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Abstract

Rock physics modelling is vital in various stages of exploration and production to comprehend
the fluctuations in the seismic response to variations in the physical and fluid properties of
rock. Rock physics explores the quantitative relationships of seismic, sonic or ultrasonic
velocities to the petrophysical properties so as to predict beyond the existing data range
facilitating the initial phase of seismic interpretation. This can be achieved through a forward
or an inverse rock physics model, with the primary aim being linking the elastic properties of
rocks to porosity, lithology etc. Therefore, rock physics is an integral part of reservoir
characterisation, seismic reservoir monitoring and lithology discrimination.

An extensive study based on the data generated in the laboratory under ambient conditions as
available in the literature indicates that mineralogy and fluid content are vital factors in altering
acoustic velocities of sedimentary rocks like sandstones. However, in rock physics, studies
incorporating mineralogical effects on rock behaviour along with petrophysical properties are
limited to a few. Accordingly, this study attempts to investigate the effects of petrophysical
properties of core plugs along with mineralogical properties on compressional wave velocity
(Vp) in combination rather than separately with a multivariate statistical approach. The core
plugs are from the two most prolific hydrocarbon producing regions of India. All parameters
were measured in the laboratory using standard and well-established laboratory methods, i.e.,
Vp by ultrasonic transducers, porosity by helium gas porosimeter, permeability by nitrogen gas
permeameter, grain and pore diameters were calculated from FESEM images, petrographic
analysis was carried out using optical microscopy and the mineral content by X-ray diffraction.
The multivariate regression analysis has been used in the present study to establish single and
multi-parameter correlations highlighting the importance of mineralogy in rock physics by
incorporating laboratory-derived V,, petrophysical and mineralogical data. Subsequently,
generalised models were developed for carbonates and sandstones.

Generally, well log data are used in the rock physics workflow for quantitative seismic data
interpretation. However, it is widely accepted that laboratory-based estimation of different
parameters is essential to corroborate data obtained from the well logs. Therefore, to validate
the efficacy of the laboratory-based rock physics model, seismic inversion was performed on
the seismic section belonging to the Upper Assam basin on which the laboratory-based model
was developed. Integrating the laboratory-derived rock physics model with the conventional
seismic inversion workflow, the density varied between 2.23 to 2.73 g/cc, while porosity varied
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between 7 to 27%. These generated models were compared with well log data, and there was
a reasonable agreement between them. The results indicated that prospective exploration
potential exists in the northwestern region of the study area due to the increasing thickness as
well as reservoir quality of the hydrocarbon-bearing zone. Hence, the present research provides
a framework for reservoir characterisation using integrated seismic, well and laboratory-based
approaches. Such a workflow may facilitate an improvement in the assessment and prediction

of productive reservoir zones during the exploration stage.

Keywords: rock physics; density; porosity; acoustic; laboratory; sandstones; carbonates;

seismic inversion
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Chapter 1
Introduction

1.1 Overview

Subsurface modelling and characterisation is critical in assessing productive reservoir zones
during the exploration and production of a hydrocarbon field (Avseth et al., 2010). The natural
heterogeneities of the subsurface geology have a significant impact on the performance of a
reservoir. Heterogeneities can occur at various scales due to the variations in porosity, clay
content, lithology, pore fluids, temperature and pressure (Mukerji et al., 2001). Seismic data,
ultrasonic and petrophysical measurements of core plugs, and usage of different types of well
log data are the methods of subsurface modelling and characterisation. Seismic data provide a
structural image of the reservoir zone that depends on lithology, porosity, type of fluid,
temperature and pressure (Mavko et al., 2009). Therefore, seismic data is considered the most
significant source of information for hydrocarbon reservoirs and sedimentary basin studies
(Seyyedattar et al., 2020). It is used to extract information about the subsurface rock and fluid
information, which would help identify potential prospective hydrocarbon reservoirs (Yu et al.,
2016).

An extensive understanding about the close association among key reservoir properties such as
porosity, permeability and seismic wave velocities is suitable for applications related to seismic
modelling, fluid substitution and rock physics diagnostics (Sang and Sun, 2014; Panizza and
Ravazzoli, 2019; Jiang et al., 2020). Investigations on the propagation of seismic waves (Vp,
Vs) through rocks provide valuable information regarding the estimation of petrophysical
properties (Vilhelm et al., 2016). To predict the physical properties, it is necessary to establish
relations between wave propagation attributes and petrophysical and lithological properties.
This can be achieved by transforming seismic data into elastic attributes and subsequently into
the different petrophysical properties through statistically derived relationships or a rock
physics model (Aleardi, 2018).

Rock physics addresses the relationships between rock properties, such as porosity, lithology,
fluid saturations and elastic properties such as velocities or impedances (Grana, 2014). These
models can be used in quantitative seismic interpretation and reservoir characterisation. The
model can be a set of simple empirical equations or sophisticated theoretical models (Mavko
et al., 2009). Rock physics deals with the interpretation of seismic, sonic and ultrasonic
velocities with respect to the petrophysical properties to predict beyond the existing data range

facilitating the initial phase of seismic interpretation (Avseth et al., 2010). Rock physics based
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quantitative interpretation has been instrumental in seismic reservoir monitoring and seismic
lithology discrimination because it links seismic data and reservoir properties (Bachrach,
2006). Therefore, rock physics modelling is vital to comprehend the variations in physical and
fluid properties due to the fluctuations in the seismic response during various stages of
exploration and production (Makarynska et al., 2010; Mirkamali et al., 2020).

The different rock physics models can be categorised into different sub-classes such as
theoretical, empirical and heuristic (Avseth et al., 2010). The theoretical models are mainly
mechanics based estimates of the rock’s elastic properties. These elastic models may be
inclusion models, contact models, computational models, bounds and transformations. An
efficient rock physics model must consider the different geological factors or environments
that may affect the acoustic properties (Xu and Payne, 2009; Avseth et al., 2010). There exists
a wide variety of velocity-porosity relations and rock physics models in the reference literature.
Also, statistical rock physics is widely used in hydrocarbon reservoir studies for modelling the
acoustic, petrophysical and geomechanical properties of rocks (Grana and Rossa, 2010; Rafik
and Kamel, 2017). Statistical rock physics integrates physical models with statistics to account
for and predict scenarios beyond the available data range (Grana and Rossa, 2010). These
techniques facilitate the prediction and estimation of hydrocarbon resources beyond the well
data.

The amalgamation of mineralogical and petrographical knowledge is essential for better
approximation and analysis of rock behaviour (Undiil, 2016). Researchers have observed the
mineralogy and fluid content are vital factors in altering acoustic velocities in the case of
sedimentary rocks like sandstones (Li and Gu, 2015; Dentith et al., 2020). However, in rock
physics modelling, such studies incorporating mineralogical and petrographical effects on rock
behaviour along with petrophysical properties are limited to a few. Therefore, this study is
intended to understand the effects of petrophysical properties along with mineralogical and
petrographical properties on Vp in combination rather than separately with a multivariate
statistical approach.

Several studies in the literature suggest correlations between the seismic velocities (Vp, Vs) and
the important rock petrophysical and geomechanical properties (Vernik, 1994). Correlating
bulk mineralogy of rock may not be a standalone factor; however, it has an effect on
compressional wave velocity (Vp) along with density and porosity. The characteristics of the
reservoir are used as input to make predictions of the effective elastic properties. Several factors
have an interdependency and an integrated analysis is required to understand the undercovered

trend. A forward rock physics model attempts to predict the elastic behaviour (e.g., elastic
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moduli, seismic velocities) of rocks from reservoir properties (e.g., porosity, constituent
properties, saturation) (Bredesen, 2012). Figure 1 depicts the conceptual framework on how
the different parameters are linked together by rock physics and seismic modelling. Therefore,
this study used a workflow that applied geological principles coupled with analytical and digital
image analysis techniques. Such a generalised predictive model will behave more realistic since

it contains all the components that capture V; variations.

Core Analysis Rock Physics

Subsurface

i

Vi=tip, , Q. )

i

Prodicsed Veluelty (mis)

Forward

EE—
MODELLING

Cm——

Inverse

Seismic Data

Estimation of Petrophysic; Inverted Seismic Attribute

Figure 1.1 Interrelationships among different parameter domains linked together by rock
physics and seismic modelling

1.2 Motivation

In the context of reservoir characterisation, reservoir properties are predicted and modelled
from seismic data by the inversion process. The inversion process transforms the seismically
derived parameters (such as Vyp, Vs, acoustic impedance, elastic impedance, seismic attributes)
into rock properties that describe the lithology and petrophysical properties such as porosity,
permeability and saturation. However, the estimation of reservoir properties from seismic data

suffers from a highly underdetermined problem with non-unique solutions (Oliver et al., 2008).
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A workflow based on the numerical reformulation of a laboratory-based rock physics model
may reduce the non-uniqueness. It is essential to understand the geological trend and reservoir
distribution to build a suitable rock physics workflow (Ali et al., 2020). Generally, well log
data are used in the rock physics workflow for quantitative interpretation. However, it is widely
accepted that laboratory-based estimation of petrophysical, geomechanical and mineralogical
parameters is essential to corroborate data obtained from the well logs (Ambati et al., 2021).
For laboratory studies, core plugs collected from multiple wells of the same basin is essential.
Analysis of the core plugs, collected from multiple wells of the same basin, tend to be more
representative of a broader lithologic unit (Zhang et al., 2020a). Therefore, the key process in
the inversion workflow is the integration of well logs and laboratory-based models for the
transformation of seismic-to-reservoir properties.

India has a vast stretch of sedimentary cover, offshore and onshore, and 26 basins have been
recognized (Bastia, 2006). These basins are divided into 5 different categories (category | to
V), based on hydrocarbon prospectivity. In the present study, an integrated analysis is carried
out considering the petrophysical and mineralogical properties with the ultrasonic
measurements for the Bombay offshore and Upper Assam basin. These basins are known to be
prolific hydrocarbon producing regions in India. Bombay offshore basin is a category |
sedimentary basin in India, that is known for commercial hydrocarbon production (Bastia,
2006). The Bombay offshore basin is considered to have around 50% of India’s total oil
reserves (Mohan, 1985). This formation belongs to the early Miocene age (Guha and Pandey,
1974; Mohan, 1978; Basu et al., 1980). This basin consists of approximately 70% carbonates
(Wandrey, 2004a). Several researchers reported values of petrophysical and acoustic properties
for studies pertaining to this basin in the literature. Sharma et al., (2020) reported an average
porosity range of 14.1% to 16.9% and permeability less than 5mD. As per Wandrey (2004a)
and Schon (2015), average porosity and permeability ranges from 15-20% and 100-250 mD,
respectively. The log values reported by Roy and Chatterjee (2020) varies from: Vp=3811 to
4193 m/s, bulk density = 2.51 to 2.66 g/cc and porosity = 14 to 22%. Similarly, Chandrasekhar
and Rao (2012) reported velocity log data in the range of 983 to 1352 m/s. The other basin, of
which datasets are considered in the present study, is the Upper Assam basin in India. The
Upper Assam basin is a tertiary sub-basin (Mathur, 2014), and it is surrounded by the
Himalayan orogenic belt in the north, Mishmi Thrust in the east, Schuppen Belt in the south
(Mandal and Dasgupta, 2013). As per Bastia (2006), this basin is also classified as a category
| sedimentary basin, and it is the first known hydrocarbon province (Pahari et al., 2008) in

India. Hydrocarbons are being produced for more than a century from the Upper Assam basin
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(Pahari et al., 2008; Mandal et al., 2011). As per Wandrey (2004b), the reservoir rocks are
interbedded sandstones of the Kopili formation, sandstones of Barail, Surma and Tipam groups.
Several researchers investigated the petrophysical and acoustic properties of this basin in the
literature. Wandrey (2004b) reported a porosity range of 7-30% and a permeability range of 8-
800 mD. Zaei and Rao (2019) reported average density as 2.40 g/cc and porosity as 13% for
Tipam sandstones. The log derived porosity ranges from 27-30% (Ishwar and Bharadwaj,
2013) and 15-30% (Bharali and Borgohain, 2013). Similarly, Gogoi and Chatterjee (2019)
reported log derived porosity for Tipam sandstones as 30-36% and for Barail sandstones as 18-
30%. Mandal et al. (2011) reported a regional velocity trend in the range of 1600- 2900 m/s.
Similarly, Gogoi and Chatterjee (2018), reported seismic velocity in the range of 2500-4000
m/s. With reference to the Indian context, Upper Assam basin has been identified as one of the
76 priority provinces by USGS (Wandrey, 2004b) and hydrocarbon exploration opportunity
still exists in this basin (Mandal and Dasgupta, 2013) parallel to Naga thrust fault and north of
Brahmaputra river (Wandrey, 2004b; Pahari et al., 2008).

Hence, the aim of this study is the incorporation of laboratory-derived petrophysical and
mineralogical data in the quantitative interpretation of compressional wave velocity (Vp) to
enhance the capability of rock physics models in reservoir characterization. The present
research deals with the laboratory based assessment on factors controlling the acoustic
properties of carbonates from Bombay offshore and sandstones from the Upper Assam basin.
Subsequently, seismic data and well logs from the Upper Assam basin were used to first invert
the seismic data to obtain acoustic impedance, from which the interpretations were made for
the spatial distributions of different parameters such as porosity, density, shale volume and
water saturation. In totality, this work deals with rock physics laboratory measurements,
statistical correlations between various petrophysical properties and applications of laboratory

and well log data to interpret seismic inversion in terms of petrophysical properties.
1.3 Objectives of the Study

Based on the above discussion, the following objectives are outlined for the present research
study.
I.  To measure the compressional wave velocity of different types of sedimentary rocks
using laboratory-based measurements and study its association with-
(a) the petrophysical properties

(b) the mechanical properties
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To study the effect of mineralogy on the compressional wave velocity of different types
of sedimentary rocks.

To develop a rock physics model integrating petrophysical variables and mineralogical
variables with the velocity model.

To validate the efficacy of the rock physics model in the quantitative interpretation of

geophysical data for the exploration of conventional energy sources.

1.4 Organisation of the Thesis

Having identified the objectives, the thesis is organised chapter-wise as follows:

>

Chapter 1 gives a general overview of the thesis, motivation behind this research work and
its importance. The objectives of the study are also listed in this chapter.

Chapter 2 reviews the literature comprehensively on the background research and
identifies the gap areas.

Chapter 3 describes the laboratory methods and techniques for the estimation of acoustic
and petrophysical properties.

Chapter 4 deals with the assessment of factors controlling the acoustic properties of
carbonates.

Chapter 5 presents a multivariate statistical approach in correlating the acoustic properties
with petrophysics and mineralogy on sandstones.

Chapter 6 presents the mapping of petrophysical properties by integrating well log data
and laboratory-based rock physics model through seismic inversion.

Chapter 7 summarises the major findings and conclusions of the study. The limitations of

the study and recommendations for future work are also presented in this chapter.
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Chapter 2
Literature Review

2.1 Introduction

This chapter presents the literature background leading to motivation for the objectives of the
thesis. Along with the literature background, limitations in the current state of the art are
identified. Section 2.2 covers a comprehensive analysis of the relationships between elastic
wave velocities and petrophysical properties of sedimentary rocks based on laboratory
measurements. Section 2.4 presents an overview of elastic wave velocities as indicators of

lithology-based geomechanical behaviour of sedimentary rocks.

2.2 Variation of V, with the Petrophysical Properties of Sedimentary Rocks

An attempt is made to correlate the variation in compressional and shear wave velocities (Vp
and V;) of different sedimentary rocks with respect to different petrophysical parameters such
as porosity, density, water absorption, clay content and permeability. In order to include a wide
range of datasets for a comprehensive analysis, datasets used in this study are generated by
various researchers from laboratory experiments conducted on sandstones, carbonates and
other sedimentary rocks such as mudstone and shale under ambient conditions. The present
study used only reported datasets generated from experimental measurements under ambient
conditions so as to have a common reference condition. Literature reported datasets generated
from experimental measurements under stressed conditions were found to be derived under a
range of stress values rather than a common standard value. As a result, it will be challenging
to establish a common reference condition to correlate velocity values with petrophysical
parameters. Moreover, samples might undergo mechanical alteration during pressurisation
under stressed conditions (alter sample microstructure) (Baechle et al., 2005). Therefore, the
datasets developed under stressed conditions in the laboratory have been excluded from this
literature review study.

