model can be further applied for interpretation of core-scale
and log-scale measurements in certain cases where upscaling is not a concern. The
introduced method can directly be applied to well-log measurements for improved
assessment of water saturation and water-filled porosity in homogeneous and anisotropic
formations. For application of the introduced method to core-scale and log-scale
measurements, numerical simulations will be performed in pore-scale 3D rock images at
different rock types to estimate effective electrical resistivity and dielectric permittivity

of each rock sample. Through the pore-scale numerical simulations, the method
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described in this chapter is used to find the correlation between tortuosity-dependent
coefficient and tortuosity for each rock type in the formation. This correlation is then
used as an input to our new model to analyze the dielectric and electric core-scale and
log-scale measurements for assessment of water-filled porosity. In the case of
heterogeneous and anisotropic formations, upscaling can be a challenge in application of
the developed model to larger-scale measurements. Further upscaling of electrical and
dielectric properties of the rocks is required for a reliable application of the developed
method to core-scale and log-scale measurements.

The new joint model is most reliable for assessment of water-filled porosity in
measurement frequency of 1 GHz and above, where dipolar polarization of water
molecules is the dominant polarization mechanism in the rock. There will be
uncertainties in the proposed evaluation method as well as other conventional methods
for evaluation of dielectric permittivity (e.g., CRIM) in frequencies of less than 1GHz
where other polarization mechanism such as interfacial polarization affects dielectric
permittivity. At low frequency range, the impact of clay minerals and salt on dielectric
measurements can be significant and needs to be taken into account.

Furthermore, the authors would like to emphasize that estimating an accurate
matrix dielectric permittivity is essential for the success of the new model. Schmitt et al.
(2011) showed that variation of +/- 1 unit in the matrix permittivity can results in about
+/-2pu changes in water-filled porosity. Additionally, the accuracy of the introduced
dielectric permittivity model depends on reliable estimation of total porosity, which can

be estimated through joint interpretation of well logs such as nuclear logs.
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Mud-filtrate invasion is another factor that needs to be taken into account,
because of the relatively shallow radial length of investigation of the borehole dielectric
tools (i.e., approximately 2-4 inches). In cases where mud-filtrate invasion is deep
(deeper than the radial length of investigation of the tool) dielectric measurements will
fully or partially detect properties of the invaded zone. In such cases, further corrections
for mud-filtrate invasion are required through numerical simulations of well logs and the

process of mud-filtrate invasion (Heidari et al., 2012).

4.5 Conclusions

This chapter documented a successful application of the new method of joint
interpretation of the electrical resistivity and dialectical permittivity measurement in
actual digital rock samples from a conventional sandstone formation and synthetic
digital samples of unconventional organic-rich mudrocks. In the case of actual digital
sandstone rocks, the new joint model provided reliable estimates of water-filled porosity
with absolute relative errors of less than 10%. In this case, where pores structure was not
complex and the only conductive component of the rock is formation water, the CRIM
provided reasonable estimates of water-filled porosity, with only four out of twenty-one
estimates beyond 10% relative error, with the largest absolute relative error of 30%. In
the case of organic-rich mudrocks, however, the errors in estimates of water-filled
porosity increased when the CRIM method was used. The absolute relative errors from

six out of ten estimates for water-filled porosity in these samples were beyond 10%, with
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the maximum error of 40%. The results from the new method yielded absolute relative
errors of less than 10% for both cases where kerogen was assumed conductive and non-
conductive.

Furthermore, it was shown that in the presence of highly mature conductive
kerogen, the spatial distribution of the kerogen network affects the resistivity
measurements, but does not have a measureable impact on the dielectric permittivity
measurements. The electrical resistivity increases by 13% with the increase of the
diffusive directional tortuosity of the kerogen from 1.4 to 4.3, while the relative
dielectric permittivity decreases by only 1%. Although conductive mature kerogen can
significantly affect electrical resistivity measurements, the new joint model can still be
applied successfully to organic-rich mudrocks for assessment of water-filled porosity
and hydrocarbon saturation.

Finally, the impact of pyrite’s spatial distribution on estimates of water saturation
was discussed. It was shown that by taking into account the structure of pyrite network,
the new model provided estimates of water saturation with relative errors of less than
3%. However, the CRIM method resulted in significantly larger (i.e., in the range of 4%
to 27%) relative errors in estimates of water saturation. Thus, the new joint model is
more reliable for assessment of water/hydrocarbon saturation in the presence of pyrite
compared to conventional methods such as the CRIM. In general, the results are
promising for a possible of joint interpretation of electrical resistivity and dielectric

permittivity measurements in improving the assessment of water/hydrocarbon saturation.
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CHAPTER V
IMPACT OF WATER SALINITY ON HIGH-FREQUENCY DIELECTRIC

MEASUREMENTS IN BRINE-SATURATED ROCKS

Dielectric measurements have become attractive candidates for assessment of
water-filled porosity and hydrocarbon saturation in formations such as carbonates and
organic-rich mudrocks. Dielectric permittivity measurements are sensitive to water-filled
porosity, especially in the high-frequency range (e.g., GHz frequency range), because of
the higher dielectric permittivity of water compared to other rock matrix components.
However, in the presence of saline water, water molecules lose their orientation freedom
partially due to hydration with ions. Thus, the salinity of water affects dielectric
measurements. The impacts of water salinity on the real part (i.e., dielectric constant)
and the imaginary part (i.e., dielectric loss proportional to electrical conductivity) of
dielectric permittivity are different and have not yet been quantitatively studied in high-
frequency measurements. To accurately estimate water-filled porosity from dielectric
permittivity measurements, the impact of water salinity on the measurements needs to be
quantified at high frequencies.

This chapter has two objectives: (a) quantifying the impact of water salinity on
dielectric permittivity measurements and (b) investigating the impact of water-salinity
and water-filled porosity on the critical frequency (> 1 GHz) at which interfacial

polarization is completely negligible.
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The dielectric permittivity of brine is measured at frequencies ranging from 1
MHz to 3 GHz at ambient temperature and pressure, where water salinity varies from 0
Kppm to 160 Kppm. Then, dielectric permittivity of dry and brine-saturated rock
samples is measured under the same frequency range. To investigate the impact of water
salinity on dielectric permittivity of fully and partially brine-saturated rock samples,
brine water is first injected to fully saturate the rock samples and then the dielectric
permittivity of the samples at high frequencies (from 1 MHz to 3 GHz) is measured.
Next, the centrifuge is used to partially saturate the rock samples, and the water salinity
impact on the dielectric permittivity of brine-saturated rocks of with different water-
filled porosity is compared.