The dataset comprises ultrasonic velocity measurements conducted on different types of
sandstone, mudstone, wackestone, limestone, marlstone, siltstone, conglomerate, claystone,
marl, dolomite, shale, shaly sands and dolomitic limestone. Table 2.1 summarises the details
about the ultrasonic technique used for measuring Vp and Vs on different rock types by different
researchers in their respective studies. During the data generation process, it was found that
high-quality data are scarce, and hence we have adopted a much-generalised approach in

consideration of geographic location, stratigraphy or geochronology of the rocks. The location
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of rocks from which the datasets have been generated for this particular study has been plotted
in global map as shown in Figure 2.1 and it indicates that datasets from all across the world
have been taken for this study. The datasets used for the present study comprises V, and Vs
measured for various sedimentary rock samples in the laboratory using different ultrasonic
techniques, as discussed in the subsequent paragraphs. However, it was found that experimental
datasets available for measured values of shear wave velocity (Vs) are very rare. The reason
for fewer datasets available for the relationship between Vs and petrophysical properties in the
literature may be due to several reasons, including the fact that Vs is commonly calculated from
Vp values that are already established method followed by researchers. Many empirical
relations are suggested in the literature, such as Vp/Vs = 1.65 to 2 (Johnston and Christensen,
1993), Vp/Vs = 1.5 to 1.7 for quartzose sandstones, Vp/Vs = 1.9 for pure limestones (Assefa et
al., 2003). Hence, more studies were focused on relating V, with the petrophysical properties
such as porosity, permeability, density, clay content etc. Using the correlation between V, and
Vs (Vp, Vs ratio), the relationship between Vs and other petrophysical properties can be
evaluated.

The different ultrasonic techniques, namely pulse-echo (Gaviglio, 1989; Klimentos, 1991;
Assefa et al., 2003) and through transmission (Han et al., 1986; Yasar and Erdogen, 2004;
Kahraman and Yeken, 2008; Kilic and Teymen, 2008; Moradian and Behnia, 2009; Sarkar et
al., 2012; Madhubabu et al., 2016) were used by various researchers to measure the
compressional (longitudinal) and shear (transverse) wave velocities in different rock samples.
In the pulse-echo technique, only one transducer (acting as both transmitter and receiver) is
used to measure velocity. For through transmission technique, a pair of transducers (one
transmitter and one receiver) are used for measuring the velocity and hence the measured
velocity (Vp or Vs) may not be affected by the type of measurement. The velocity of the rock
samples has been determined either by using PUNDIT- Portable Ultrasonic Non-destructive
Digital Indicating Tester (Kilic and Teymen, 2008; Karakul and Ulusay, 2013; Yasar and
Erdogen, 2004; Moradian et al., 2009; Brotons et al., 2016), or by using a combination of the
pulse generator, transducers (transmitter and receiver) of varying frequencies (54 kHz to 1
MHz) and oscilloscope (Kahraman and Yeken, 2008; Mueller, 2013; Vilhelm et al., 2016). The
PUNDIT consists of a pulse generator, transducers and an electronic counter for time interval
measurements. Two different kinds of transducers have been used: a longitudinal transducer
for measuring the P-wave velocity and a shear transducer for measuring the S-wave velocity.
The velocity values determined do not appear to be frequency-dependent as long as the
wavelength is significantly greater than the grain size (ISRM, 1978, ASTM, D2845). ISRM

8
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(1978) recommends the minimum lateral dimension should not be less than ten times the
wavelength while ASTM stipulates five times the wavelength.

Several test techniques and procedures have been employed in the literature for determining
the different petrophysical properties. Table 2.2 tabulates the different standards/codes that
have been used for the determination of different physical parameters, while Table 2.3 tabulates
the instruments/tests used/conducted to derive datasets that are used for this study. We have
not carried out any standardisation or normalisation on the datasets though it may be important
to have one such as we are using datasets generated from different methods or process.
However, such an approach can propagate some bias in the analysis and hence we used original
data as such.

To understand the relationship between compressional wave velocity (V) and porosity, a
combined graphical representation was generated from the given datasets of Kahraman et al.
(2008), Kilic and Teymen (2008), Kurtulus et al. (2016), Kassab and Weller, (2015),
Madhubabu et al. (2016). For datasets that are not in a table format, graphical values were taken
and plotted along with other datasets (Soroush et al., 2011; Pappalardo, 2015; Parent et al.,
2015 and Sayed et al., 2015). Similarly, the bulk density-V, graph was plotted from values
obtained by Kahraman et al. (2008), Moradian and Behnia (2009) and Kurtulus et al. (2016)
and from graphical values given by Soroush et al. (2011); Parent et al. (2015) and Sayed et al.
(2016). Water absorption- V, relationship was obtained from the dataset of Kahraman et al.
(2008) and Kurtulus et al. (2015) and graphical values from Soroush et al. (2011). Permeability-
V,, relationship was derived from studies conducted by Kassab et al. (2015), Al-Dousari et al.
(2016), Sayed et al. (2016).

From the available data, a linear plot is considered to illustrate the relationship between the
compressional velocities (km/s) with porosity (%), bulk density (g/cc) and water absorption
(%). A semi-log plot is used between compressional wave velocities and permeability (mD). It
is important to understand the fact that a combined graphical representation of two parameters
taken from studies conducted by various researchers across the world could lead to a general
or universal trend that could nullify the effect of many other less important factors underlying
in it. For this purpose, we first analysed existing trends or relationships in the form of equations
(empirical relations) established by various researchers. From such an analysis, it was found
that empirical relationships derived by various researchers are applicable only to the datasets
on which it was derived and is not useful as a general trend for extrapolation or interpolation.

In another way, it means the correlation between the two parameters is poor. Although a general
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positive or negative trend is shown between the plotted parameters, it cannot be generalised in
the form of a mathematical equation.

An effort is made to exclusively understand the relationship between V, and porosity and the
underlying effect of density on it. This is achieved by plotting velocity ratio (ratio of actual V,
and Vp obtained through proposed general trend for density) and porosity for those particular
datasets for which density, porosity and compressional velocity were measured in the
laboratory and available. These datasets include the studies of Kahraman et al. (2008), Soroush
et al. (2011), Kurtulus et al. (2015), Kassab et al. (2015). This attempt is made to nullify the

density effect by removing the effect of density from the porosity-velocity relationship.

LEGENDS
A- Gulf of Mexico, B-Western Provence, France, D- Southern England, E- Adana, Turkey,
F- Nigde, Kayseri, Konya & Antalya, Turkey, G- Southern Anatolia, H- Iran,
J- Jutogh, Lower Shiwalik & Lower Gondwana, India, K- Cebecikoy, Hereke, Akveren, Soguck & Bakirkoy,
Turkey, L- Peloritani Mounts, NE Sicily, N- Tushka, Egypt,
O- North Sinai, Egypt, P- Kutch, Gujrat, India

Figure 2.1 Locations of study area appropriate to the sedimentary rock samples relevant to this
literature review study

Table 2.1 Compilation of different studies generated by various researchers relevant to this
literature review study

Label Number Rock Type Lab Technique | Reference
Used

A Sandstone Through Han et al. (1986)
transmission,

10
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P wave frequency 1
MHz and S wave 0.6
MHz, V, measured
on water-saturated
rocks under varying
confining pressures
(upto 40 MPa)

Mudstone

Pulse echo method,

B2

Wackestone

transducer frequency
2.25 MHz

Gaviglio (1989)

Sandstone

Pulse echo method,
ultrasonic frequency
(0.5-1.5 MHz), V,
measured on water-
saturated rocks under
varying  confining
pressures (upto 40

MPa)

Klimentos (1991)

Limestone

Pulse echo method,
Vp frequency 0.85
MHz and Vs
frequency 0.7 MHz
measured under 50
MPa hydrostatic

pressure

Assefa et al. (2002)

Carbonate rocks

Through

transmission method

Yasar and Erdogan
(2004)

Carbonate rocks

Through
transmission,
transducer frequency
54 kHz

Kahraman and
Yeken (2008)

Limestone

Through

G2

Sandstone

transmission

Kilic et al. (2008)

TH-2897_166104013
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H H1 Limestone Through Moradian et al.
H2 Sandstone transmission, (2009)
H3 Marlstone transducer frequency
1 MHz
I 11 Sandstone Ultrasonic pulse | Soroush et al. (2011)
12 Siltstone technique
13 Conglomerate
14 Claystone
15 Limestone
16 Marl
17 Micro-conglomerate
J J1 Limestone Through Sarkar et al. (2012)
J2 Sandstone transmission
J3 Dolomitic limestone
J4 Dolomite
J5 Shale
K Limestone Ultrasonic pulse | Kurtulus et al. (2015)
generator operating
at 54 kHz
L Dolostone High Emission MAE | Pappalardo (2015)
device with probes of
frequency 53 kHz
Limestone Not mentioned Parent et al. (2015)
N Sandstone USLT 2000 device | Kassab et al. (2015)
with 500kHz
frequency
@) Carbonate rocks Through Sayed et al. (2015)
transmission, Vp
measured at 63 kHz
and Vs at 33 kHz
frequency
P Carbonate rocks Through Madhubabu et al.
transmission (2016)

TH-2897_166104013
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Q Q1 Sandstone Obtained at 1 MHz | Al-Dousari et al.
frequency, Vp, Vs | (2016
Q2 Shaly sands f y P | ( )
measured under
Q3 Carbonate rocks effective stress of
4000psig

Table 2.2 Standards for determination of different physical parameters of rock samples

Parameter Standard Formula
Density ISRM 1977, 1S 13030 - 1991 W, * Pg
pdry =
Wsat - Wsub
- Wsat — Wadry
Porosity ISRM 1977, IS 13030-1991 Wsat — Wsub
P wave velocity ASTM D2845, IS 13311, v 3
Part 1: 1992 t

Table 2.3 Instruments/Tests used/conducted related to petrophysical properties to derive
datasets relevant to this study

S No Parameters Instruments used Reference
analysed
1 Porosity Helium Gas Porosimeter | Klimentos (1991)
Assefa et al. (2003)
Water Saturation Kahraman et al. (2008)
Technique Kurtulus et al. (2015)
Madhubabu et al. (2016)
2 Permeability Nitrogen Gas Klimentos (1991)
Permeameter Assefa et al. (2003)
Kassab et al. (2015)
Sayed et al. (2015)
3 Grain density Helium pycnometer Gegenhuber (2016)
13
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4 Mineralogy XRD Klimentos (1991)

Thin section studies Klimentos (1991)

Karakul et al. (2013)
Pappalardo et al. (2015)
Madhubabu et al. (2016)

2.3 Results and Discussion

In the present study, we tried to analyse the change in the compressional and shear wave
velocities of various sedimentary rock samples with respect to a number of petrophysical
parameters such as porosity, bulk density, water saturation, permeability etc. in ambient
conditions. Among the datasets analysed, datasets labelled as D, E, F, K, L, M, O, P represent
carbonate rocks while A, C, N represent sandstones, as referred to in Table 2.1. Datasets
labelled as B, G, H, 1, J, Q represents a combination of different rock types as summarised in
Table 2.1. The relations between petrophysical properties and compressional and shear wave
velocities for reservoir rocks have been analysed and plotted, and all the empirical relations

existing between them have been tabulated.

2.3.1 Density and Porosity

One of the important petrophysical properties analysed in this study is bulk density. The bulk
density takes into account the total volume (solid and pore space) of the rock specimen,
including the natural voids. Several researchers, in their studies, have related Vp, Vs with the
bulk density since these values are relatively easy to measure in the field as well as in the
laboratory. A combined graphical representation of all the datasets (Figure 2.2(a)) were
generated to analyse the existing relationships and derive a general trend. The range of bulk
density found from the graph is between 1.85g/cc to 2.75g/cc' and V, ranges from 2 km/s to
7.1 km/s. In general, it can be said that there is a linear relationship between V, and bulk density
for all rock types. Figure 2.2(b) is an alternative representation of Figure 2.2 (a) along with
empirical equations derived by various researchers relating bulk density and P-wave velocity
(Label No. F, I, K, H, M, O, N are plotted as datasets, empirical equations are plotted as lines,
Label M is logarithmic variation, Label | is polynomial variation while the rest labels are
linearly varying as reported in their respective studies). It is obvious from Figure 2.2(b) that all
the empirical relationships given are valid to only the datasets from which it was derived, and
none of the existing empirical equations can be used as a general trend. Table 2.4 enlists all the

empirical relations existing between density (bulk, saturated and dry density) and V,. We tried

14
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to fit a general trend for the entire dataset plotted, and Figure 2.2(c) shows the general
(proposed) linear trend bounding the maximum and minimum range of bulk density and

compression wave velocity. General trends or global trends should be independent of the type

of rock under study, which is not applicable in this case.
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Figure 2.2 Graphical representation of bulk density versus Vp, (a) as reported by different
researchers, (b) including empirical equations generated by different researchers and, (c)
including general trend derived from this study (where Y is Bulk density (g/cc), and X is V,
(km/s))

Table 2.4 Compilation of empirical equations derived for velocity (Vp, Vs) and density as
reported by various researchers

S. | Parameters Empirical relation Coefficient of | Reference
No. determination
(R?)
1 | pdry (g/cc) - V, = 3'661pdry —4.461 0.78 B (Gaviglio,
Vp (km/s) 1989)
2 | pouk (g/cc) - V, =4.3183p,,, - 7.5071 0.81 E (Yasar and
Vp (km/s) Erdogan,
2004)
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3 | pouk (g/cc) - Do = 0213V, +1.256 0.821 F
Vp (km/s) (Kahraman
and Yeken,
2008)
4 | pouk (g/cc) - Lo = _2)(10—8VP2 +0.0002V, +1.93 0.71 | (Soroush et
Vp (m/s) al., 2011)
5 | poulk (g/cc) — Lo = —6X10_8V52 +0.0004V +1.94 0.73 | (Soroush et
Vs (m/s) al., 2011)
6 | pdry(g/cc) - D, % 0.00028V,, +1.59 0.934 J (Sarkar et
Vp (m/s) al., 2012)
7 | pdry (g/cc) - i .0003V,, +0.9815 0.8794 K (Kurtulus
Vp (m/s) etal., 2016)
8 psat (g/cc) - Lo —1.8771e%E 0% 0.8182 K (Kurtulus
Vp (m/s) et al., 2016)
9 | pouk(g/cc) - Loy = 0.0002V,, +1.339 0.8996 K (Kurtulus
Vp (m/s) etal., 2016)
10 | poulk (kg/m®) Posic = 946 In(VP) —5561 0.84 M (Parent et
- Vp (m/s) al., 2015)

A detailed analysis of the relationship between V, and porosity (¢) is presented in this study.

For this purpose, three graphs have been plotted, which highlights the correlation between ¢
and Vp. In Figure 2.3(a), only the datasets as reported by different researchers for their
respective reservoir rock types have been plotted. In Figure 2.3(b), data representing the
empirical equations as studied across the literature for the respective reservoir rocks, along with
the datasets combined is plotted. Figure 2.3(c) shows the general (proposed) trend, that is, an
exponential decrease in porosity with an increase in Vp. Such a type of general trend is
independent of the type of rock under study, which may be important for identifying an accurate

relationship among the two parameters (¢ and Vy). On closer scrutiny, the range of porosity

found from the plotted graph is 0.40% to 37.81% for all the different rock types, for V, varying
between 1.47 km/s to 6.75 km/s. However, the porosity values for carbonates and sandstones
are scattered over the entire graph. Thus, it is clear that a negative correlation exists between
Vp and porosity, which is valid for rock types for different porosity ranges. The dominant
variables affecting the compressional wave velocity (Vp) include bulk density and porosity. In

16
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order to account for its dependency, V, has been plotted with a bulk density as the primary axis
and porosity as a secondary axis for a common set of data available Kahraman et al. (2008),
Soroush et al. (2011), Kurtulus et al. (2015), Kassab et al. (2015), as shown in Figure 2.4 (b).
It is evident from the highlighted circle in the graph that, for a lower value of Vp, lower is the
bulk density and higher is the porosity, thereby showing the generality in the correlations that

relate the petrophysical properties of rocks with V.