This experimental method is applied on carbonate and sandstone samples with
different pore structures to quantify the sensitivity of dielectric permittivity to water
salinity, water-filled porosity, and frequency. The results confirm that there exists a
critical frequency above which water salinity does not affect the dielectric constant, and
this critical frequency increases as the water-filled porosity and water salinity increase.
At high frequencies where the dielectric constant is independent of the frequency, there
exists a critical water-filled porosity below which water salinity has negligible impact on
the dielectric constant. However, when water-filled porosity is higher than this critical
value, the dielectric constant slightly decreases by increasing water salinity.
Furthermore, it is shown that at frequencies above this critical frequency, there is critical
water salinity below which the dielectric loss increases as water salinity increases, while

the dielectric loss decreases if water salinity exceeds this critical value. The quantitative
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results on the impact of water salinity on dielectric measurements can potentially
improve interpretation of dielectric permittivity measurements for reliable assessment of

water-filled porosity.

5.1 Introduction

Dielectric permittivity of porous media is the ability of materials to polarize and
store electric charge. Complex relative dielectric permittivity of porous media is

expressed as

o(f) (5.1)

e(N)=e(N)+je'(N)=e(f)+] 2t 1

where & is the free space permittivity which is equal to 8.854x10™"> F/m, &’ (f) is the real
part which is usually referred to as the dielectric constant, ¢” (f) is the imaginary part of
dielectric permittivity, which is referred to the dielectric loss and is a function of the
conductivity of materials, o, at the frequency f. Dielectric measurements are widely used
in the petroleum (Gilmore et al., 1987; Hizem et al., 2008), agriculture (Lawrence, et al.,
1998c; Nelson 1991) industry, and soil science (Shao, et al., 2003) for assessing water-
filled porosity of formations, sensing the moisture in grain and seed, and investigating
the impact of the soil salinity on the backscattering coefficient, respectively.

Dielectric permittivity of rock-fluid systems is controlled by three main dielectric
mechanisms: (a) interfacial polarization, (b) molecular orientation polarization, and (c)

electronic polarization. Interfacial polarization, which is attenuated at high-frequency
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external electric fields, is usually controlled by (a) rock texture, (b) cation exchange
capacity (CEC) (Lasne et al., 2008; Sen, 1981a, 1981b, 1984; Wong et al., 1984), and (c)
ions (e.g., the Maxwell-Wagner effect). In the presence of an external electric field,
water molecules align their individual electric dipole along the external electric field,
which results in molecule orientation polarization. Compared to water molecule
orientation polarization, electric polarization is relatively weak and usually relates to
rock matrix permittivity. Hizem et al., (2008) introduced a multi-frequency dielectric
dispersion tool to measure the formation dielectric constant and conductivity at multiple
frequencies from 20 MHz to 1 GHz. They used the 1 GHz results to estimate the
formation water-filled porosity, believing that interfacial polarization at 1 GHz is
negligible and water molecule polarization makes the most important contribution to
dielectric permittivity.

Although, dielectric measurements are widely used in the petroleum industry,
their interpretation still remains challenging, because the dielectric properties of porous
media are sensitive to pore network structure, matrix dielectric permittivity, water-filled
porosity, and cation exchange capacity. Several studies have been conducted on the
interpretation of the dielectric property of a porous medium such as volumetric models
(Calvert and Wells, 1977; Dahlberg and Ference, 1984; Linde et al., 2006; Wharton et
al., 1980), Stroud-Milton-De (SMD) (Stroud et al., 1986), and the Complex Refractive
Index Model (CRIM) (Feng and Sen, 1985; Pirrone et al., 2011). To better estimate the
water-filled porosity of rocks through dielectric measurements, Seleznev et al. (2006)

developed the dispersion dielectric model by incorporating textural characteristics (e.g.,
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the aspect ratio of grains and pores). Chapter III of dissertation proposes a new dielectric
permittivity model that incorporates the spatial distribution of pore network structure.
Furthermore, the salinity of brine can influence dielectric measurements, and
needs to be taken into account when interpreting these measurements. Rankin et al.
(1985) discussed the effect of clay and salinity on the dielectric properties of sand-clay
mixtures and consolidated sandstone, showing that fluid content rather than salinity is a
determining factor to the dielectric constant above 0.4 GHz, while increment of salinity
results in the reduction of the dielectric constant due to the tendency of increased
crystallization in the presence of salt. Teheran et al. (1990) conducted an extensive set of
measurements of brine-saturated rock samples in frequencies between 10 MHz to 1.3
GHz and found that salinity impacts the dielectric loss of different rock samples in that
frequency range. Wu et al. (2015) measured the dielectric properties of saline soil and
improved the conventional dielectric models by taking into account the salinity in the C-
band frequency range (i.e., 4-8 GHz). Shao et al. (2003) showed that soil moisture and
salinity affect the dielectric loss, and that the salinity of soil has little influence on the
dielectric constant. However, the aforementioned publications did not investigate the
impact of water-filled porosity on the sensitivity of dielectric permittivity to water
salinity. Furthermore, they did not quantify the frequency at which interfacial
polarization is negligible when conducting dielectric measurements. In this chapter, we
conducted dielectric measurements in three rock types saturated with brines of different
salinity to quantify the impact of salinity on dielectric properties of rocks with different

water-filled porosity, and then further investigated whether interfacial polarization is
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negligible at high frequency (> 1 GHz) for saturated rocks of different water salinity and
water-filled porosity.

The upcoming sections describe the experimental design for dielectric
measurements of brine-saturated rocks and the results. The impact of salinity is first
quantified on the dielectric properties of brine, as well as on the dielectric constant and
dielectric loss of three brine-saturated rock samples. The critical frequency of brine-
saturated rock samples is quantified above which interfacial polarization is minimized at

different values of water salinity and water-filled porosity.

5.2 Method

This section describes the laboratory experiment setup and procedures. The
dielectric permittivity laboratory measurements were conducted using the end-loaded
transmission line method (Burdette, 1980 and Stuchly, 1980). This method, which
applies an inversion algorithm for the coaxial transmission line against the surface of the
rock, is rapid and convenient, and can also measure the drill cutting or past form (Leung
and Steiger, 1992). This dissertation research used the dielectric high temperature probe
kit HP 85070E with the HP Agilent impedance analyzer E4991A. The general regularly
distributed information in binary form (GPIB) connection was used to connect the
E4991A to the computer following the IEEE488 standard. Both the impedance analyzer

and the dielectric probe were calibrated before the measurements. The typical
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permittivity measurement accuracy is about £5%, whereas the loss tangent is about
+0.05%.

The experimental procedures, including rock sample preparation, are described in
detail in the following subsections, which state the procedures for the preparation of rock
samples and brine, and then explain the method applied for fully and partially saturating
the rock samples. Finally, the subsections introduce the NMR measurement technique
which is used to quantify water-filled porosity, as well as the experimental procedures

for dielectric measurements.

5.2.1 Preparation of rock samples and brine

Three different types of dry and clean rock samples purchased from Kocurek
Industries INC. were selected for water salinity investigation: Berea sandstone A101,
and Indiana limestone B101A and B101C. All samples were cut as cylindrical core plugs
of 1-inch diameter and 0.5-inch length. Both the top and bottom faces of the plugs were
carefully smoothed to eliminate air gaps between the dielectric sensor and rock samples.
These rock samples are initially put in the oven at 150°C for 12 hours to ensure that they
were completely dry. Figures 5.1(a), 5.1(b), and 5.1(¢) show the three rocks used in the
experiments. Table 5.1 lists the petrophysical properties of these rock samples. The
Berea sandstone, A101, and Indiana limestone, B101C, have similar porosity, of

approximately 18%. The porosity of Indiana limestone, B101A, is 15%.
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Figure 5.1: The rock samples prepared for dielectric measurements: (a) Berea sandstone, A101,

(b) Indiana limestone, B101A, and (c) Indiana limestone, B101C.

As for the brine preparation, controlled amounts of sodium chloride (NaCl) were
added to distilled water, and an ultrasonic system and a stir bar were used to dissolve the
salt. Brine samples were prepared with salinities of 1, 10, 20, 40, 80, 100, 120, and 160

Kppm.

Table 5.1: Petrophysical properties of the Indiana limestone, B101A, B101C and Berea
sandstone, A101.

Brine permeability = Porosity  Grain density

Rock Samples Formation

(MD) (%) (g/co)

Indiana limestone
B101A Bedford 2-4 15 2.686

Indiana limestone
B101C Bedford 70 18 2.685

Berea sandstone

A101 Kipton 60-100 18 2.635
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5.2.2 Preparation of fully and partially brine-saturated rock samples

A core flood system and vacuum pressure pump were used to fully saturate the
rock samples with brine. To ensure full saturation of the rock samples, the core flood
experiments were first conducted at low flow rate until 10 times the pore volumes of
brine passed through the rock samples. After core flooding the rock samples, the samples
were saturated in brine, and the vacuum pressure pump system was kept running until
there was no change in the weight of the brine-saturated rock sample to guarantee 100%
brine saturation. Next, centrifuge was used to remove certain amounts of water and
partially saturate the rock samples. To achieve different partial saturation conditions, the
rock samples were spun in the centrifuge at different speeds and waiting times. Both
sides of the rock samples were spun at the same speed and waiting time to uniform
saturation. To change injected brine salinity for the same rock sample, the core flood
system was used again to flush the sample using different brine salinity, and the vacuum
pressure pump system was continually used to ensure that the samples achieved 100%
brine saturation. Figure 5.2 shows the core flood system used for saturating the rock
samples. Figure 5.3 shows the procedure for preparing the fully and partially brine-
saturated rock samples. The water-filled porosity and air-filled porosity in the rock
samples are estimated via
o, =V IV, (52)

and
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¢air = Va /VR’ (53)

where V,, V,, and V' are volumes of water, air, and rock, respectively. The volume of
water in the rock samples was obtained using Nuclear Magnetic Resonance (NMR)

measurement.

Figure 5.2: Core flood system for fully and partially saturating the rock samples.

5.2.3 Assessment of water-filled porosity using NMR measurements

Nuclear Magnetic Resonance (NMR) measurements were used to quantify water-
filled porosity of the brine-saturated rock samples. NMR laboratory measurements were
conducted using a 2 MHz NMR benchtop spectrometer (e.g., GeoSpec2 Core Analyzer)

126



and the 7 relaxation time (i.e., spin-spin or transverse relaxation time) was measured by

the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence. The initial measurement

parameters assumed for the NMR measurements included: (a) 200 psec of CPMG inter-

echo spacing time (TE); (b) 256 scans; (c¢) signal-to-noise ratio of 200.

brine

Change salinity

Rock samples

Submerge in

.
I

Fully water-
saturated rock
samples

NVR
measurements

Partially water- Dielectric

measurements

saturated rock

samples

Figure 5.3: The procedure for preparation of the fully and partially brine-saturated rock

samples.

5.2.4 Dielectric measurements in the brine-saturated rock samples

An open-ended transmission line method was used to measure dielectric

permittivity of the cylindrical brine-saturated rock plugs. Figure 5.4 shows the dielectric
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high temperature probe kit HP 85070E used with the HP Agilent impedance analyzer
E4991A. The general regularly distributed information in binary form (GRIB)
connection was used to connect the E4991A to the computer following the IEEE488
standard. Both the impedance analyzer and the dielectric probe were calibrated before
the measurements. The dielectric permittivity measurement accuracy was about +5%,
whereas the loss tangent was about £0.05%. Table 5.2 lists the required environment
and accuracy for the measurements. The dielectric measurements were performed in the
frequency range of 1 MHz to 3 GHz at temperature of 70°F and pressure of 14.7 psi and
repeated four times for both the faces (top and bottom) of each rock sample to minimize

the experimental error.

Figure 5.4: High-temperature probe kit.
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Table 5.2: Characteristic parameters and accuracy of the dielectric measurements.

Parameters Value
Temperature range -40 to 392°F
Frequency range 1MHz to 3GHz
Diameter >20mm
Thickness 20
> ———mm
£
Grain size < 0.3mm
Maximum recommendation &' <100
Minimum recommendation &"/¢" >0.05
Accuracy of the measurements e g 0.05‘ 8"

8/ ~ 8/ +0.05 8/
£ E £

5.2.5 Workflow

Figure 5.5 summarizes the workflow of the laboratory experimental procedures
to investigate the impact of salinity and water-filled porosity on the dielectric
permittivity of the brine-saturated rocks. Clean carbonate rock samples were prepared
and put into an oven for drying. Meanwhile, brine with different salinity was prepared to
further saturate the rock samples through the core flood and vacuum pressure system.