Table 2.5 enlists all the empirical relations that exist between porosity and V,, as reported across
the literature. Various researchers have developed several empirical relationships from their
datasets, and after plotting these datasets, it is evident that those empirical relationships are not
valid in a general form, and a one-to-one correlation is not possible. Hence, an attempt is made
to establish a one-to-one relationship by removing the influence of the density factor. The sole
purpose of plotting Figure 2.5(b) is to understand the direct relationship between V, and
porosity by removing the density effect (for datasets of Kahraman et al. (2008), Soroush et al.
(2011), Kurtulus et al. (2015), Kassab et al. (2015)). Figure 2.5(c) shows the combined
representation of porosity with respect to compressional wave velocity measured (Vp) to the
ratio between V, and V, (Density) calculated from the general trend observed between bulk
density and V, (for datasets of Kahraman et al. (2008); Soroush et al. (2011); Kurtulus et al.
(2015); Kassab et al. (2015)). Previous studies provide limited information about how density
has an effect on porosity and velocity. The plot so generated shows a decrease in porosity with

an increase in Vp.

Detailed analysis on the relationship between Vs and Bulk Density is not possible due to
scarcity of data. Figure 2.6 depicts a graphical representation of Bulk Density with respect to
Vs obtained with a poorly fitted general trend derived from studies conducted by three different
literatures, namely Moradian et al. (2009); Soroush et al. (2011) and Sayed et al. (2015). The
range of bulk density found from the plotted graph is 2.04 g/cc to 2.73 g/cc for all the different
rock types, for Vs varying between 1.2 km/s to 3.1 km/s. In his study, Soroush et al. (2011),
(legend 1) suggested a quadratic (increasing trend) correlation between both the parameters,
which is also evident from Figure 2.6. In general, Vs increases with an increase in bulk density.
However, in totality, a scattered plot is observed but cannot be generalised due to data scarcity.
No clear trend is observed between bulk density and Vs (Figure 2.6).
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Figure 2.3 V,, versus Porosity (a) as reported by different researchers, (b) including empirical
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represent empirical equation) and, (c) including general trends derived from this study (datasets
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density (g/cc)), and (b) Vp versus porosity and bulk density (the datasets falling in the circle
shows a porosity value more than 20% with a low bulk density and comparatively lower V,

values)
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Figure 2.5 V, versus Porosity, (a) as reported by different researchers (where Y is Vp (km/s)
and X is Porosity (%), (b) including ratio of V, and V obtained from density plot, and porosity,
as reported by different researchers, (c) including V, and ratio of V, and V, obtained from
density plot, with porosity as reported by different researchers

Table 2.5 Compilation of empirical equations derived for velocity (Vp, Vs) and porosity as

reported by various researchers

TH-2897_166104013

S. Parameters Empirical relation Coefficient of | Reference
No. determination
(R?)
1 ¢ (fraction)-Vp V, =5.02-5.63¢ 0.840 A (Han et al.
(km/s) 1986)
2 ¢ (fraction)-Vs V, =3.03-3.78¢ 0.754 A (Han et al.
(km/s) 1986)
3 ¢ (%)-Vp (Mls) V, =5317-89¢ 0.46 D (Assefa et
al. 2003)
4 ¢ (%)-Vs (m/s) V, =2844-49¢ 0.44 D (Assefa et
al. 2003)
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5 ¢ (%)-Vp (km/s) ¢=-4733V, +29.377 0.844 F (Kahraman
and Yeken,
2008)
6 ¢ (%)-Vp (M/s) ¢=—-7.415In(V,) +64.96 0.63 | (Soroush et
al. 2011)
7 ¢ (%)-Vs (m/s) ¢=-8.61In(V,)+69.45 0.60 | (Soroush et
al. 2011)
8 ¢ (%)-Vp (kmis) ¢=15.24-1.899V, 0.74 L (Pappalardo
2015)
9 ¢ (%)-Vp (km/s) ¢'=6.377-0.719V, 0.60 L (Pappalardo
2015)
10 ¢ (%)-Vp (mfs) ¢ =-0.004V, +3.1465 0.85 K (Kurtulus
et al. 2016)
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Figure 2.6 Vs (Shear wave velocity) versus Bulk Density as reported by different researchers

2.3.2 Water Absorption and Saturating Fluid
The plotted graph, as well as the results reported in the literature, indicate that there is a

negative correlation between V and water absorption. Thus, Vp may be used as an objective

parameter for the estimation of water absorption characteristics (Kurtulus et al., 2016). From

the graph, as shown in Figure 2.7, the range of water absorption found from the graph is 0.1 %

to 6.45% and Vp range is 2 km/s to 6.1 km/s. However, water absorption being an important

TH-2897_166104013
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rock index depends on the mineralogy and porosity of rock (Soroush et al., 2011). Table 2.6
shows the empirical relations between water absorption and Vp and Vs,

Also, the type of the saturating fluid also has an effect on the compressional and shear wave
velocities. A rock may be saturated with water, oil, brine or gas. The velocity of the P-wave is
highest for brine saturated, intermediate for kerosene and lowest for the dry rock at all
pressures, whereas the shear wave velocities are highest for the dry rock and lowest for the
brine saturated rock. Moreover, the effect of saturating fluid is more in compressional velocities
than in shear wave velocities (Toksoz et al., 1976).

Table 2.6 Compilation of empirical equations derived for velocity (Vp, Vs) and water
absorption as reported by various researchers

S. No. | Parameters Empirical relation Coefficient of Reference
determination
(R
1 Wa (%)- Vp (km/s) W, =-2.248V, +13.76 0.90 F (Kahraman
and Yeken,
2008)
2 Wa (%)- Vp (m/s) W, =-4.184In(V, ) +36.56 0.81 | (Soroush et
al., 2011)
3 Wa (%)- Vs (m/s) W, =-4.390In(V, ) +35.28 0.75 | (Soroush et
al., 2011)
7 oF
S * e ol
é ° @) ® AK
54 ° .
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0 |
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Figure 2.7 V; versus water absorption as reported by different researchers
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2.3.3 Permeability

Very few studies have been conducted considering the effect of permeability on the
compressional and shear wave velocity. Kassab et al. (2015) illustrated that there is no clear
trend between V, and permeability, while Sayed et al. (2015) observed a weak relationship
between the two. Also, Al-Dousari et al. (2016) observed a weak relation between the two
properties measured under effective stress of 4000 psig. But, Klimentos (1991), through his
study under confining pressure, indicated that there is a minor increasing trend of P-wave
velocity with increasing permeability, thereby suggesting that the effect of permeability alone
is negligible. In other words, the effect of permeability on P-wave velocity is minimal
compared to that of porosity and clay content. However, it is to be noted that there is an
interdependency of permeability with porosity, density and a combined analysis is required to
understand the undercovered trend of permeability clearly. In other words, the misleading
permeability-velocity relationship may be attributed to the influence of the clay content-
velocity relationship. From the plotted semi-log graph as shown in Figure 2.8, the range of
permeability found is 1.15 mD to 4969.19 mD and V, range is 3.12 km/s to 6.33 km/s.
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Figure 2.8 V, versus Permeability as reported by different researchers

2.3.4 Clay Content

Most of the researchers have investigated the relationship between clay content and V, and Vs
under confining pressures (Han et al., 1986; Klimentos, 1991) and observed that there is a clear
linear trend of decreasing P-wave velocity with an increase in the clay content in both poor and
well-consolidated rock samples. The reason for the effect being the higher compressibility of

22
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the clay minerals significantly affects the ultrasonic waves travelling through the rocks. Even
small amounts of clay content may have a larger effect on decreasing the velocity since clays
can alter the petrophysical properties by reducing the pore size or increasing the specific
surface area. However, Al-Dousari et al. (2016) studied the relationship between clay content
and Vp measured at effective stress of 4000 psi on sandstone/shaly sands/carbonate rocks and
observed scattering of data indicating no clear trend. Hence, it can be concluded that clay
content has a dominant effect on Vp, and a small variation in its amount can result in a change
in Vp. There is a lack of study on the influence of clay content on V, as well as Vs under ambient
conditions. It is predictable that V, and Vs will be affected by the amount of clay present in the
rock sample. The effect of clay can already be sighted by its effect in other petrophysical

parameters, especially density, porosity and permeability.

2.4 Variation of V, with the Geomechanical Properties of Sedimentary
Rocks

Different geomechanical properties such as elastic modulus/deformation modulus, Poisson’s
ratio (v), uniaxial compressive strength (UCS), shear strength properties, tensile strength, point
load index are widely used for rock mass characterisation in geological and geotechnical
engineering. However, there are no direct methods by which these properties can be obtained
in the laboratory or in-situ without following a time-consuming and laborious procedure. Thus,
the ultrasonic technique, an indirect method, were found reliable to determine these properties
in rocks. Many researchers have studied the correlation between the compressional wave
velocity (Vp) and the geomechanical properties of sedimentary rocks such as sandstones and
carbonates. Vp, Vs have been correlated with different mechanical properties from the dataset
available in the literature to understand the existing association between the two and its
importance in reservoir characterisation. Researchers have obtained a strong correlation
between geomechanical properties (UCS, indirect tensile strength, E, v, slake durability, point
load strength) and Vy, Vs (longitudinal and shear wave) for different rocks (sandstone, shale,
limestone, coal, marlstone, siltstone, conglomerate, marl, dolomitic limestone, dolomite,
argillaceous limestone, claystone). Table 2.7 presents the summary of techniques used by
various researchers on different rocks reported in the literature. Different empirical relations
have also been reported in literature correlating these geomechanical properties with Vp, Vs for
different rock types. These correlations were achieved based on numerous testings from
different types of formations with different lithology and different parts of the world (Figure
2.9). The use of such empirical correlations is sometimes the only method to evaluate the
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strength under certain conditions where rock cores cannot be obtained for conducting
laboratory tests. The datasets in this review are based on mainly sandstones and carbonate rocks
under ambient conditions. The datasets have been plotted together, and graphs of variation of
compressional wave velocity with UCS, indirect tensile strength (ot), Young’s modulus (E),
Poisson’s ratio (v), slake durability and point load strength have been shown. Due to the
scarcity of available data, the rocks considered in this study, namely sandstones and carbonate
rocks, are neither from any particular geological time period nor any preference of a
geographical region has been taken. The map (Figure 2.9) shows the locations of the rock types
considered, and it illustrates all the available datasets from the entire world have been
considered for this literature review. The datasets reported in this study belongs to tests
conducted on dry rocks. The literature reference regarding laboratory techniques used by
different researchers is summarised in Table 2.7. The test procedures for determining V,, point
load index, UCS, E have been standardised by IS and ASTM (Table 2.8).

Table 2.7 Summarised data details reported in the literature

Designation | Rock Type Lab Technique Used Reference

A Limestone, mudstones, | - D’Andrea et al. (1965)
psammite, greenstones, and extended by
granites McCann et al. (1990)

B Sandstone - Freyburg (1972)
Sandstone - Fjaer (1999)

D Sandstone Through transmission, Han et al. (1986)

P wave frequency 1 MHz
and S wave 0.6 MHz, V,
measured on  water-
saturated rocks at different

confining pressures (up to

40 MPa)
E Sandstone - Moos et al. (1948)
Through transmission, Kahraman (2001)
Limestone transducer frequency 54
kHz
G Carbonates Through transmission Yasar and Erdogan.
(2004)
24
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H Sandstone Chang et al. (2006)
Shale Not mentioned
Limestone
Dolomite
| Limestone Through transmission | Kilic and Teymen
Sandstone (2008)
J Limestone Not mentioned Cobanoglu and Celik
Sandstone (2008)
L Carbonate rocks Through transmission | Kahraman and Yeken
transducer frequency 54 | (2008)
kHz
M Sandstone Through transmission Sharma and Singh
Coal (2008)
Shaly rock
N Limestone Through transmission, Moradian and Behnia
Sandstone transducer frequency 1 | (2009)
Marlstone MHz
@) Sandstone Ultrasonic pulse technique | Soroush et al. (2011)
Siltstone
Conglomerate
Limestone
Marl
P Limestone Through  transmission | Sarkar et al. (2012)
Sandstone
Dolomitic limestone
Dolomite
Coal
Shale
Q Marl Through  transmission | Karakul and Ulusay
Sandstone (2013)
Argillaceous limestone
Limestone
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Sandstone
Clay stone
R Limestone Not mentioned Parent et al. (2015)
Dolostone High  Emission MAE
device with probes of | Pappalardo (2015)
frequency 53 kHz
T Limestone Ultrasonic pulse generator | Kurtulus et al. (2016)
operating at 54 kHz
U Carbonate rocks Through transmission Madhubabu et al.
(2016)

Table 2.8 Standards for determination of different parameters of rocks

Parameter Standard

Point Load Index ASTM D5731, IS 8764-1998

UCS IS 9143-1979, ASTM D2938-2002
Brazilian tensile strength IS 10082-1981, ASTM D3967-08
Durability (slake durability) IS 10050-1981
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LEGENDS

B-Thuringia, Germany, C- Gulf Coast, USA, D- Gulf of Mexico, E- Cook Inlet, Alaska, USA,
F- Turkey,

G- Adana, Turkey, I- Southern Anatolia, Turkey, J- Turkey,

L- Nigde, Kayseri, Konya & Antalya, Turkey, M- Lower Shiwalik & Lower Gondwana
(Singrauli & Jharia), India, N- Iran, P- Jutogh, Lower Shiwalik & Lower Gondwana, India, Q-
Turkey, S- Peloritani Mounts, NE Sicily, T- Cebecikoy, Hereke, Akveren, Soguck & Bakirkoy,
Turkey, U- Kutch, Gujarat, India

Figure 2.9 Location map of different sedimentary rock samples reported in this literature
review study

2.5 Results and Discussion

The different mechanical properties of rocks, Vp and Vs, reported in this literature review were
based on laboratory measurements under ambient conditions. Amongst the different literature
data analysed, datasets labelled as B, C, D, E represent sandstones, datasets labelled as A, F,
G, L, S, T, U represent carbonates, while datasets labelled as H, 1, J, N, O, P, Q consists of a

combination of different rocks (Table 2.7).

2.5.1 Rock Strength

The rock strength, categorised as compressive and tensile, is one of the most crucial
geomechanical properties. A suitable core for testing is not always available, and in the absence
of cores, correlations can be used to estimate strength. Moos et al. (1948); D’ Andrea et al.
(1964); Freyburg (1972); McCann et al. (1990); Fjaer (1992); Vernik et al. (1993); Moos et al.
(2001); Kahraman (2001); Yasar and Erdogan (2004); Entwisle et al. (2005); Sharma and Singh
(2008); Cobanoglu and Celik (2008); Kilic and Teymen (2008); Moradian and Behnia (2009);
Soroush et al.(2011); Sarkar et al. (2012); Karakul and Ulusay (2013); Pappalardo (2015);
Parent et al. (2015); Kurtulus et al. (2016) established empirical correlations between UCS,
tensile strength and V,. Tables 2.9 and 2.10 present the instrument used to evaluate UCS and
indirect tensile strengths in the literature and Tables 2.11 and 2.12 depict the relationships

between UCS, indirect tensile strength, and V;, as reported in the literature.

Table 2.9 Instrument used for evaluating UCS in the literature

Instrument used Associated Literature Sample Location
UCS Instrument 1. Madhubabu et al. | Carbonate Gujarat, India
(2016) rocks
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2. Kilic and Teymen | Sandstone Turkey
(2008)

3. Pappalardo (2015) Sandstone Sicily

4. Sarkar et al. (2012) Sandstone Jutogh, India
5. Kurtulus et al. (2016) | Limestone Turkey

6. Moradian and Behnia | Sandstone Iran

(2009) Limestone

Table 2.10 Instrument used for evaluating indirect tensile strength in the literature

Instrument used Associated Literature Sample Location
Brazilian Tensile | 1. Kilic and Teymen | Sandstones Turkey
strength instrument (2008)

2. Kurtulus et al. (2016) | Limestones Turkey

Table 2.11 Summary of correlation laws between ultrasonic velocity (Vp) and UCS available

in the literature

S Parameters Empirical Relation R? Reference

No.