The measured samples included the brine itself, and dry and saturated rocks. At last,
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NMR and dielectric permittivity were conducted to investigate the corresponding

properties.

Assessment of
water-filled

porosity ¢,,

Core sample

\ 4

Dry Rock
Samples

Saturated Rock
Samples

\ 4

Measure dielectric

permittivity, ¢’ and &'’

Figure 5.5: The workflow for the laboratory experimental procedures to investigate the impact

of salinity and water-filled porosity on the dielectric permittivity of the brine saturated rocks.

5.3 Results

This section lists and discusses the results. It first describes the impact of water
salinity on the dielectric permittivity of brine, and then quantifies the impact of water-
filled porosity and water salinity on the dielectric permittivity of brine-saturated rocks.

Finally, it quantifies the impact of water salinity on the critical frequency of the
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dielectric measurements in the brine-saturated rocks.

5.3.1 Impact of salinity on the dielectric permittivity of brine

Figure 5.6 shows the dielectric constant and dielectric loss of brine at variable
water salinity ranging from 0 Kppm to 160 Kppm, at room temperature and ambient
pressure. The measurements were performed in the frequency range of 1 MHz to 3 GHz.
These results confirmed that with the increase of water salinity, the dielectric constant of
the brine decreases and the dielectric loss increases. At the same water salinity, both the
dielectric constant and the dielectric loss decrease as the measurement frequency
increases. In the presence of sodium chloride, water molecules are hydrated easily. The
water molecules around the ions orient themselves along the ions and lose their
orientation polarization towards the external electric field direction. Furthermore, salt
ions displace water molecules and results in kinetic depolarization (Lane and Saxton,
1952). Thus, an increase of salinity leads to a decrease of the dielectric constant.
Alternatively, increased salinity leads to an increase of the number of ions so that the
electrical conductivity of the brine increases. Chandra and Bagchi (2000) also pointed
out that the reduced electric force of relaxation leads to higher ion mobility and
enhancement of the conductivity at low frequencies. On the other hand, at higher
frequency, the retarding effect vanishes and the central ions become motionless,
resulting in decreased ionic conductivity (Chandra and Bagchi, 2000; Falkenhagen et al.,

1931). At higher frequency, the decrease in ion mobility leads to more hydrated water
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molecules, thus decreasing the dielectric constant
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Figure 5.6: Frequency-dependent dielectric constant and dielectric loss of brine with salinity

ranging from 0 Kppm to 160 Kppm.
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5.3.2 Impact of salinity on the dielectric permittivity of brine-saturated rock

samples

In this subsection, we first exhibit the NMR measurement results to evaluate
water-filled porosity and water-filled pore size distribution for brine-saturated rock
samples. We then show the results from the dielectric measurements on fully and
partially brine-saturated rock samples when water salinity is kept constant at 40 Kppm

and when the range varies 40-160 Kppm.

5.3.2.1 Evaluation of water-filled porosity and pore size distribution for brine-

saturated rock samples

After preparing fully and partially brine-saturated rock samples, NMR
measurements were conducted to evaluate the water-filled porosity and water-filled pore
size distribution. Figure 5.7 shows the NMR 7 distribution of the fully and partially
brine-saturated Indiana limestone, B101C, samples saturated with water salinity, ranging
from 40 Kppm to 160 Kppm. The 7> relaxation peaks are located at around 260 msec,
140 msec, 50 msec, and 40 msec, for 18%, 13.8%, 9.8%, and 7.8% water-filled porosity,
respectively. The same 75 distribution at different water salinity values confirmed that
brine distribution in the pore network is almost the same for saturated rocks of the same
water-filled porosity. The uncertainty of accumulative water-filled porosity is within 5%

relative error for different levels of salinity. Similarly, NMR measurements confirmed
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the consistent water distribution in the cases of Indiana limestone sample, B101A, and

Berea sandstone sample, A101.
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Figure 5.7: NMR T, distribution, incremental porosity, and accumulative porosity of Indiana
limestone, B10C, rock samples with water-filled porosity of (a) 18%, (b) 13.8%, (c) 9.8%, and
(d) 7.8%. Red, blue, black, green, and purple curves in each plot represent the NMR 7,
distribution for 40Kppm, 80Kppm, 100Kppm, 120Kppm, and 160Kppm water salinity,

respectively.
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5.3.2.2 Impact of water-filled porosity on dielectric measurements at constant salt

concentration

Figures 5.8(a) and 5.8(b) show the real and imaginary parts of the dielectric
permittivity of the Indiana limestone sample, B101C, at 40 Kppm water salinity for
water-filled porosity ranging from 0% to 18%. The measurements were performed in the
frequency range of 1 MHz to 3 GHz. For dry samples (i.e., 0% water-filled porosity), it
was observed that a constant dielectric permittivity of approximately 7.0 exists the entire
frequency range. The only contribution to the dielectric constant in this case is the

electronic polarization. Meanwhile, the dielectric loss of this dry sample is close to 0.
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Figure 5.8: Frequency-dependent (a) dielectric constant and (b) dielectric loss of Indiana
limestone, B101C, at 40Kppm water salinity for water-filled porosity range of 0% to 18%. Blue,
red, green, purple, and orange lines represent 18%, 13.8%, 9.8%, 7.8% and 0% water-filled

porosity, respectively.
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In the case of brine-saturated rock samples, as the water-filled porosity increases,
both the dielectric constant and dielectric loss of these samples increase. At frequencies
higher than 1.7 GHz, the dielectric constant is frequency-independent, and it tends to be
a constant value. At frequencies of less than 1 GHz, the dielectric loss is more sensitive
to the variation of water-filled porosity. However, at frequencies of higher than 1 GHz,
the dielectric loss of the brine-saturated rock samples is not affected significantly by
water-filled porosity. At a 0.5 GHz frequency and 40 Kppm water salinity, the dielectric
loss of the brine-saturated Indiana limestone sample B101C, changes from 0 to 13 when
the water-filled porosity varies from 0% to 18%. The same variation in water-filled
porosity leads to a measureable increase of dielectric loss from 0 to 4 at frequency of 3
GHz.