1 UCs (MPa)-Vp | UCS =35.4V, —55 0.80 A (D’Andrea et al.,
(km/s) 1965)

2 | UCs (MPa)-V; | UCS =0.035V, —31.5 - B (Freyburg, 1972)
(m/s)

3 |UCS  (MPa)-Vp | UCS =3.3X10% pV2[A+v)/| - C (Fjaer, 1992)
(mfs) A-v)F(@-2v)[1+0.78V,, ]

4 |UCS  (MPa)-Vp | UCS =1.745X10°pVZ -21 |- E (Moos et al,
(m/s) 1999)

5 UCS (MPa)-Vp | UCS = 9.95v,% 0.83 F (Kahraman,
(km/s) 2001)
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6 UCS (MPa)-Vy | V, =0.0317UCS +2.0195 - G (Yasar and
(m/s) Erdogan, 2004)

7 UCS (MPa)-Vp | UCS =56.71V, —192.93 0.67 J (Cobanoglu and
(km/s) Celik, 2008)

8 UCS (MPa)-V, | UCS = 2.304V,24 0.94 | (Kilic and
(kml/s) Teymen, 2008)

9 UCS (MPa)-Vp | UCS =165.05e(#45107Ve) 0.70 N (Moradian and
(m/s) Behnia, 2009)

10 |UCS (MPa)-Vy | UCS =43V, +1000 - O (Soroush et al.,
(m/s) 2011)

11 | UCS (MPa)-V; | UCS =0.038V, —50 0.934 P (Sarkar et al.,
(m/s) 2012)

12 |UCS  (MPa)-Vp | UCS=7.812V3° .o g - Q (Karakul and
(km/s) Ulusay, 2013)

13 |UCS  (MPa)-Vp | UCS =6.070V,"™ ¢ o 0o |- Q (Karakul and
(km/s) Ulusay, 2013)

14 |UCS  (MPa)-Vp | UCS=4.93N;" ¢ o 5 |- Q (Karakul and
(kml/s) Ulusay, 2013)

15 | UCS (MPa)-V, UCS = 4.401v, % for$,=0.7 |- Q (Karakul and
(km/s) Ulusay, 2013)

16 | UCS (MPa)-V, UCS =5.61*10"°V2" 0.86 R (Parent et al.,
(m/s) 2015)

17 |uUcCs (MPa)-Vp | V, =3.110+0.0289UCS 0.88 S (Pappalardo,
(km/s) 2015)

18 | UCS (MPa)-Vy | UCS =0.018V, —18.405 0.93 T (Kurtulus et al.,
(m/s) 2016)

Table 2.12 Summary of correlation laws between velocities (Vp, Vs) and indirect tensile
strength available in the literature

S. Parameters Empirical Relation R? Reference
No.
_ 1.8723 HH
L | o (MPa)-vy (kmis) | © =0.4935V; 09216 |1 (Kilic and
Teymen, 2008)
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2 Tt (MPa)-Vp (m/s) o, =0.348e"°%*" 0.53 O (Soroush et al.,
2011)
3| oiMPa)-ve(mis) | O =0277e° 0.52 O (Soroush et al.,
2011)
_ 1.389 _
Ulusay, 2013)
. 1.416 _
Ulusay, 2013)
= 1.444 -
Ulusay, 2013)
e 1.447 .
Ulusay, 2013)
Q (Karakul and
8 =058V ooy |-
%t (MPa)-V, (km/s) | % P forS=1 Ulusay, 2013)

Yasar and Erdogan (2004) conducted studies relating UCS and ultrasonic tests on 13 samples
of numerous carbonate rock types around Antara/Turkey and correlated using simple linear
relations, reported R? of 0.80, while Moradian and Behnia (2009) in their study in three
different sedimentary rock types (sandstone, limestone and marlstone) around various dam
sites in Iran, reported R =0.70. However, velocity values were multiplied by density values to
obtain a better regression coefficient between UCS and V,. The correlation coefficient
improved to 0.75 as against 0.70. Sharma and Singh (2008) found a relation with R? =0.9022
on tests carried on seven types of rock (1 igneous, three sedimentary and three metamorphic).
Kahraman (2001) reported an empirical correlation between V, and UCS with R? =0.83.
Cobanoglu and Celik (2008) described a correlation with R? 0.67 for two rock types only.
Sarkar et al. (2012), in this study, reported R? =0.934. Kurtulus et al. (2016) reported a strong
linear dependence on UPV with an R270.93. In his study, Kilic and Teymen (2008) carried on
19 rock types comprising ten igneous rocks (seven of which were volcanic), seven sedimentary
and two metamorphic of Southern Anatolia location, correlated the Vp and the indirect tensile
strength and reported a strong correlation with an R? =0.9216. Karakul and Ulusay (2013) gave
empirical equations between V, and the indirect tensile strength for different degree of
saturation values.

The variation of UCS and ot with V observed by various researchers are presented in Figures

2.10 and 2.11. It is observed from Figure 2.10 that the UCS value of limestone from Turkey
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location (label T in Table 2.7) varies from 19 MPa to 46 MPa with a change in Vp from 3.4
km/s to 5.8 km/s. Comparatively, the UCS value of limestone from the Paris location (label R
in Table 2.7) varies from 20 MPa to 135 MPa with a change in V, from 3 km/s to 6 km/s. The
percentage increase, thus observed in UCS from the Turkey location (label T), is 142%, while
the percentage increase in UCS from the Paris location (label R) is 575%. The indirect tensile
strength values, as observed from Figure 2.11, varies from 0.7 MPa to 19.7 MPa and Vp range
is 1.47 km/s to 6.75 km/s. Significant results presented by McCann et al. (1990) showed wide
variability in the velocity values for individual rock types as against a limited range of UCS
values. They obtained a correlation coefficient of 0.94, R? value of 0.88. for a multiplicative
model of the form y = ax®. In spite of obtaining a good correlation between UCS and Vp,
McCann et al. (1990) suggested caution in deriving strength values and vice-versa owing to
the scattering of data points (large variation in V, values for a limited range of UCS values)
indicating non-linear nature of the relationship. However, to improve the accuracy of deriving
strength values from velocity measurements, the mineralogy of the rock needs to be
investigated. For instance, the dependency of velocity measurements on an increase or decrease
in quartz or feldspar content for sandstones and calcite or dolomite content for carbonates, may
be examined. Nevertheless, velocity measurements may be utilised to give a varied indication
of disparity in rock mass strength.

To understand the link between the strength properties and Vp, the combined graphical
representation of the variation of UCS and tensile strength (indirect tensile strength) with Vy is
plotted in Figure 2.10, and 2.11 respectively, where Figure 2.10, 2.11 (a) illustrates data as
reported by different researchers; Figure 2.10, 2.11 (b) illustrates data including general trend
derived from this study using simple regression analysis and confidence interval; Figure 2.10,
2.11 (c) illustrates data plotted on a log-log scale indicating non-linear relationship. The
confidence intervals were set at 95%, as most of the raw data are within the confidence
intervals. Hence, from the plotted graphs, it is observed that both UCS and tensile strength
increases with an increase in Vp. However, there is a wide variation in the strength values and
for a particular value of V, there exist two values of rock strength (UCS and tensile strength).
This scattering of data results may be due to some other influential factors like mineralogical
composition or higher clay content leading to an alteration in mechanical and elastic properties
of rocks, thereby showing the dispersion of data points in the graph. Moreover, it is observed
that carbonate rocks have a higher value of UCS as compared to sandstones which can be
attributed to a greater value of density, thereby resulting in a higher value of V, for carbonate

rocks.
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An attempt is made to present the non-linear relationship between UCS and indirect tensile
strength with Vp, as shown in Figures 2.10 (c) and 2.11 (c). A log-log graph is plotted since a
reasonable straight-line relationship is obtained; however, obtained R? is 0.28 (presented in the
form of y = ax®) for UCS-V, and R? is 0.49 (of the form y = ax®) for indirect tensile strength-
V) plot. The scatter is observed due to the presence of outliers. For the UCS-V, plot, the
variation in Vp is observed to be as low as 2 km/s to 6.5 km/s. Similarly, for the tensile strength-
V) plot, the variation in Vp is observed to be as low as 2.2 km/s to 6.75 km/s. Ideally, a major
mineral present in sandstone has a Vp of 6.057 km/s (quartz’s grain density is 2.65 g/cc)
(Domenico, 1984), while, for the case of carbonates, Vp is 6.259 km/s corresponding to major
mineral calcite with a grain density 2.71 g/cc) (Domenico, 1984). However, these V, values
are the maximum (for zero porosity). Thus, any variation in the Vp value corresponds to an
alteration in porosity value. For instance, the minimum value of V, obtained from the study is
2 km/s, maybe indicating high porosity of the same sample. This is because an increase in
porosity is always associated by an equivalent decrease in Vp, since seismic velocity in the

pores is less than the grains of which the rocks is composed of.
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Figure 2.10 Variation of uniaxial compressive strength with the compressional wave velocity
(a) as per studies of several researchers (b) including general trend derived from this study
using simple regression analysis and confidence interval (c) data plotted on a log-log scale
indicating non-linear nature of the relationship
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Figure 2.11 Variation of indirect tensile strength with the compressional wave velocity (a) as
per studies of several researchers (b) including general trend derived from this study using
simple regression analysis and confidence interval (c) data plotted on a log-log scale indicating
non-linear nature of the relationship

2.5.2 Modulus of Elasticity

The prediction of elastic modulus (E) can be made from the measurement of V, and Vs since
E is an important parameter for intact rock classification and criteria for rock failure. The
laboratory determination of E involves rigorous, time-consuming and destructive testing.
Hence, ultrasonic techniques can be utilised to provide a direct evaluation of the rock mass.
Thus, studies by Yasar and Erdogan (2004), Moradian and Behnia (2009), Parent et al. (2015),
Pappalardo (2015), Kurtulus et al. (2015) were conducted to establish a relationship between
the two as shown in Figure 2.12. Many correlations have been reported as shown in Table 2.13.
The range of Young’s modulus values found from the graph is 2 GPa to 69.14 GPa and V,
range is 1.47 km/s to 6.75 km/s. Yasar and Erdogan (2004) found a regression coefficient of
0.86 for studies conducted on carbonate rocks, Parent et al. (2015) and Kurtulus et al. (2016)
found 0.77 and 0.76 respectively for limestones, Pappalardo (2015) observed a value of 0.80
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for dolostone, while Moradian and Behnia (2009) reported the highest regression coefficient

value of 0.92.

Table 2.13 Summary of correlation laws between ultrasonic velocities (Vp, Vs) and Young’s

Modulus available in the literature

S. Parameters Empirical Relation R? Reference

No.

1 E (GPa)-V, (km/s) V, =0.0937E +1.7528 086 |G (Yasar and
Erdogan, 2004)

2 E (GPa)-V, (m/s) E =0.965v2%" 0.77 R (Parent et al.,
2015)

3 E (GPa)-Vp (m/s) E =2.06V>™ 0.92 N (Moradian and
Behnia, 2009)

4 E (MPa)-V, (km/s) E =-15718.21+5075.79v, | 080 |S (Pappalardo,
2015)

E (GPa)-V, (m/s) E =0.0114V, +3.7059 0.76 | T (Kurtulus et al,

2016)

To understand the correlation between E and V), different datasets were compiled from the

literature, and a combined graphical representation of its variation is plotted in Figure 2.12,

where Figure 2.12 (a) illustrates datasets as reported by different researchers; Figure 2.12 (b)

illustrates datasets including general trend derived from this study using simple regression

analysis and confidence interval; Figure 2.12 (c) illustrates data plotted on a log-log scale

indicating non-linear relationship (of the form y = ax®, with R?> = 0.55). The confidence

intervals were set at 95%. From the plotted graph, the modulus of elasticity increases with an

increase in Vp. However, for a particular value of Vp, there exist two values of E. Such a wide

variation may be due to the change in mineralogical composition (rock composition and

texture, clay content, anisotropy etc.), leading to an alteration in mechanical and elastic

properties of rocks.
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Figure 2.12 Variation of Young’s Modulus with the compressional wave velocity (a) as per
studies of several researchers (b) including general trend derived from this study using simple
regression analysis and confidence interval (c) data plotted on a log-log scale indicating non-
linear nature of the relationship

2.5.3 Poisson’s Ratio

Among the elastic properties, Poisson’s ratio (v) is the least studied but, at the same time, the
most interesting (Gercek, 2007). v is defined as the ratio of decrease in transverse dimension
to that of increase axial dimension when subjected to uniaxial stress for an isotropic material.
At a given temperature and a given pressure, v is constant for an isotropic material and its
values lie between -1 to 0.5. Empirical equations were reported by Parent et al. (2015), Kurtulus
et al. (2015) as shown in Table 2.14. Parent et al. (2015) and Kurtulus et al. (2016) gave
empirical equations with regression coefficient values of 0.67 and 0.85 respectively for
limestone. To understand the association between v and V), combined graphical representation
of its variation is presented in Figure 2.13, where Figure 2.13 (a) illustrates data as reported by
different researchers; Figure 2.13 (b) illustrates data including general trend derived from this

study using simple regression analysis and confidence interval; Figure 2.13 (c) illustrates data
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plotted with calcite mineral values showing alteration. The confidence intervals were set at
95%. The range of Poisson’s ratio values found from the graph is 0.23 to 0.4 and V, range is
2.2 km/s to 5.8 km/s. From the plotted graph, it is observed that as V; increases, v decreases or
there is a negative linear correlation between them. Hence, a decrease in v is linked with an
increase in Vp, which further leads to an increase in E. Ideally, for limestone samples, the major
mineral present would be calcite with a value of Poisson’s ratio 0.316 and Vp 6.259 km/s.
However, as explained earlier, due to the influence of several factors (mineralogy, porosity,

saturation), there occurs a deviation from these values.

Table 2.14 Summary of correlation laws between ultrasonic velocity (Vp) and Poisson’s ratio

available in the literature

S. Parameters Empirical Relation R? Reference
No.
1 v -Vp (M/s) v=0. 152vp°-126 0.67 R (Parent et al., 2015)
2 v -Vp (M/s) v=-5E-0.5V, +0.6 0.85 T (Kurtulus et al., 2016)
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Figure 2.13 Variation of Poisson’s Ratio with the compressional wave velocity (a) as per
studies of several researchers (b) including general trend derived from this study using simple
regression analysis and confidence interval (c) data plotted with calcite mineral values showing
alteration
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2.5.4 Other Parameters

Some of the other parameters that can be predicted using ultrasonic velocity include slake
durability index (SDI) and point load strength (Sharma and Singh, 2008). The slake durability
test estimates the resistance of rock samples to weakening and breakdown resulting from a
standard cycle of wetting and drying (Sharma and Singh, 2008). In this study, the data
corresponding to slake durability is limited (low number of datasets available). A probable
reason may be since slake durability is partially controlled by strength, indicating a coherent
relation amongst them, and studies related to V, —strength (UCS, indirect tensile strength)
correlation were already studied by different researchers, as also discussed in the earlier
sections. The presence of clay minerals would also play a major role in slake durability studies.
To understand the association between SDI and V,, a combined graphical representation of its
variation is presented in Figure 2.14, where Figure 2.14 (a) illustrates data as reported by
different researchers; Figure 2.14 (b) illustrates data including general trend derived from this
study using simple regression analysis and confidence interval; Figure 2.14 (c) illustrates data
plotted showing linear nature of the relationship (in the form y=ax+b with R? = 0.64). The
confidence intervals were set at 95%. The range of slake durability values found from graph is
93.1 % t0 99.6 % and V, range is 2 km/s to 5 km/s. From the plotted graph, it is observed that
slake durability increases with an increase in Vp. Sarkar et al. (2012) found a linear correlation
between V, and SDI, with a regression coefficient of 0.903. Sharma and Singh (2008) also
reported a similar linear correlation, but they found a low correlation coefficient of 0.7831.
Table 2.15 presents the summary of correlation laws between ultrasonic velocity (Vp) and SDI
as proposed by researchers.

The other parameter, i.e. point load strength, is also a measure for the determination of rock
strength. Point load test is an alternate method to estimate UCS since it is a reliable, economical
and easy technique (Madhubabu et al., 2016). The combined graphical representation of the
change of point load strength with Vp is presented in Figure 2.15, where Figure 2.15 (a)
illustrates data as reported by different researchers; Figure 2.15 (b) illustrates data including
general trend derived from this study using simple regression analysis and confidence interval,
Figure 2.15 (c) illustrates data plotted on a log-log scale (since a reasonable straight line is
obtained on doing so), indicating non-linear nature relationship (of the form y = ax® with R? =
0.59). The confidence intervals were set at 95%. Table 2.16 presents the summary of
correlation laws between ultrasonic velocity (Vp) and point load strength, along with Vp-Vs,

Vp-shear strength and Vp-V (loss of volume on wear, cm®/50 cm?) as proposed by researchers.
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The range of point load strength values found from the graph is 0.35 MPa to 8.6 MPa and V,
range is 1.47 km/s to 6.75 km/s. From the plotted graph, it is noted that point load strength

increases proportionately with Vp.

Table 2.15 Summary of correlation laws between ultrasonic velocity (Vp) and Slake Durability
Index available in the literature

S. Parameters Empirical Relation R? Reference

No.

1 SDI (%)- Vp(m/s) | SDI =0.0069V, +78.577 | 0.7831 M (Sharma and
Singh, 2008)

2 SDI (%)- Vp(m/s) | SDI =0.0014V, +92.98 0.904 P (Sarkar et al.,
2012)

Table 2.16 Summary of correlation laws between ultrasonic velocities (Vp, Vs) and other
parameters available in the literature

S. Parameters Empirical Relation R? Reference

No.

1 Vp (km/s)-Vs (km/s) | V, [V, =1.55+0.56n+0.43C |- D (Han et al,
1986)

2 Vp (km/s)-Vs (km/s) V, =1.26V, +1.07 - D (Han et al.,
1986)

3 V(cc/50 cm?)- | V =57997V, 4" 0.8452 |1 (Kilic and

Vp(km/s) Teymen, 2008)

4 Vs (m/s)-Vp (m/s) V, =0.456V, +264.3 0.90 O (Soroush et
al., 2011)

5 T (MPa)-Vp (m/s) 7 =0.0019V, —2.6545 0.90 T (Kurtulus et
al., 2016)

6 IS (MPa)-V, (mis) I, =0.0005V, +0.659 0.83 T (Kurtulus et
al., 2016)

7 IS(MPa)-Vp (mis) I, =0.022V, +30.631 0.70 T (Kurtulus et
al., 2016)
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Figure 2.14 Variation of slake durability with the compressional wave velocity (a) as per
studies of several researchers (b) including general trend derived from this study using simple
regression analysis and confidence interval (c) data plotted showing linear nature of the
relationship

Several theoretical velocity models were also reported in the literature (Assefa et al., 2003;
Karakul and Ulusay, 2013) to predict Vp. In their study, Karakul and Ulusay (2013) reported
that for rocks with high effective clay content, the utilisation of theoretical velocities is not
favourable since the comparison between the theoretical Gassmann-Biot velocities and the
experimental results showed inconsistency when calculated at varying degrees of saturation.
Similarly, Assefa et al. (2003) reported that, for low porosity rocks, the theoretical velocities
(predicted by both Gassmann and Biot theories) overestimated the measured velocities due to
the negligence of rock-fluid interaction. Also, when compared to Biot- Gassmann velocity
model, time average and Raymer’s relationships overestimated Vj (Assefa et al., 2003). Thus,

it can be concluded that the use of theoretical models may yield over or under predictions.
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Figure 2.15 Variation of point load strength with the compressional wave velocity (a) as per
studies of several researchers (b) including general trend derived from this study using simple
regression analysis and confidence interval (c) data plotted on a log-log scale indicating non-
linear nature of the relationship

2.6 Conclusions

Based on the comprehensive scrutiny from the available literature, it can be concluded that it
is extremely important to focus the research towards an inclusive study incorporating the
petrophysical, geological and mechanical factors so as to identify and address all the scenarios
that lead to an alteration in the petrophysical, geomechanical and elastic properties of rocks.
With the use of this geophysical technique, information related to exploration studies can be
increased since rock types can be assessed qualitatively. The following conclusions are made
from the comprehensive analysis of available datasets from the literature:
» The empirical relationships derived by various researchers are valid only to the particular
dataset for which the relationship was derived. An effort is made to propose a general trend
(global trends) for Porosity versus Vp and Bulk density versus Vp, which is independent of

the type of datasets. The influence of other factors like mineralogy, rock framework, pore
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geometry has not been studied by the researchers in their respective studies. The factors
such as chemical and mineralogical composition, the structure and geometry of the pores
and the grain size also need to be taken care of while assessing the relationship between the
different petrophysical properties with compressional and shear wave velocities.

> It is evident from the literature that there exists a definite link among V,, Vs with
mechanical properties of rocks and hence, it can be considered as a dependable parameter
to provide a link with these properties. It is observed that UCS, Brazilian tensile strength,
point load index and E increases with an increase in Vp, but v decreases. The correlation
listed in this review study may be generalised for almost all types of rock and help to
identify the different alterations in rock mass strength.

» The development of empirical or semi-analytical equations/models needs attention. The
empirical relations established in the literature are mere site-specific (lack generalisation)
and may lead to misclassification. The datasets exhibit wide ranges for velocities and
geomechanical parameters. This is because there are several other parameters such as
mineralogy, pore geometry, rock framework, saturation, porosity that influence these
geomechanical properties. Furthermore, several trends of petrophysical, geomechanical
parameters conclude that there is an undercovered trend that affects these parameters and a
combined analysis involving the integration of geological, petrophysical and engineering
properties (geomechanical properties) is required to understand this undercovered trend. In
order to widen the acceptability of the empirical equations and to improve the existing ones,
the influential parameters such as degree of saturation, effective clay content, the rock’s
composition (matrix), mineral constituents and void space (pore geometry/pore
structure/pore architecture/pore size distribution) of the rock also need to be taken into
account. Such studies should be undertaken in future research so as to understand the effects
which would be favourable in interpreting the overall picture.

» The modulus obtained from ultrasonic testing only provides the modulus in the very low
strain elastic range (dynamic modulus), whereas for most design purposes, modulus values
are from much higher strains (static modulus), often with a strain of a percent or more. The
method of testing can also have a significant effect depending on whether the strain is
measured over the length and diameter of the sample or from local strain gauges such as
direct contact strain gauges. The static modulus is generally lesser than the dynamic
modulus, and literature establishing the correlations among the static and dynamic modulus

of various varieties of rock is available.
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Extensive combined analysis involving the integration of geological, petrophysical and
engineering properties (mechanical properties) are presently scarce. Much attention is required
to further understand and develop standard guidelines/predictions for field experimentation so

as to reinforce the technique as an equally important, complementary technique.
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Chapter 3
Laboratory Methods and Techniques for Estimation of Acoustic
and Petrophysical Properties

3.1 Introduction

This chapter discusses the different methods and techniques used to estimate the acoustic,
petrophysical and mineralogical variables in the laboratory. Sedimentary rock core plugs
obtained from two different hydrocarbon-producing basins of India belonging to category |
basins were used for the study. The core plugs consist of carbonates of the Bombay Offshore
basin and sandstones of the Upper Assam basin, India. Figure 3.1 shows the geographical

location of the sedimentary basins from where core plugs were obtained.
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Figure 3.1 Geographical location of the Upper Assam Basin and the Bombay offshore basin
(Sandstone samples are from Upper Assam Basin and Carbonates from Bombay offshore
basin)
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The acoustic property, Vp was measured with the help of ultrasonic transducers in the
laboratory, while porosity was measured with the help of a helium gas porosimeter (HGP). An
in-house fabricated, semi-automated, cost-effective setup of the well-established and widely
used HGP instrument was also developed to evaluate porosity for different rock types such as
sandstones, carbonates and shale at a laboratory scale. Permeability was measured with the
help of a nitrogen gas permeameter. The mineral content of the plugs was determined by
powder XRD (X-ray Diffraction), while grain and pore diameter were quantified from digitally
acquired FESEM images. The subsequent sections discuss in detail the methodology adopted

for measuring the different parameters.

3.2 Materials and Methods

Before carrying out any analysis, all the rock core plugs were cleaned using a soxhlet extractor
apparatus. The extractor helps to remove the organic content from the core plugs since a meagre
amount of presence of organic compounds may alter the properties of rocks (Love et al., 2005;
Matthiesen et al., 2014, 2017). The cleaned plugs would yield a more accurate analysis of the
different petrophysical properties. Methanol, toluene and dichloromethane were used as
chemicals. Methanol and dichloromethane were used to remove the polar and non-polar
organic compounds, while toluene was used to remove the resistant, non-polar molecules
(Jelavic et al., 2018). These samples were then analysed for thin section, FESEM (Field
Emission Scanning Electron Microscope) and XRD analysis. In the following sections, we

briefly explain the experimental procedures and data acquisition parameters by each technique.

3.2.1 Ultrasonic Velocity Measurements

The seismic wave propagation was reproduced in the laboratory by using the ultrasonic velocity
measurement technique. Several studies conducted by Han et al. (1986), Gaviglio (1989),
Klimentos (1991), Yasar et al. (2004), Kahraman and Yeken (2008), Kilic and Teymen (2008),
Sarkar et al. (2012), Karakul and Ulusay (2013), Madhubabu et al. (2016) have utilised this
ultrasonic velocity measurement technique to measure V, (compressional wave velocity), Vs
(shear wave velocity) of different rocks in the laboratory.

In this study, ultrasonic transducers were used to measure the compressional wave velocity of
the dry core specimens utilising the through transmission technique by using the PUNDIT
(Portable Ultrasonic Nondestructive Digital Indicating Tester) device (Figure 3.2), by
complying with the ASTM and ISRM standard guidelines. The procedure involves the

following steps. Rock cores that are free of weathering, visible cracks or joints were analysed.
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The length of the specimen was measured with the help of a vernier caliper and this value is
fed into the device. Both the ends of the rock core plug were made flat and subsequently
smoothened. Coupling gel was applied to the two opposite ends of the specimen to establish a
direct contact between the specimen and the transducers by removing the air gap. The
transducers were then placed on the two opposite sides of the specimen to measure the transit
time and V,. Transducers of varying frequencies are available ranging from 54 kHz to 1 MHz.
The range of frequency of the ultrasonic transducers to be used in the laboratory or field may
also influence the velocity measurement, although it is not yet highlighted in the literature. The
standards (ASTM and ISRM codes) stipulate that as long as the wavelength is significantly
greater than the grain size, the velocity values determined do not appear to be frequency-
dependent. Additionally, the travel distance through the rock samples should be ten times the
average grain size of the rock sample (ISRM 1981; Kahraman and Yeken, 2008; Fener, 2011,
Karaman et al., 2015). The measurements were conducted in accordance with these guidelines.
However, in the present study, it was observed that measurements with transducers of 500 kHz
frequency was unable to measure velocity for coarse-grained core plugs. Therefore, for the
present study, transducers of 54 kHz frequency was used for ultrasonic velocity measurements
at laboratory scale.

In order to explore the influence of frequency on velocity measurements, measurements were
conducted using 54 kHz and 500 kHz frequency transducers on dry rock cores of varying
dimensions at ambient conditions in the laboratory. A variety of samples with different lengths
and diameters were taken for analysis (Figure 3.3). The description of the analysed rock core
samples that include lithology, length and diameter of all the core plugs were measured and
tabulated in Table 3.1.

Figure 3.2 Determination of V, in laboratory for rock core plugs by PUNDIT setup
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Figure 3.3 Core samples collected for performing ultrasonic pulse velocity measurement (Al
to A1l from left to right)

Table 3.1 Description of the rock cores used for the UPV test

S. No | Rock Lithology Length | Diameter Length to diameter

Code (mm) (mm) ratio (Aspect Ratio,
AR)
1 Al Sandstone 51 54.6 0.93
2 A2 Sandstone 32 54 0.59
3 A3 Sandstone 33.76 54.6 0.62
4 A4 Sandstone 30.4 54.9 0.55
5 A5 Sandstone 55.7 56 0.99
6 A6 Sandstone 30 545 0.55
7 A7 Sandstone 70.4 48.3 0.77
8 A8 Sandstone 37.45 25.14 1.49
9 A9 Sandstone 56.11 25.45 2.20
10 Al0 Carbonate 73.05 25.29 2.89
11 All Carbonate 47.33 25.41 1.86

The range of V, values obtained for different samples by using transducers of two different

frequencies were plotted in the form of a histogram, as shown in Figure 3.4. The highest and
lowest recorded Vp was 3174 m/s (for sample A11) and 1920 m/s (for sample A5) for 54 kHz
transducer, while 3371 m/s (for sample All) and 2126 m/s (for sample A5) for 500 kHz
transducer, respectively. Bulk density was also measured for all the samples, as shown in

Figure 3.5, and it ranges from 1.89 to 2.54 g/cc.
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Figure 3.4 Ultrasonic pulse velocity values of the sandstone and carbonate samples used in the
study measured by 54 kHz and 500 kHz transducers
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Figure 3.5 Bulk density of the sandstone and carbonate samples used in the study

Velocity measurements could not be obtained for all the core plugs by transducers of 500 kHz
frequency. Hence, rock samples were selected, which gave velocity measurements by 500 kHz
frequency transducer (Figure 3.5). Obtained data through both 54 kHz and 500 kHz frequency
transducers were statistically analysed using a least square regression method. UPVsakH, and
UPVsookz Were correlated using regression analysis, and it was observed that R? obtained was
0.76 (Figure 3.6). The measurements done by using 500 kHz transducers gave higher velocity
measurement values than 54 kHz transducers, and the percentage increase varied from 3 to
36%.
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Figure 3.6 Correlated ultrasonic pulse velocity values of the sandstone and carbonate samples
used in the study measured through 54kHz and 500 kHz transducer

The 500 kHz frequency transducers were not capable of measuring velocity for coarse-grained
samples only, however, this aspect may further be investigated with velocity measurements on
a large dataset of samples of varying grain sizes. Therefore, for the present study, transducers
of 54 kHz frequency was used for ultrasonic velocity measurement at laboratory scale since it

was capable of measuring Vp for all the available carbonate and sandstone rock core plugs.

3.2.2 Measurement of Petrophysical Properties

The petrophysical properties of the specimens, which include bulk density, porosity,
permeability, mineral content and pore diameter, were evaluated by established standard
laboratory methods. The bulk volume was obtained by vernier caliper measurements. Mass of
the specimen was measured with the help of a weighing balance sensitive to 0.001 g. Pore
diameters were calculated with the help of FESEM images. With the help of a helium gas
porosimeter, parameters such as grain volume, grain density and porosity were measured.
Permeability was measured with the help of a nitrogen gas permeameter. The subsequent

sections describe in brief the methodology adopted for the measurement of different properties.

3.2.3 Porosity Measurement

Helium gas porosimeter, a widely known conventional method, was used to measure the
porosity of rock core plugs in the laboratory. This method is based on the principle of Boyle’s
law. Gas volume changes within a known volume of the sample chamber can be monitored
with respect to pressure changes. By equilibrating the pressure of the sample chamber to that
of the reference chamber, it is the helium gas volume that is equilibrated. Therefore, the setup

measures the grain volume of the rock core placed in the sample chamber. Bulk volume is
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measured by other methods like vernier caliper. Thereafter porosity (¢) is measured as the ratio
of pore volume to bulk volume.
V-V,

v, 3.1)

¢

where Vy is the bulk volume and Vs is the grain volume of the rock samples.