Dielectric permittivity measurements were carried out on all three rock samples.
The results for the other two rock samples, Berea sandstone sample A101 and Indianan
limestone sample B101A, also confirmed the aforementioned observations. At 40 Kppm
water salinity, in the case of the Berea sandstone sample A101, changing the water-filled
porosity from 0% to 18% leads to variation of the dielectric loss from 0 to 6.3 at
frequency of 0.5GHz and from 0 to 2.5 at 3 GHz. Likewise, in the case of the Indiana
limestone, B101A, the dielectric loss varied from 0 to 4.9 at 0.5 GHz and 0 to 1.9 at 3

GHz due to the variation in water-filled porosity from 0% to 15%.
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5.3.2.3 Impact of water salinity on dielectric measurements

Figures 5.9 and 5.10 show the frequency-dependent dielectric constant and
dielectric loss of Indiana limestone B101C, at variable water-filled porosity (i.e., 18%,
13.8%, 9.8%, and 7.8%) for water salinity ranging from 40 Kppm to 160 Kppm. The
measurements were performed in the frequency range of IMHz to 3GHz. The impact of
water salinity on dielectric dispersion is more significant at lower frequency
measurements rather than at higher. Figures 5.11 and 5.12 show dielectric constant and
loss of brine-saturated samples with variable water-filled porosity at frequency of 3 GHz
for water salinity ranging from 40 Kppm to 160 Kppm. Figure 5.11(a) shows that at 3
GHz, water salinity has only a small influence on the dielectric constant of Indiana
limestone, B101C. When the water-filled porosity is less than 13.8%, the impact of
water salinity on the dielectric constant is negligible. With the increase in water-filled
porosity, water molecule polarization becomes dominant, and, consequently, leads to a
decrease of the dielectric constant.

It was observed that at 18% water-filled porosity and 3GHz frequency, the
dielectric constant of the rock samples decreases from 14.4 to 13.1 with increase of the
water salinity from 40 Kppm to 160 Kppm. This phenomenon can also be explained with
the fact that for smaller water-filled porosity, the bound water saturation is high, which
makes ionic hydration of the water molecule difficult. However, large water-filled
porosity has more moveable free water in the pore structure, which is easily hydrated by

the salt ions, causing some water molecules to partially lose their orientation freedom.
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From Figures 5.11(b) and 5.11(c), it was also observed that the critical water-filled

porosity (i.e., the water-filled porosity above which water salinity has a measurable

impact on the dielectric constant of the brine-saturated rocks) of Berea sandstone A101,

and Indiana limestone, BIO1A are close to 15.5% and 15%, respectively.
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Figure 5.9: Indiana Limestone B101C: Frequency-dependent dielectric constant of brine-

saturated rock samples with water-filled porosity of (a) 18%, (b) 13.8%, (c) 9.8%, and (d) 7.8 at

water salinity of 40Kppm to 160Kppm. The measurement frequency is ranging from 1MHz to

3GHz. Red, green, purple, blue, and black lines represent water salinity of 40 Kppm, 80 Kppm,

100 Kppm, 120 Kppm, and 160 Kppm, respectively.
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Figure 5.10: Indiana Limestone B101C: Frequency-dependent dielectric loss of brine-saturated
rock samples with water-filled porosity of (a) 18%, (b) 13.8%, (c) 9.8%, and (d) 7.8% at water
salinity of 40Kppm to 160Kppm. The measurement frequency is ranging from 1MHz to 3GHz.
Red, green, purple, blue, and black lines represent 40 Kppm, 80 Kppm, 100 Kppm, 120 Kppm,

and 160 Kppm water salinity, respectively.
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Figure 5.11: Dielectric constant measurements for (a) Indiana limestone, B101C, (b) Berea
sandstone, A101, and (c) Indiana limestone, B101A, at 3 GHz. Water salinity and water-filled

porosity are ranging from 40 Kppm to 160 Kppm and from 7% to 18%, respectively.
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Figure 5.12: Dielectric loss measurements for (a) Indiana limestone, B101C, (b) Berea
sandstone, A101, and (c) Indiana limestone, B101A, at 3 GHz. Water salinity and water-filled
porosity are ranging from 40 Kppm to 160 Kppm and from 7% to 18%, respectively.
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Table 5.3 lists the percentage change in the dielectric constant corresponding to
the change of salinity from 40 Kppm to 160 Kppm at different water-filled porosity. In
the case of Indiana limestone rock sample, BI01C, we used the conventional CRIM to
estimate water-filled porosity. For the rock sample of 18% water-filled porosity, a
change of salinity from 40 Kppm to 160 Kppm, can result in a decrease of the dielectric
constant by around 9%, which can result in a 14% difference in the estimation of water-
filled porosity from the CRIM. In the case of 7.8% water-filled rock sample, the
estimated water-filled porosity stays almost the same even though salinity changes from
40 Kppm to 160 Kppm. It was also observed that the change in dielectric constant is less
than 5% for the change of salinity when the water-filled porosity was less than 15% for
all three rock samples. The results confirmed that the salinity impact has to be taken into
account in the interpretation of dielectric measurements in the cases with high water-
filled porosity.

Figure 5.12 shows the measured dielectric loss in all three brine-saturated rock
samples, including (a) Indiana limestone B101C, (b) Berea sandstone A101, and (c)
Indiana limestone B101A, at 3 GHz. Water salinity and water-filled porosity ranged
from 40 Kppm to 160 Kppm and from 7% to 18%, respectively. The results indicate that
the dielectric loss of the brine-saturated rocks increases with an increase of water salinity;
as more salt dissolves in the water, the electrical conductivity increases. The sensitivity
of dielectric loss to salt concentration is more significant in cases of high water-filled
porosity. However, when water salinity is greater than 120 Kppm, it is observed that the

dielectric constant of the rock samples starts to decrease. This is explained by the start of
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salt precipitation at this critical water salinity (i.e., 120 Kppm) that decreases ionic
conductivity. All of the described measurements were conducted at room temperature
and pressure. Thus, the critical water salinity might be higher under reservoir conditions.
Figures 5.12(a) and 5.12(b) show that at 3 GHz frequency and 18% water-filled
porosity, the variation of water salinity from 40 Kppm to 120 Kppm leads to an increase
of the dielectric loss of the Indiana limestone, B101C, from 4 to 5.8, and the increase of
the dielectric loss of Berea sandstone, A101, from 2.5 to 4.3, respectively. These results
further underscore that the dielectric loss of the brine-saturated rocks is also influenced

by the pore network structure.