3.3 Development and Optimisation of In-House Fabricated, Semi-
Automated Helium Gas Porosimeter

Porosity in petroleum reservoirs is considered to be one of the most significant petrophysical
properties since it is used to determine hydrocarbon reserves and also used for reservoir
description (Korte et al., 2017; Pal et al., 2018, 2020). Knowledge of the porosity of porous
mediums such as sandstones and carbonates is substantial in understanding their structural
stability and efficiency as petroleum reservoirs on account of their economic potential. Porosity
and pore size distribution plays a vital role in assessing the formation, its structure, and
potential of any reservoir since it affects the physical properties of a reservoir and influences
significantly other properties such as elastic wave velocities, elastic moduli, permeability,
dielectric constant (Yu et al., 2016; Garia et al., 2019), geo-mechanical behaviour, fluid
transport, and controls its interaction with the surrounding rocks (Sarkar et al., 2012; Garia et
al., 2020). For studies related to the hydrocarbon industry involving economic and scientific
inferences, porosity plays a central role in assessing the ability of reservoir rock to estimate its
capability of storing and transmitting hydrocarbons (Assefa et al., 2003; Fusi and Martinez-
Martinez, 2013). An analytical understanding is required in order to estimate reservoir volume
and to evaluate its producibility. The hydrocarbons are stored in these microscopic void spaces
(pores) and flow out of the rock through the connected pore structure. Therefore, precise
porosity measurement is significant for resource evaluation and reserve calculations, especially
in petroleum reservoirs. This becomes essentially important considering the high heterogeneity
and complex pore structure of the rocks, especially in the case of carbonates. Moreover, mere
perception or qualitative understanding is not sufficient, and it needs to be quantified. For
scientific and engineering purposes, precise quantitative assessment of the pore structure is an
elementary prerequisite for a wide variety of fields varying from materials engineering to earth
sciences (Yu et al., 2016).

According to IUPAC (International Union of Pure and Applied Chemistry), the pore space in
the rock is categorised into three scales, namely micro-pores, meso-pores and macro-pores

(Sing, 1985). The pore space is classified as micro-pores if the pore diameter is less than 2 nm,
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meso-pores if the pore diameter ranges between 2-50 nm, and macro-pores if the pore diameter
is greater than 50 nm (Sing, 1985). Due to the existence of these multiple scales of pore types
in rocks, a range of different testing methods has been developed to address the complexity
and investigate the pore spaces. These methods can be broadly classified as- adsorption or
expansion technique comprising of Boyle’s Law porosimetry and BET (Brunauer—Emmett—
Teller) analysis; Archimedian porosimetry comprising of fluid saturation/impregnation;
mercury porosimetry comprising of mercury intrusion porosimetry; and Image analysis method
comprising of analysis of LOM (Light Optical Microscope) and SEM (Scanning Electron
Microscope) images (Anovitz and Cole, 2015; Zou and Malzbender, 2016). These different
methods depend on completely different physical principles, which lead to different advantages
and limitations in applications. Some methods, namely gas expansion, water saturation,
mercury intrusion, measure the effective porosity (open or connected pores) while some,
namely image analysis, gas adsorption, measures both the ineffective porosity (isolated/closed
pores) and effective porosity part of the rock (Zou and Malzbender, 2016). Different authors
utilised these different methods or techniques in the literature for porosity or pore volume
calculation or pore size distribution of geological samples. For instance, Kahraman and Yeken
(2008), Karakul and Ulusay (2013), Zargari et al. (2015), Kurtulus et al. (2016) used water
saturation techniques for calculating porosity. This method, based on Archimedes’ principle,
is an inexpensive and simple method in operation to measure effective porosity. However, such
a method fails to furnish any information regarding pore space distribution. One of the major
shortcomings of the water saturation method is that the measurements may be inconsistent if
clay content is present in the rock since water may react with the clay. However, other fluids
like kerosene and ethanol may be used to eliminate this shortcoming (Kuila, 2013; Zou and
Malzbender, 2016). Mercury porosimetry method is another technique that detects effective
porosity and also measures the pore size distribution. Bakke and @ren (1997), Haines et al.
(2015), Gaboreau et al. (2016), Zargari et al. (2015), Hemes et al. (2015) utilised mercury
injection capillary pressure (MICP) analysis in their respective studies. However, this method
is destructive to samples (Zou and Malzbender, 2016). Also, the mercury intrusion porosimetry
technique does not measure the porosity associated below the minimum pore throat diameter
of 3.6 nm accessible by mercury (Kuila 2013). Another method that measures the pore size
distribution is the N2 and CO adsorption and BET surface area analysis. Zargari et al. (2015),
Gaboreau et al. (2016) and Wei et al. (2016) used the BET surface area analysis in their
respective studies. Nitrogen adsorption is a reliable technique but with a pore size limitation of

1.7-200 nm (Kuila, 2013). An alternative method to measure both the connected (effective)
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and isolated (ineffective) porosity is the image analysis method; however, this method fails to
discriminate between these two isolated and effective type porosity. Desbois et al. (2011),
Haines et al. (2015), Liu et al. (2017), Korte et al. (2017) and Jin et al. (2017), used this digital
image analysis technique in their respective studies. Another well-established and widely used
method for estimating porosity is the helium gas porosimeter method. Han et al. (1986), Phillips
etal. (1989), Klimentos (1991), Assefa et al. (2003), Haines et al. (2015), Archilha et al. (2015),
Sayed et al. (2015) and Kassab and Weller (2015) used helium gas porosimeter method for
estimating the effective porosity in their respective studies. This method is based on Boyle’s
law gas transfer technique that involves filling the pores of the porous material with helium gas
under specific gas pressure. Such a method is useful since helium gas is inert in nature and has
high diffusivity (Anovitz and Cole, 2015). As a result, its tiny molecules rapidly penetrate the
small pores of the rock core samples and do not adsorb on rock surfaces as air may do (Beeson,
1950). The other advantages are that the samples remain contamination-free after testing,
unlike in other test techniques like mercury intrusion porosimetry, where the sample recovery
to its original state is difficult or lost, i.e., the sample may become non-reusable. Also, the
duration to conduct this test is very short compared to other fluid saturation or impregnation
methods where indifferent saturation or impregnation period may vary and thus result in a
variation in results since full saturation time (complete impregnation of the pore network) is
ambiguous. Hence, these advantages of the helium gas porosimeter make it a well-established
and widely used method for performing porosity measurements on different porous geological
samples. Figure 3.7 presents a summary of different methods along with the applicability
ranges of each of these methods. Each technique has its applicability, advantage and limitation
when assessing porosity values for a wide range of geological samples, as already discussed
earlier.

In this study, we demonstrate an in-house fabricated, semi-automated, cost-effective setup of
the well-established and widely used helium gas porosimeter (HGP) instrument to evaluate
porosity for different rock types such as sandstones, carbonates and shale at a laboratory scale.
The need to fabricate a well-established porosimeter aroused due to the highly inflamed cost
of existing commercial helium gas porosimeters. The setup was calibrated by using four
different steel cylinders of known volume. These steel cylinders are used to ensure that the
known volume is of the steel with 0% porosity. Hence, the porosity measurements obtained
were standardised on the basis of these steel cylinders with 0% porosity. The other salient
features of the existing setup involve its ability to perform measurements on samples of

different dimensions up to NX (54 mm) core size, thereby increasing the applicability without
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requiring any extra sample holder as required in an industry-based porosimeter. When
compared to other contemporary methods and techniques, the existing setup is developed and
fabricated at a relatively lower cost. The results obtained by this fabricated setup gave
satisfactory results when compared with industry-based porosimeter. The samples remain
contamination-free even after testing. It is thereby suggested that by virtue of its cost-
effectiveness and adaptability in measuring different ranges of samples of known volume, the
current setup is best suited for applications involving conventional reservoir characterisation

based on porosity values.
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Figure 3.7 Different methods used for the determination of porosity with their applicability
ranges (modified from Anovitz and Cole, 2015)

3.3.1 Instrument Setup

The helium gas porosimeter setup comprises two chambers, namely the reference chamber and
sample chamber made up of stainless steel. The rock specimen for the porosity measurement
is kept in the sample chamber. Both the chambers have 58 mm diameter and 107 mm height
and are connected by a SS pipe of 12 mm diameter. Two metal valves are placed, one at the
beginning and another in between both the chambers, to control the flow of gas. The two
manometers are attached at two ends, i.e. one at the entry-level and the other one adjacent to
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the sample chamber. The two stationed manometers can read pressure values up to 150 psi and
60 psi, respectively.

Figure 3.8 presents the schematic diagram of the helium gas porosimeter setup. The volume of
the reference chamber (V) and the sample chamber (Vsam) are kept identical. Py is the
manometer reading at the beginning (reference pressure) (kept constant at 100 psi), while P2 is
the manometer reading after the stabilisation of pressure (equilibrated pressure reading) after

opening the second valve. Figure 3.9 shows the actual working helium gas porosimeter setup
as elaborated in this study.

Reference

Sample
Chamber Chamber
\ | \
Gas Cylinder - i
with Pressure 58
Regulator 107
Valve Valve ikl
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Figure 3.8 Schematic diagram showing the working of Helium Gas Porosimeter (HGP) setup

Figure 3.9 Helium Gas Porosimeter (HGP) setup as elaborated in this study
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3.3.2 Operating Scientific Principle

The operating scientific principle of the helium gas porosimeter (HGP) setup is based on
Boyle’s law. The current setup measures porosity on the basis of the measurement of grain
volume. This grain volume is evaluated based on the drop in pressure, which in turn is due to
the change in volume. The volume of the reference chamber is denoted as Vs and the volume
of the sample chamber is denoted as Vsam. The helium gas is allowed to enter these chambers
at controlled pressure through the steel pipe connecting the gas cylinder, reference chamber
and sample chamber. The pressure of the helium gas before entering the reference chamber is
denoted as P1 and the pressure at the end of the sample chamber is denoted as P>. When a
porous specimen is kept in the sample chamber, the pressure drop (difference in the pressure
P1 and P2) is a measure of the pore volume of the specimen. Equations (3.2) and (3.3)

demonstrate the methodology to estimate porosity as per Boyle’s law.

I:)1\/ref = PZ(Vref +Vsam _Vs) (32)

v PV PV —

S P2

P1Vref )

ref

(3.3)

where Vs is the volume of grains (solids) in the rock, Ve is the reference chamber volume,
Vsam IS the sample chamber volume, P1and P> are the pressure before and after (at equilibrium)
opening the valve. Therefore, the above-described technique gives the solid volume of the
sample. However, it is to be noted that the gas penetrates only into the open (effective) volume

of the rock. A vernier caliper may be used to calculate the bulk volume (Vs). Porosity (¢ ) can

therefore be calculated as follows-

$ (3.4)

3.3.3 Experimental Procedure

Based on the principle discussed above, the helium gas is initially contained in a reference
chamber with known P1and V. This chamber is connected to a sample chamber through a
valve that, when opened, allows the helium gas to expand into this sample chamber, which
contains the sample, allowing the pressure to equilibrate to a new value P> (P2 is noted when it
equilibrates). This equilibration in pressure depends upon the available space in the sample
chamber, which in turn depends on how much of the sample chamber is filled with solid rock
particles. For each plug sample, the measurements were repeated three times, and the pressure
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readings were the same (no fluctuations from the obtained value were observed). The pressure
readings did not change as and when the test was repeated for the particular sample. The

measurement procedure is summarised in the flowchart (Figure 3.10).

* Place oven-dried sample in sample chamber
STEP1
\
« Establish reference pressure (P;) in reference chamber cell
STEP 2
J
\
* Open valve and flood sample with helium gas, wait for pressure
STEP 3 equilibration
J
\
* Record equilibrium pressure (P,) in reference volume (V)
STEP 4 )

Figure 3.10 Flowchart showing the measurement procedure for the HGP setup

The HGP setup is intended to perform grain volume and porosity measurements for porous
geological materials like sandstone, carbonate and shale rocks. However, to obtain results with
a higher degree of accuracy and precision, certain controls are maintained in the setup. These
include pressure control, leakage control and temperature control. These controls are discussed
below in the subsequent sections.

The measurement conducted by the current HGP setup had to be compared with that of a
commercial HGP used in the industry for validation and for checking the accurateness of the
results generated by the setup. Hence, all the measurements were conducted at 100 psi with the
current HGP setup for the present study. The instrument is capable to perform measurements
up to 150 psi. Moreover, a higher pressure may introduce leakages (slow leaks) from the joints,
which are presently controlled in the setup.

The second control is related to leakage. The pressure control and duration of the test do not
introduce the leakage factor into account. The joints remained intact during the course of the

experiment.
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The third control, i.e., temperature control factor, is not accounted for since all the experiments
were conducted at ambient conditions in the laboratory.

For precise and accurate working of the setup, the components essential include- a high
precision gas pressure manometer, a zero displacement volume valve and an ideal gas medium.
The first two components are a part of the structural design details. The sensitivity of the results
largely depends upon the precision of the manometer readings. By making repeated
measurements of pressure readings, the precision limits were reduced, and the uncertainty of
porosity measurement was, thus, significantly lowered. The other component, that is, the gas
medium, is a crucial part of the porosimeter. Stable composition and density, negligible
reactivity (especially for adsorption) with porous material are the essential characteristics of
the gas medium. Helium gas satisfies the following criteria. The porosimeter setup has been
used for analysis on carbonates of the Bombay offshore basin and sandstones of the Upper
Assam basin. Both these basins are known to be prolific hydrocarbon producers for decades in
India (Rao and Talukdar, 1980; Mathur, 2014).

3.3.4 Calibration

For calculating porosity based on grain volume from the setup, four steel cylinders of known
volume were used for calibration of the setup. Figure 3.11 shows the reference cylindrical
samples of 35 mm diameter, each with varying lengths of 25 mm, 50 mm, 75 mm and 90 mm.
These steel cylinders are used so as to ensure that the known volume (Table 3.2) is of the steel
with 0% porosity. Each of these steel cylinders was placed in the sample chamber one by one,
and the manometer readings were noted for an initial pressure of 100 psi till the pressure
equilibrates. Considering the grain volume to be equal to bulk volume, i.e. Vs=V} (0% porosity)
for steel cylinders, the pressure P> was calculated as per equation (3.3). This calculated pressure
(Pcaiculated) Obtained from equation (3.3) is plotted against observed pressure (Pobserved) readings
for an initial pressure of 100 psi as shown in the calibration curve (Figure 3.12). This calibration
curve is used for correcting the pressure readings obtained for different porous rock core plugs
to obtain the actual pressure values, which would indicate the actual grain volume and porosity
of the samples under investigation. A python-based code was also developed for obtaining
straightforward results by the use of this setup, which makes it semi-automated, rapid and

convenient to operate.
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Table 3.2 Reference steel cylinder details used for calibration purpose in this study

Name Dimensions, cm Mass, g | Volume, cc | Density, g/cc
Diameter | Length

A 3.5 2.5 188.401 | 24.04 7.836

B 3.5 5.0 376.555 | 48.081 7.831

C 35 7.5 565 72121 7.833

D 35 9.0 678 86.546 7.834

Figure 3.11 Reference steel cylinders used for calibration purpose in this study
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Figure 3.12 Calibration curve generated for the setup by pressure equilibration for an initial
pressure of 100 psi with varying grain volume
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3.3.5 Sources of Error in the Setup

The sources of error in the setup may be due to the error associated with the measurement of
bulk volume of the specimen. To account for these errors, caliper measurement was taken at
three different locations of the core plug, i.e. at the top, middle and bottom portion. The average
of these dimensions was done to minimise this source of error. Calibration, as discussed earlier,

was also performed.

3.3.6 Pressure Sensitivity Analysis

The pressure sensitivity analysis was performed for the setup by calculating the grain volume
of different steel cylinders subjected to a range of initial pressures from 50 to 150 psi (50, 60,
70, 100, 110, 120, 130, 150 psi). The calibration procedure was adopted as explained earlier.

Based on this analysis, a generalised trend was derived for the setup, as shown in Figure 3.13.
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Figure 3.13 Sensitivity analysis for different range of initial pressures including general trend
derived for the setup

3.4 Porosity Measurements by In-House Fabricated Helium Gas
Porosimeter

The fabricated setup should be capable of measuring porosity accurately for all the range of
samples of different grain volume, i.e., the effect of grain volume should not affect the porosity
calculation. The grain volume of the steel cylinders was calculated by subjecting the different
steel cylinders to the same initial pressure of 100 psi. The plot between calculated and observed
pressure (Figure 3.12) shows a high coefficient of determination (R?=0.99), indicating better
accuracy of the fabricated setup. Moreover, the sensitivity of the instrument to varying initial
pressures was also analysed and R? was observed to be 0.99 (Figure 3.13). Considering the

calibration curve for an initial pressure of 100 psi (Figure 3.12), the grain volume, bulk volume
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and the porosity of carbonate and sandstone rock core plugs, measured using the HGP setup,

are presented in Tables 3.2 and 3.3. The range of porosity values for carbonates vary from a

minimum value of 3.22% to a maximum value of 29.383%, whereas for sandstones, porosity

values vary from a minimum value of 4.777% to a maximum value of 28.438%.