Table 5.3: Percentage change in dielectric constant of brine-saturated rocks when salinity
changes from 40Kppm to 160Kppm at different water-filled porosity, 18%, 15.5%, 15%,
13.8%, 9.8%, 7.8%, 7%.

Pw Pw Pw P P Pw P
Rock Samples  (18%) (155%) (15%) (13.8%) (9.8%) (7.8%) (7%)

Indiana Limestone,
B101C 9% - - 2.6% 2.8% 3% -
Berea Sandstone,
A101 11% 7.8% - - - - 0.7%
Indiana limestone,

B101A - - 5.1% - 1% - -
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5.3.3 Impact of water salinity on the critical frequency of dielectric permittivity

measurements

The results presented in Figures 5.9(a), 5.9(b), 5.9(c), and 5.9(d) indicate that
for each water-filled porosity and water salinity level, there exists a critical frequency
above which the dielectric constant tends to be a stable value (i.e., interfacial
polarization is minimized). To estimate this critical frequency, we calculated the
derivative of the dielectric constant to frequency. The frequency at which the calculated
derivative becomes less than 0.5x10° (1/GHz), is defined as the critical frequency. The
assumed criterion of -0.5x10° (1/GHz) means that dielectric constant will decrease by
0.5 if the frequency increases by 1 GHz. Tables 5.4 and 5.5 list the calculated critical
frequencies of Indiana limestone, B101C, and Berea sandstone, A101, at different values
of water salinity and water-filled porosity. The results in all three rock samples showed
that 1 GHz frequency is not high enough to safely assume that the interfacial
polarization is negligible, especially when dealing with formations with high water-filled
porosity.

Figures 5.13(a) and 5.13(b) illustrate the impact of water salinity and water-
filled porosity on the critical frequency of Indiana limestone B101C, and Berea
sandstone A101, respectively. It was observed that the critical frequency increases with
the increase of both water salinity and water-filled porosity. In the case of 40 Kppm
water salinity, the critical frequency increases from 1.36 to 1.7 GHz, when the water-

filled porosity of this limestone increases from 7.8% to 18%. In the case of 160 Kppm
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water salinity, the critical frequency increases from 1.7 to 4.1 GHz. In the case of 7.8%
water-filled porosity, the critical frequency increases from 1.36 to 1.7 GHz, when the
water salinity increases from 40 Kppm to 160 Kppm, and in the case of 18% water-filled
porosity, the critical frequency increases from 1.7 to 4.1 GHz. Although most of the field
measurements are extrapolated to 1GHz, the results showed that, depending on the pore
network structure, water-filled porosity and water salinity, IGHz might not be high

enough for a reliable assessment of water-filled porosity.

Table 5.4: Critical frequency of brine-saturated rock samples at different water-filled
porosity (18%, 13.8%, 9.8%, and 7.8%) and water salinity (40Kppm, 80Kppm, 120Kppm, and
160Kppm) for Indiana limestone, B101C.

b 40 80 100 120 160
(%) Kppm Kppm Kppm Kppm Kppm
18 1.71 2.24 2.56 3.57 4.07
13.8 1.59 1.94 2.18 2.58 2.58
9.8 1.42 1.70 1.77 1.85 1.85
7.8 1.36 1.59 1.53 1.70 1.70

Table 5.5: Critical frequency of brine-saturated rock samples at different water-filled
porosity (18%, 15.5%, and 7%) and water salinity (40Kppm, 80Kppm, 120Kppm, and
160Kppm) for Berea sandstone, A101.

b 40 80 100 120 160
(%) Kppm Kppm Kppm Kppm Kppm
18 1.71 1.95 2.46 3.22 4.09
15.5 1.59 1.73 1.77 2.15 2.28
7 1.36 1.52 1.61 1.62 1.76
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Figure 5.13: Critical frequency estimated for (a) Indianan limestone, B101C, and (b) Berea
sandstones, A101, with water salinity of ranging from 40 Kppm to 160 Kppm and water-filled
porosity of ranging from 7% to 18%. Blue, red, black, purple, and green lines represent 40
Kppm, 80 Kppm, 100 Kppm, 120 Kppm, and 160 Kppm water salinity, respectively.
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5.4 Conclusions

This chapter documented experimental dielectric measurements and quantified
the impact of water salinity on dielectric measurements in brine-saturated rock samples
and brine. The measurement results in the case of brine confirmed that an increase of the
water salinity increases the dielectric loss, but decreases the dielectric constant of brine.
However, water salinity has only a small influence on the dielectric constant of saturated
rocks. There exists a critical water-filled porosity below which the water salinity does
not impact the dielectric constant of the brine-saturated rock samples. Variation of water
salinity from 40 Kppm to 160 Kppm leads to a decrease from 14.4 to 13.1 of the
dielectric constant (measured at 3 GHz) of Indiana limestone B101C, with 18% water-
filled porosity. However, the salinity variation does not impact the dielectric constant in
the case of 13.8% water-filled porosity. Similar results were observed in the cases of
Indiana limestone B101A, and Berea sandstone A101, for which the impact of salinity
on the dielectric constant is affected by water-filled porosity.

Furthermore, this chapter showed that water salinity substantially affects the
dielectric loss of the saturated rock samples. The higher the water-filled porosity, the
stronger the impact of water salinity on the dielectric loss. For instance, in the case of
18% water-filled porosity, an increase in water salinity from 40 Kppm to 120 Kppm
increases the dielectric loss from 3.9 to 5.8 at 3 GHz for Indiana limestone B101C, and
from 2.5 to 4.3 for Berea sandstone, A101. However, in the case of 7.8% and 7% water-

filled porosity, the dielectric loss changes from 1.3 to 1.72 for Indiana limestone B101C,
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and from 1 to 1.85 for Berea sandstone A101, respectively. Additionally, at water
salinity of above 120 Kppm (critical salinity), dissolved salt might begin to precipitate
and cause a decrease in ionic conductivity. The critical water salinity might be higher
than 120 Kppm in the subsurface at higher pressure and temperature than the surface,
because an increase in pressure and temperature increases salt solubility in brine. The
results also confirmed that both the dielectric constant and dielectric loss are influenced
by water-filled porosity and frequency. For each level of water salinity, both the
dielectric constant and dielectric loss decrease when water salinity and frequency
increase (i.e., increase from 40 Kppm to 160 Kppm in water salinity and from 1 MHz to
3 GHz in frequency). The increase of the dielectric loss and dielectric constant is more
significant at frequencies of less than 1 GHz.

Finally, it was observed that at certain water-filled porosity and water salinity,
there exists a critical frequency above which interfacial polarization is minimal and
dielectric constant remains constant. In the case of Indianan limestone B101C, at 40
Kppm water salinity, the variation of the water-filled porosity from 7.8% to 18% leads to
an increase of critical frequency from 1.36 to 1.7 GHz, and in 18% water-filled porosity
the change of water salinity from 40 Kppm to 160 Kppm results in the critical frequency
varies from 1.71 to 4.07 GHz. Furthermore, it was observed that at 18% water-filled
porosity and 80Kppm water salinity, the critical frequency of the Indian limestone
B101C, and Berea sandstone A101, are 2.24 and 1.95, respectively. The results
confirmed that the critical frequency of the brine-saturated rocks is affected by water-

filled porosity and water salinity. Although porosity and salt concentration remained
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constant across the samples of Indian limestone B101C, and Berea sandstone A101, the
critical frequency varied, confirming the impact of pore structure on critical frequency.
Based on these results and observations, we suggest the use of dielectric
measurement frequency of higher than 1 GHz for reliable assessment of water-filled
porosity, especially in cases of high water salinity (e.g., higher than 40 Kppm).
Conventional application of frequencies of less than 1GHz for dielectric measurements

can lead to significant errors in well-log-based assessment of water-filled porosity.
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CHAPTER VI

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

6.1 Summary

This dissertation quantified the impact of complex pore and grain structures on
electrical resistivity and dielectric permittivity measurements of rock samples.
Numerical simulation algorithms, methods, and workflows were developed to achieve
the objectives of this dissertation. Through the quantification of these impacts, this
dissertation proposed two models, a new dielectric permittivity model and a new joint
interpretation model (combining dielectric permittivity and electrical resistivity
measurements) to estimate water/hydrocarbon saturation. The two new models both take
into account the spatial distribution of rock components and can provide better
estimation of water/hydrocarbon saturation after comparison with conventional models
like the CRIM. Furthermore, this dissertation designed and documented experiments to
quantify the impact of water-filled porosity and salinity on the dielectric permittivity of
brine-saturated rocks. Overall, the major contributions of this dissertation can be
summarized in three stages.

The first stage (Chapter II and Chapter III) introduced diffusive directional
tortuosity and directional connectivity to quantify the complexity of pore/grain network
structure. In addition, a new dielectric permittivity model, which takes into account the

spatial distribution of the pore/grain network, was developed to improve assessment of
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hydrocarbon/water saturation. The application of this new dielectric permittivity model
on sandstone, carbonate, and synthetic organic-rich mudrocks confirmed that the new
dielectric permittivity model is more reliable than the conventional CRIM method in the
assessment of water/hydrocarbon saturation.

The second stage (Chapter IV) proposed a joint interpretation model through a
combination of electrical resistivity and dielectric permittivity measurements to better
estimate hydrocarbon/water saturation. This joint interpretation model is much more
convenient to use than the new dielectric permittivity method proposed in Chapter III
because it decreases the demand for calibration using abundant core measurements. The
validation of this joint interpretation method was first established in the sandstone
samples and further successively established in the organic-rich mudrock samples.

The last stage (Chapter V) designed experimental procedures to quantify the
impact of water-filled porosity and salinity on the dielectric permittivity of brine-
saturated rock samples. NMR, vacuum pressure/core flood systems, a centrifuge, and an
impedance network analyzer were all used during these laboratory measurements. This
experiment improves the understanding of the mechanism of dielectric permittivity
within a broad frequency range. Ultimately, it can potentially improve the interpretation

of dielectric permittivity measurements for reliable assessment of water-filled porosity.
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6.2 Conclusions

6.2.1 Quantifying the directional connectivity of matrix constituents and its impact

on the electrical resistivity of organic-rich mudrocks

ii.

iii.

1v.

Effective electrical resistivity of 3D pore-scale organic-rich mudrocks was
successfully estimated through the developed simulation codes by using a finite
difference method.

Diffusive directional tortuosity and directional connectivity were introduced and
estimated through the developed simulation codes by using a random walk
algorithm.

The impact of directional connectivity and diffusive directional tortuosity of
mature kerogen and pyrite on the electrical resistivity of organic-rich mudrocks
was quantified. The numerical simulation results confirmed that (a) the presence
of conductive mature kerogen and pyrite networks impacts electrical resistivity
along different directions and the corresponding estimation of the
water/hydrocarbon saturation, (b) there is up to 31% and 37% variation in
electrical resistivity caused by variation in directional connectivity (i.e., ranging
from dispersed to layered distribution) of kerogen and pyrite networks.

It was shown that the sensitivity of rock electrical resistivity to the kerogen

network’s directional connectivity is largely affected by the salt concentration of
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formation water. The increase in salt concentration decreases the sensitivity of
electrical resistivity to the kerogen network’s connectivity.

Interpretation of electrical resistivity measurement that takes into account the
quantified directional connectivity of rock components at different scales can

potentially improve accuracy in assessment of water/hydrocarbon saturation.

6.2.2 Pore-scale evaluation of dielectric measurements in formations with complex

pore and grain structures

ii.

iii.

1v.

Effective dielectric permittivity of 3D pore-scale rocks in the frequency domain
was successfully calculated through the developed simulation codes by using a
finite difference method.

The impact of pore and grain structures as well as anisotropic property on
dielectric permittivity measurements of rocks were quantified by using the
developed numerical simulators.

It was observed that the directional permittivity of the same rock along three
orthogonal directions can vary up to 16%, while the diffusive directional
tortuosity changes from 1.9 to 3 in one of the sandstone samples. Compared with
the tested sandstone samples, it was observed that pore space in tested carbonate
samples is generally more tortuous than in sandstone samples.

A new dielectric permittivity model was introduced to improve the assessment of

water-filled porosity in formations with complex pore and grain structures.
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Compared with the conventional CRIM, the new method can decrease the
relative error in estimates of water-filled porosity from the largest relative error
of approximately 27% (using the CRIM) to less than 10% relative error for both
tested sandstone and carbonate samples.