Table 3.3 Compilation of different parameters obtained for carbonate rock core plugs by the

setup

Grain Corrected

S. Sample | P2, Val Bulk
olume, ; :

No. | ID psi Volume, cc P2, psi Grain Porosity,

cc Volume, cc | %
1 C1 53 32.004 36.7 53.089 32.903 10.345
2 C2 51.8 19.647 20.51 51.394 15.345 25.180
3 C3 51.8 | 19.647 19.83 51.394 15.341 22.614
4 C4 53.2 | 34.009 36.91 53.371 35.721 3.220
5 C5 52.3 | 24.864 24 52.100 22.801 4,999
6 C6 51.7 | 18.591 17.32 51.253 13.831 20.150
7 C7 52.8 | 29.983 37.65 52.807 30.055 20.171
8 C8 525 | 26.924 36.43 52.383 25.725 29.383
9 C9 53.1 | 33.008 35.89 53.230 34.316 4.385
10 | C10 52.1 | 22.789 25.11 51.818 19.842 20.977

Table 3.4 Compilation of different parameters obtained for sandstone rock core plugs by the

setup
S. Sample | P2, Grain Bulk Corrected
No. | ID psi Volume, cc | Volume, cc [p, psi Grain Porosity
Volume, cc | %
1 S1 52.3 | 24.864 29.03 52.101 22.801 21.46
59
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2 S2 52 21.746 24.9 51.677 18.352 26.298
3 S3 52.1 | 22.789 25.6 51.818 19.843 22.489
4 S4 519 | 20.698 23.55 51.536 16.853 28.438
5 S5 92.7 | 28.967 36.85 52.665 28.619 22.334
6 S6 524 | 25.896 31.01 52.242 24.266 21.745
7 S7 52.2 | 23.829 25.35 51.959 21.325 15.876
8 S8 52 21.746 20.5 91.677 18.351 10.479
9 S9 52.3 | 24.864 28.52 52.101 22.801 20.055
10 |S10 52 21.746 23.49 51.677 18.351 21.874
11 | S11 51.8 | 19.647 19.32 51.395 15.346 20.571
12 | S12 52.6 | 27.948 28.54 52.525 27.177 4777

13 | S13 519 | 20.699 18.59 51.536 16.853 9.344

14 | S14 53.1 | 33.009 36.11 53.231 34.316 4.968

From the porosity values obtained, it is observed that sandstone core plugs have higher porosity
values than carbonate rock core plugs. Figures 3.14 and 3.15 show the porosity and grain
density measurement results obtained for carbonates and sandstones by the setup, respectively,

in the form of histogram plots.

To check the accuracy of the porosity measurements, all the samples were also tested in a
commercial helium gas porosimeter used in the petroleum industry. A cross-plot between the
two measurements showed a strong coefficient of determination R? = 0.98 for carbonates and

R?=0.95 for sandstones, as shown in Figure 3.16.

For estimating the error involved in the grain volume measurement of the rock sample by the
setup, a statistical method was used. The error analysis involved taking into consideration the
cumulative effect of (i) change in manometer pressure reading (least count of 0.1 psi) and (ii)
change in volume of the sample measured by a vernier caliper (least count of 0.02 mm). The
error was measured by repeatedly doing the same experiment by varying the readings in

accordance with the least count (considering both positive and negative fluctuations from the
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actual value). This accommodates all combinations of errors associated with the measurement.
Based on this analysis, carbonate and sandstone samples show an error of 0.37% and 0.55%,

respectively, as shown in Figure 3.17.
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Figure 3.14 Porosity measurement results obtained for carbonates and sandstones by the setup
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Figure 3.15 Grain density measurement results obtained for carbonates and sandstones by the
setup
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Figure 3.16 Plot showing the relationship between porosity measurements obtained from
commercial helium gas porosimeter and the fabricated Helium Gas Porosimeter (HGP) setup
for (a) carbonates and (b) sandstones
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Figure 3.17 Grain volume measurements obtained for carbonates and sandstones by the setup
and its associated error (0.37 % for carbonate and 0.55 % for sandstone)

Two dominant petrophysical variables, porosity measured through the setup and bulk density,
were plotted together. For estimating bulk density, the mass of the sample was measured by a
weighing balance with a least count of 0.001 g and the volume was measured by a vernier
caliper with a least count of 0.02 mm. Bulk density was thus obtained by dividing the mass and
the volume. A graph is plotted between porosity (%) and bulk density (g/cc) as shown in Figure
3.18. The plot so generated shows a decrease in porosity with an increase in bulk density, with
R?= 0.96, for both carbonate (Figure 3.18a) and sandstone samples (Figure 3.18c). This trend

thus shows the generality in the correlations that relate these two petrophysical variables, i.e.,
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an inverse relationship between these two. Similarly, a graph is plotted between porosity (%)
and grain density (g/cc) for carbonate (Figure 3.18b) and sandstone samples (Figure 3.18d).
However, it is to be noted that the influence of other factors such as mineralogy also affects the
petrophysical properties of sedimentary rocks. The porosity values so obtained from the
apparatus is in range with the porosity ranges obtained by other researchers for the same
sedimentary basins. For the Bombay offshore sedimentary basin, the porosity values for
carbonate rocks were observed to be 15-20% (Schon, 2015), while for the Upper Assam basin,
the values were between 7-30% (Wandrey, 2004b).
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Figure 3.18 Cross plot depicting the relationship between bulk density, grain density with
porosity obtained by the setup for (a) carbonates and (b) sandstones

The experimental results generated by the use of this HGP setup provides satisfactory results
when compared with the industry-based commercial instrument with a strong coefficient of
determination R? = 0.98 for carbonates and R?>=0.95 for sandstones. It is to be noted that under
ideal conditions, the measurements conducted by the fabricated HGP setup and industry-based
porosimeter should be similar with R? = 1. However, a study conducted by Dotson et al. (1951)
investigated a porosity check program for porosity measurements conducted by five different
laboratories on ten different samples and observed variations within the same measurement
method. The variations in porosity measurements may occur, however, these are expected to
agree within the same order of magnitude (Dotson et al., 1951). For the present study, this
criterion is fulfilled by the existing setup with a strong coefficient of determination obtained

on the analysis of a comprehensive dataset of carbonate and sandstone rocks.
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The equipment can be used for estimating grain volume and porosity measurements for any
size of sandstone, carbonate and shale rock core samples, provided the volume of the sample
under investigation is known. Apart from being economical, the semi-automated setup reduces
the time of conducting laboratory measurements, and the sample remains free from any
contamination. This makes the setup suitable for research purposes. These samples may further

be used for other petrophysical, geomechanical examinations.
3.5 Permeability Measurement

The steady-state method has been recognised as the standard method to evaluate permeability
in the laboratory of intact rock cores/plugs (Li et al., 2009; Amann-Hildenbrand et al., 2012,
2013). This method, based on Darcy’s law, is found to be an accurate and reliable technique
for conventional rock samples (Sander et al., 2017). Steady-state permeability is a permeability
measured when fluid passing through the core sample has a steady flow rate for some constant
pressure difference applied across the core sample. Darcy’s law can be described as:
o_kadp

o (3.5)

where Q is volumetric flow rate, dp/dx is pore pressure gradient, W is viscosity, k is intrinsic
permeability (sometimes referred as absolute or true permeability) and A is cross-sectional

(flow-through) area.

3.6 Image Analysis

For investigating the pore architecture of rocks, FESEM analysis was performed. A small,
clean and dry chip of the rock core plug was taken and then coated with gold to improve the
electron emission. A beam voltage of 10kV was used when acquiring FESEM images under
the backscattered electron mode for all samples (make- Zeiss and model- Sigma). The obtained
FESEM images for all the samples were further analysed to measure the pore, grain diameter
and aspect ratio.

The pore diameter values were quantified from digitally acquired FESEM images using Fiji —
ImagelJ, an open-source image-processing and analysis software for multiple platforms (Kuva
etal., 2012). The representative FESEM image was thresholded to identify the mineral matrix
and pores accurately by setting appropriate threshold values (Shen et al., 2015). The optimal
threshold value was achieved by comparing the binary image with the actual image. The pore
diameter of every pores visible inside the image has been quantified, taking all the pore area

and assuming the pores as cylindrical (Torskaya et al., 2014). The built-in standard
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measurement of Imagel’s “Analyze particles”, such as the diameter of a circle of equal
projection area (Mazzoli and Favoni, 2012), was chosen, on the basis of previous papers found
in the literature (Walton, 1948; Al-Thyabat and Miles, 2006; Igathinathane et al., 2009). The
proposed method is precise, rapid and reproducible (Mazzoli and Favoni, 2012).

3.7 Mineralogical Study

The petrographic analysis was carried on all the samples using optical microscopy. Optical
microscopy in transmitted light was performed on thin sections of carbonates. A polarised light
microscope (Make: Olympus, Model: BX51) equipped with a camera and dedicated image

analysis software (stream start) for evaluating the microfabric parameters were employed.

3.8 X-Ray Powder Diffraction Analysis

The mineral content of the plugs was determined by powder XRD (X-ray diffraction) using
Rigaku TTRAX Il diffractometer with Ni-filtered CuKa radiation. Specimens were prepared
by grinding and sieving of the samples with sieve size 75 microns. Powders obtained from each
sample were analysed with a PANanalytical diffractometer. The mineral phases were
determined by using the X Pert Highscore Plus software based on the ICDD powder diffraction
file of PDF 2 (Abouelresh, 2017; Nikolakopoulos et al., 2018). The semi-quantitative analysis
obtained through interpretation software X’Pert high score gave information on the relative
amount of different minerals present based on the peak intensities.

3.9 Regression Analysis

The results obtained by performing different analyses on samples required regression analysis
to determine meaningful interrelationships among the variables and build predictive models.
The petrophysical properties, mineralogical content, V, were plotted to predict and understand
the relationship among these properties by using multivariate regression analysis. It is a
statistical approach that integrates supplementary independent variables in the predictive
equation (Balan et al., 1995). In a general sense, multivariate regression analysis can be adopted
to formulate a mathematical model between input and output variables. Hence, the multivariate
statistics technique was employed to achieve the best-fit relationships amongst different
properties that have a coherent relationship. Since a one-to-one correlation would have either
under-estimated or over-estimated the results, therefore, this approach of analysing the data set

by means of multivariate analysis was adopted. Mathematically, it can be expressed as —

Y=g,+a X +3,X,+....+a X (3.6)
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where Y is the dependent or output variable, X1 to Xn are independent, or input variables and
ao to an are the regression coefficients.

Equation (3.6) can also be illustrated as [Response] = [mean (depending on Xy, Xo, ...., Xn)].
The least-square method was used to fit the equation (Johnson and Wichern, 2002;
Montgomery et al., 2012). The regression coefficients ao, ai,..., an can be estimated by
minimising the sum of squares of differences: ¥ (Yi- ao- a1 X1 - a2 X2 -.....- an Xn)? (Johnson
and Wichern, 2002). There are several accessible software packages that solve such problems
(Balan et al., 1995), and R software was employed in the present study (R Core Team (2013)).

3.10 Fragmented Analysis of Major Mineral Constituents and Saturation
Conditions for Rock Mass Classification Based on Vp

Since there are multiple parameters that alter the elastic and mechanical properties of
sedimentary rocks, an attempt is made to introduce and then analyse its variability with some
of the mechanical properties. Since rock is composed of multiple minerals, so varying the
amount of these major minerals would reflect the change in Vp, and this change in V, could
thereby be related to get an inference on a certain property under investigation. For instance,
in sandstones, the major minerals present include quartz and feldspar, while for carbonates, the
major minerals present include calcite and dolomite. These minerals have certain parameter
values such as Vp quartz = 6.057 kKm/s, Vp fetdspar = 4.68 km/s, Vp calcite = 6.259 kKm/s, Vp dotomite =
6.93 km/s (Simmons, 1965; Nur and Simmons, 1969; Domenico, 1984; Mavko et al., 2009).
These values are the maximum, i.e. for zero porosity. Similarly, the other parameter values
such as Vs, density, v, K, G and E for these minerals are tabulated in Table 3.5 (References-
Simmons 1965; Nur and Simmons 1969; Domenico 1984; Mavko et al., 2009).

For changing Vy, the density of material was varied by changing the mineralogy of the rock as
well as the saturation of pores. Thus, we assume several volume percentages of these minerals
S0 as to change the density of the material. For sandstones, the volume percentage was varied
from 75% quartz and 25% feldspar to 100% quartz and 0% feldspar content. Similarly, for
carbonates, volume percentage was varied from 75% calcite and 25% dolomite to 100% calcite
and 0% dolomite content. Based on these varying volume mineral percentages, V, was

calculated as-

(\/Quartz) X (VpQuartz) + (\/Feldspar) X (VpFeIdspar) :Vp (37)

(VCaIcite) x (VpCaIcite) + (VDolomite) X (VpDoIomite) = Vp (38)
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where, Vouartz, VFeldspar, Vcalcite aNd Vpolomite are the volume percentage (in fraction) of these
minerals.

These equations are based on the VVoigt averaging (isostrain conditions) (Brocher, 2005), which
may overestimate the velocities of the mixtures. At any given volume fraction of constituents,
Vp will fall between the bounds, but its precise value depends on the geometric details. Since
the geometric details of the datasets in the literature are not known, hence allowable theoretical
range of seismic velocity values or the upper bound values were computed by using Voigt
averaging method. Other methods like VVoigt—Reuss—Hill average can also be used. Moreover,
various studies (Ji et al., 2006; Ji et al., 2007; Johnston and Toksoz, 1980) may be referred to
estimate the different parameters based on phenomenological approach.

The tabulated datasets of V, obtained by varying the volume percentage of major minerals for
sandstones and carbonates are presented in Table 3.7. Doing such an exercise would provide
the range of V, values for different proportions of quartz and feldspar content for sandstones,
calcite and dolomite content for carbonates, which would help in understanding the variability
of major minerals with V,. The common aim is to construct a template that honours the data
(known data) and extends the interpretation to unknown situations in different exploration
cases. Table 3.6 compiles V, and Bulk Moduli values for some fluids (Schon, 2015)).

In order to forecast the effective elastic moduli of a mixture of grains and pores, Hashin-
Shtrikman-Walpole bounds (Berryman, 1995; Walpole, 1966) was used for evaluating bulk
and shear moduli (K and G, refer equations 3.9- 3.12). Thereafter, E was calculated by using
equation 3.16. The range of datasets of E and V, obtained by varying the volume percentage
of major minerals for sandstones and carbonates, with a porosity variation from 2% to 40% for
different geological scenarios (fluid saturations - water, gas, brine and oil-saturated) is provided
as an annexure (Table S1). The formulation of Hashin-Shtrikman-Walpole bounds (Berryman

1995) are presented in the form of equations -

KHS*= A (Gma), (3.9)
KHS = A (Gra), (3.10)
G"S* = I'(£(Kmax, Gmax)), (3.11)
G"S"= I'(£(Kmin, Gmin)) (3.12)
Where,
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-1

A(Z) = ;4 _4, (3.13)
K(r)+—=z
3
1 -1
F(Z)Z{G(r)+z} -2 (3.14)
_ 9KG
G+3K (3.16)

The brackets {.} in equations 3.13-3.15 specify an average over the medium (which is similar
to average over the constituents weighted by their volume fractions).