The dielectric permittivity simulation of synthetic organic-rich much rocks
revealed that (a) the presence of pyrite substantially impacts effective dielectric
permittivity and water-filled porosity, and (b) the presence of the kerogen does

not significantly impact the estimation of water-filled porosity.

6.2.3 Pore-scale joint evaluation of dielectric permittivity and electrical resistivity

for assessment of hydrocarbon saturation using numerical simulations

ii.

Electrical directional tortuosity of the pore and grain network was successfully
defined and calculated through a 3D pore-scale numerical simulation of electrical
resistivity. The comparison between electrical directional tortuosity and diffusive
directional tortuosity was conducted to confirm the applicability of the electrical
directional tortuosity in describing the complexity of pore and grain structures.

A new developed joint interpretation method that combines electrical directional
tortuosity and dielectric permittivity was successfully developed to improve the
accuracy of estimation of water-filled porosity and hydrocarbon saturation.
Unlike conventional interpretation techniques for dielectric permittivity and

electrical resistivity measurements, the new method takes into account the
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anisotropic properties of rock samples, such as directional tortuosity of
conductive rock components.

iii.  The new joint interpretation method was successfully applied in the actual digital
sandstone and carbonate rock samples, as well as synthetic organic-rich
mudrocks. For tested sandstone/carbonate samples, it was shown that the new
method provides more reliable estimation of water-filled porosity with absolute
relative errors within a 10% range, while the CRIM method can result in up to
30% error in estimating water-filled porosity. For organic-rich mudrock samples,
it was shown that taking into account the structure of the pore and conductive
components, such as pyrite, can provide better estimation of water saturation,
with relative error within 10% and 3%, respectively, while the conventional
CRIM method can result in a significantly larger error, up to 40% and 27%,

respectively.

6.2.4 Impact of water salinity on high-frequency dielectric measurements in brine-

saturated rocks

1. The impact of salinity on dielectric permittivity measurements of saline water
was successfully quantified through laboratory measurements. The measurement
results showed that the increase of water salinity increases dielectric loss, but
decreases the dielectric constant of brine. At higher frequencies, the decrease in

ion mobility results in more hydrated water molecules, leading to a decrease in
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ii.

iii.

the dielectric constant.

The impact of salinity on dielectric permittivity measurements of brine-saturated
rock samples was also quantified through laboratory measurements. It was shown
that salinity has some impact on dielectric constant of brine-saturated rocks at
higher water-filled porosity (greater thanl5 vol%), while its impact is negligible
at lower water-filled porosity (less than 15 vol%) for all tested samples. It was
also shown that water salinity substantially affects dielectric loss of the brine-
saturated rock samples: the higher the water-filled porosity, the stronger the
impact of the salinity on the dielectric loss of the brine-saturated rocks.

The critical frequency of dielectric measurements, above which interfacial
polarization is minimal, was defined and calculated by using a new developed
method. It was shown that the critical frequency of dielectric measurements
increases with the increase of both salinity and water-filled porosity of brine-
saturated rocks. In the case of the Indiana limestone B101C (with 18% total
porosity), it was observed that at 40-Kppm salinity, the increase of water-filled
porosity from around 8% to 18% leads to an increase in critical frequency from
1.36 to 1.7 GHz, while in the case of 160 Kppm, the critical frequency increases
from 1.71 to 4.07 GHz. It was also observed that the critical frequencies are
different for the limestone B101C, and Berea sandstone A101, which have the
same water-filled porosity and salinity, confirming the impact of pore structure

on critical frequency.

156



1v.

The critical water salinity of dielectric measurements at frequencies higher than
the critical frequency is defined as the salinity above which dielectric loss begins
to decrease as water salinity increases. It was shown that critical water salinity is
equal to 120 Kppm for our tested samples under the ambient temperature and
pressure. At water salinity above 120 Kppm, dissolved salt might begin to
precipitate and cause a decrease in ionic conductivity. The critical water salinity
might be even higher (e.g., greater than 120 Kppm) in the subsurface at higher
pressure and temperature than the surface, because an increase in pressure and
temperature increase salt solubility in brine.

Conventional application of frequencies of less than 1GHz for dielectric
measurements might lead to significant errors in well-log-based assessment of
water-filled porosity. The use of dielectric measurement frequency of higher than
1 GHz for reliable assessment of water-filled porosity is recommended,

especially in cases of high water salinity conditions (e.g., greater than 40 Kppm).

6.3 Recommendations

This dissertation investigated the complexity of pore and grain structure and its

impact on electrical resistivity and dielectric permittivity for both conventional and

unconventional formations. However, there still remain many challenges in the

petrophysics area that need to be addressed in the future. Here we discuss several

recommendations for future research on the topic addressed in this dissertation.
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ii.

iii.

1v.

Develop an upscaling technique for extrapolating petrophysical properties such
as directional connectivity, tortuosity, and electrical and dielectric properties at
pore-scale, core-scale, and log-scale for homogeneous and anisotropic
formations.

Apply the introduced electrical and dielectric models to the core-scale and log-
scale measurements with the calibration of core-scale and log-scale
measurements, find the correlation between tortuosity and tortuosity-dependent
coefficient for different scales and different types of rocks, and apply this
correlation as an input to the developed models to analyze the dielectric and
electrical core-scale and log-scale measurements for estimating water-filled
porosity.

Integrate NMR measurements with electrical and dielectric measurements to
more accurately estimate petrophysical properties such as water-filled porosity,
pore geometry, wettability, and invasion-induced fluid impact.

Incorporate the sonic log and laboratory measurements with electrical and
dielectric measurements to more accurately characterize porosity, secondary
porosity, anisotropic properties, geomechanical properties, and diagenesis
processing of source rocks.

Carry out the electrical and dielectric measurements in the multi-frequency range
to investigate the impact of clay and clay-bound water on the electrical and
dielectric properties of organic-rich mudrocks, and further investigate the water-

weakening mechanisms and their impact on petrophysical properties of rocks.
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Vi.

Vil.

Carry out dielectric measurements on kerogen, quantify the impact of kerogen
maturity on its dielectric properties, and develop a better workflow for the
reliable estimation of water-filled porosity in organic-rich mudrocks.

Carry out multi-frequency dielectric measurements on brine-saturated rock
samples under different temperature and pressure conditions, and quantify their

impact on the dielectric properties of rocks.
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