Based on the obtained values of K and G, the £ parameter was calculated {£(Kmax, Gmax) and
£(Kmin, Gmin)}. Since Gmin=0, hence, theoretically lower bound E=0. If the low Hashin-
Shtrikman bound is zero for Young’s modulus, it does not mean that this bound does not exist.
This means that the bounds are wide, and the modulus may vary within 200%. Hence, the upper
bound is plotted in Figure 4(d). Different clusters or trends of data can be interpreted or
classified based on this plot. The plot may also be useful for understanding or extracting values
for similar geological conditions as well as to understand the variability for conditions that are
yet to be explored for interpreting potential moduli values or Vp values.

To analyse the effect of mineralogy on Poisson’s ratio (v), the volume percentage of major
minerals were varied, and Vp was calculated based on equation 3.8. Thereafter v was calculated

as-
(VCaIcite) B (UCaIcite) + (VDoIomite) a (UDoIomite) =V (317)

The tabulated datasets of v and V) obtained by varying the volume percentage of major
minerals for sandstones and carbonates are presented in Table 3.7. A theoretical model
represented in the form of equation 3.17 was used to analyse the effect of mineralogy on
Poisson’s ratio. The limitation of this model is that it does not take into account the effect of

porosity and pore geometry.
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Table 3.5 Table illustrating different parameter values for different minerals (these values are
the maximum (zero porosity)) (References- Simmons 1965; Nur and Simmons 1969;
Domenico 1984; Mavko et al., 2009)

Minerals | Vp Vs Density | Poisson’s | Bulk Shear Young’s

(km/s) (km/s) | (g/cc) Ratio Modulus | Modulus | Modulus
K (GPa) | G (GPa) | E (GPa)

Quartz 6.057 4.153 2.65 0.08 37 44 95

Calcite 6.259 3.243 2.71 0.316 76.8 32 84.2

Dolomite | 6.93 4.23 2.87 0.202 76.4 49.7 119.4

Feldspar | 4.68 2.39 2.56 0.32 37.5 15 39.6

Vp variation

Vp order | Mineralogy Dolomite > Calcite > Quartz > Feldspar

Vp order | Fluids Brine>Water >QOil>Gas

Table 3.6 Compressional wave velocity and Bulk Moduli values for some fluids (Schon, 2015)

Fluids Vp (km/s) | Bulk
Modulus
K (GPa)

Brine 1.635 2.6

Water 1.5 2.2

Qil 1.2 1.1

Gas 0.6 0.1

Table 3.7 Tabulated datasets of Poisson’s ratio and V, obtained by varying the volume
percentage of major minerals for sandstones and carbonates

TH-2897_166104013

SANDSTONES CARBONATES

Fraction | Fraction ) Fraction | Fraction )

of of Vp Poisson’s of of Vp Poisson’s

Quartz | Feldspar (SVomaur) | ratio (u) Calcite | Dolomite (EVomaun) | ratio (v)

0.75 0.25 5.71275 | 0.14 0.75 0.25 6.42675 | 0.2875

0.8 0.2 5.7816 0.128 0.8 0.2 6.3932 0.2932

0.85 0.15 5.85045 | 0.116 0.85 0.15 6.35965 | 0.2989

0.9 0.1 5.9193 0.104 0.9 0.1 6.3261 0.3046
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As discussed above, by using the formulation of Hashin-Shtrikman-Walpole bounds
(Berryman, 1995), it was found that an upper bound is prevailing. Based on this, the variation
of E with V, is analysed, and the template is presented in Figure 3.19. This template can be
used to predict the elastic properties for different geological scenarios that include water-
saturated, gas saturated, brine saturated, and oil saturated conditions for sandstones and
carbonates along with the literature dataset (Kurtulus et al., 2016 — label T (refer Table 2.7),
Kilic and Teymen, 2008 — label I (refer Table 2.7) and Madhubabu et al., 2016 — label U (refer
Table 2.7)).
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s . o o
Porosity increasing from 2% to 40% for all Quartz content decreasing for sandstone
Calcite content increasing for carbonates
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Figure 3.19 Graphical representation of E versus V, for different geological scenarios along
with incorporating the effect of varying porosity and mineral composition, including literature
dataset

The plotted datasets highlight several salient features-

e With an increase in porosity from 2 to 40%, there is a decrease in E and V, values for all
types of saturation scenarios for sandstones and carbonates.

e With an increase in quartz content and subsequent decrease in feldspar content in
sandstones, E and V, increases (owing to the higher density of quartz mineral as compared

to feldspar mineral); while for carbonates, with an increase in calcite content and
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subsequent decrease in dolomite content, E and V;, decreases (owing to the higher density
of dolomite mineral as compared to calcite mineral).

e Carbonates have a higher value of E and V, than sandstones (higher density of minerals
found in carbonates than sandstones) for all particular set of saturation conditions.

e More or less, there is an approximate 50% reduction in Vp and E values for a porosity

increase from 2 to 40%.

Similarly, the V, values, so obtained by the fragmented analysis were plotted in Figure 3.20
for literature dataset of UCS-V, plot (Kurtulus et al., 2016; Moradian and Behnia, 2009;
Pappalardo, 2015; Parent et al., 2015; Sarkar et al., 2012; Sharma and Singh, 2008; Soroush et
al., 2011; Yasar and Erdogan, 2004) and Figure 3.21 for indirect tensile strength- V;, plot (Kilic
and Teymen, 2008; Kurtulus et al., 2016; Soroush et al., 2011). The marked rectangles show
the range of V; values for sandstones (5.7 km/s to 6 km/s — Table 3.7) and carbonates (6.25

km/s to 6.43 km/s — Table 3.7) when considering the effect of varying mineral contents.
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Figure 3.20 Graphical representation of UCS versus Vy, as reported by different researchers
along with their trend line. The marked rectangle shows the range of V, values for sandstones
(5.7 km/s to 6 km/s) when considering the effect of varying mineral contents (* major minerals
Q-quartz and F- feldspar with varying proportions (75 % Q,25 % F, 80 % Q,20 % F, till 100 %
Q, 0 % F), while for carbonates, V, varies from 6.25 km/s to 6.43 km/s for varying major
minerals (# C- calcite and D- dolomite) proportions (100 % C, 0 % D till 75 % C,25 % D)

Additionally, to account for the mineralogy effect on Vp, the generated dataset of Vp- v were
plotted with the existing dataset from the literature (Kurtulus et al., 2016; Mavko et al., 2009),
as shown in Figure 3.22. The circled part depicts the decrease in Poisson’s ratio values with a
decrease in calcite and an increase in dolomite content, thereby highlighting the effect of

mineral content on Vp values and thus on Poisson’s ratio (Table 3.7). Moreover, the effect of

71
TH-2897_166104013



Materials and Methods

porosity, clay content (if present) was not considered, which may also add to the dispersion in
the values. The influence of porosity on v of natural rocks are limited due to the lack of
experimental data over different porosity and pore geometry ranges (Yu et al., 2016). However,
studies (Dunn and Ledbetter, 1995; Wang et al., 2009; Yu et al., 2016) provide a comprehensive

review on v and may be referred for further study.
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Figure 3.21 Graphical representation of indirect tensile strength versus Vp, as reported by
different researchers along with their trend line. The marked rectangles show the range of V,
values for sandstones (5.7 km/s to 6 km/s) when considering the effect of varying mineral
contents (* major minerals Q-quartz and F- feldspar with varying proportions (75 % Q,25 % F
till 65 % Q, 35 % F), while for carbonates, V; varies from 6.25 km/s to 6.43 km/s for varying
major minerals (# C- calcite and D- dolomite) proportions (100 % C, 0 % D till 75 % C,25 %
D)
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Figure 3.22 Graphical representation of Poisson’s ratio versus Vp, as reported by different
researchers along with their trend line. Label # represents limestone major minerals (C- calcite
and D- dolomite) different proportions (75 % C, 25 % D, 80 % C, 20 % D, till 100 % C, 0 %
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D). The circled part depicts the decrease in Poisson’s ratio values with a decrease in calcite and
an increase in dolomite content, thereby highlighting the effect of mineral content on V,, values
and thus on Poisson’s ratio

However, apart from mineralogy, porosity, saturation also has an influence on the alteration of
the geomechanical properties. The presence of clay minerals could also lead to a deviation in
V) values. Also, Vp increases with increasing saturation and also depends on the type of fluid
(Table 3.6). Hence, to be more precise when assessing rock mass conditions, this inclusive
study (considering all influential parameters) may be carried out so as to be more reliable when
dealing in different stages of an investigation. However, it is important here to mention that it
is improbable that V, values may ever substitute the mechanically derived parameters, although
a suggestion of the variation can be noted or a comparative study of different geomechanical
properties of various lithological units can be investigated. These seismic measurements can
be viewed as complementary and equally important for studies related to the evaluation of rock

mass performance (geomechanical classification system).

3.11 Summary and Conclusions

In the present study, the seismic wave propagation was reproduced in the laboratory by using
the ultrasonic velocity measurement technique to measure the V, of different rocks. Ultrasonic
transducers of 54 kHz frequency were used to measure V, utilising the through-transmission
technique. The porosity of sandstones and carbonates was measured using cost-effective, semi-
automated, in-house fabricated helium gas porosimeter setup. The need to fabricate a well-
established porosimeter aroused due to the highly inflamed cost of existing commercial helium
gas porosimeters. This setup allows measurement of grain volume and subsequently porosity
of sandstone, carbonate and shale rocks at laboratory scale. The setup was calibrated by using
four different steel cylinders of known volume. These steel cylinders are used to ensure that
the known volume is of the steel with 0% porosity. Hence, the porosity measurements obtained
were standardised on the basis of these steel cylinders with 0% porosity. The primary purpose
of constructing the helium gas porosimeter is its wide applicability (range) for performing
porosity measurements on conventional reservoir rocks, thereby making it a well-established
and widely used method. An accurate porosimeter operating on Boyle’s law principle is of
considerable value in analysing cores for either routine or research purposes. Comparatively,
the dominancy of this instrument over other porosity measurement techniques or methods can
be illustrated from the fact that it takes into consideration the wide applicability in the sample

dimensions without contaminating the sample. In an industry-based commercial porosimeter,
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the core sample holder is of a specific size, i.e., either 1 inch or 1.5-inch diameter. This makes
the sample preparation an essential step in order to perform porosity measurements. However,
this disadvantage is taken care of in the existing setup. This setup offers measurement of rock
samples up to NX (54 mm) core size of known volume with ease. There is no requirement for
a sample holder for performing measurements for samples of different diameters.

Particularly for conventional reservoir rocks, this method is the most suited method due to the
non-destructive nature and reusability of the core plugs for other petrophysical and
geomechanical examinations. The use of helium gas in Boyle’s law porosimeter reduces the
error due to gas adsorption to negligible proportions (Beeson 1950). Helium gas poses no threat
for interaction or reaction with the rock grains. This makes it possible to construct instruments
that permit the determination of porosity with a high degree of accuracy, with great rapidity
and without contamination. As compared to other contemporary techniques, the advantage of
Boyle’s law instrument is most outstanding when the determination time is compared with that
required in obtaining porosity by evacuation of the core followed by saturation with a liquid of
known density. The results obtained by this setup were compared with industry-based
commercial porosimeter and found to be satisfactory with R? = 0.98 for carbonates, R?= 0.95
for sandstones. It is thereby suggested that by virtue of its cost-effectiveness and adaptability
in measuring different ranges of samples of known volume, the current setup is best suited for
applications involving conventional reservoir characterisation based on porosity values.

An attempt was made to understand the variation of E with V, with the help of a fragmented
analysis of major mineral constituents and saturation conditions for rock mass classification
based on V,. This will help to understand the variability of V, values associated with the change
in saturation conditions for a reservoir rock under investigation. Such a template would aid in
the interpretation of the geomechanical behaviour of rocks on the basis of V, values, even in
the absence of well log data. However, the present template considers the effect of only major
minerals and porosity. Other factors such as the presence of other minor minerals, clay content
may also alter the properties, which may be one of the reasons for the literature dataset falling
below the modelled template dataset. Thus, it can be inferred that material with higher E will

have a higher Vp due to higher density and presence of lower pores (lower porosity).
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Chapter 4
Laboratory Assessment on Factors Controlling the Acoustic
Properties of Carbonates

4.1 Introduction

Carbonate reservoirs are one of the most significant sources of hydrocarbon with about 50-
60% of the world’s oil reserve (Vanorio et al., 2008; Xu and Payne, 2009; Payne et al., 2010;
Burchette, 2012; Mousavi et al., 2012; de Ceia et al., 2015; Madhubabu et al., 2016; Sun et al.,
2017). The potential for the additional gas reserve is huge (Vanorio et al., 2008), thereby
suggesting the economic significance of carbonate rocks. However, the rocks that constitute
these reservoirs are heterogeneous, fractured and described by textural variations, leading to
complicated relations between petrophysical properties and geophysical data (Vanorio et al.,
2008). Carbonates often are more heterogeneous than sandstones due to a more complex
distribution of grains and pore space. The natural discontinuities and inhomogeneity of the
rocks can create internal and external uncertainties when estimating petrophysical and geo-
mechanical properties (Misaghi et al., 2010). This uncertainty is due to the complexity in the
method of formation of these rocks and dissolution. The major factors that cause the
heterogenetic behaviour of carbonates compared to sandstones are- (i) carbonates are
autochthonous while sandstones are allochthonous and (ii) higher reactivity of carbonates
(Choquette and Pray, 1970; Moore and Wade, 2013; Ehrenberg and Nadeau, 2005). The latter
difference has a higher significance for diagenesis and reservoir quality (Ehrenberg and
Nadeau, 2005). The higher reactivity subjects the carbonates to several alterations within the
pore system, leading to a change in pore architecture, thereby taking a toll on the pore space
that may destroy/alter porosity. Chemical effects prone to chemical reactions pose difficulties
in acoustic modelling by inducing variations in the rock frame properties (Vanorio et al., 2008).
Few studies (Regnet et al., 2015; Husseiny and Vanorio, 2015, 2017) have highlighted that
micrite content and macroporosity are also important when interpreting and modelling
petrophysical relations.

As stipulated earlier, due to the mutual influence of changes in depositional facies and
diagenetic alterations occurring over a period due to several geological processes, carbonates
tend to develop varied pore types, i.e., a variety of pore types may be present in carbonates
(Lucia, 2007). As per Mousavi et al., 2012, the different types of pores considered in the
classification of pores are - (i) interparticle porosity, (ii) intercrystalline porosity, (iii)

intraparticle porosity, (iv) moldic porosity, (v) vuggy porosity, (vi) touching vug and (vii)
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microporosity. Pore types control fluid flow and hence are very important for transport
properties (Mousavi et al., 2012). For instance, as per Baechle et al. (2009), rock dominated by
intraparticle porosity and rock dominated by interparticle porosity has a velocity variation of
almost 1500 m/s. One of the main geometric features is the pore aspect ratio, which is defined
as the ratio between the major and the minor axes of an ellipse that encloses the pore and
describes the elongation of the pore bounding ellipsoid (Anselmetti and Eberli, 1993; Eberli et
al., 2003; Assefa et al., 2003; Kumar and Han, 2005; Weger et al., 2009). To counter the
heterogeneity existing due to the complexity in the pore geometry, pore distribution and pore
arrangement within the rock matrix, recent advances in technology have provided a more
decisive basis for assessing a more reliable estimation of the pore-scale modelling
(Wildenschild and Sheppard, 2013). In reality, there will be changes in porosity and
permeability even at the micro-level, which in turn will result in huge uncertainty in the
estimation of both parameters. The high diagenetic potential of carbonate rock results in
changes in the pore structure, making the whole pore structure more complex to analyse. The
advent of new techniques, such as digital rock methods/digital image analysis (DIA), can be
used to understand the role of pore geometry and pore size distribution in porosity and
permeability estimation. The advantage of digital image analysis (DIA) is that it can be used
for pore network extraction/modelling with less computing time to obtain different parameters
(Suicmez and Touati, 2007). Besides, it can also take into account all types of pore
microstructure and help in characterisation, which may be necessary for studies related to
digital rock physics modelling. Such studies may help to develop digital rock typing that can
be used for subsurface geological modelling. Hence, to address the heterogeneity, an extensive
and comprehensive study incorporating all the pore features is fundamental for assessing the
diverse nature of carbonates. Such pore-scale study in amalgamation with the conventional
rock analysis and incorporating the wider-ranging geological and engineering studies with the
laboratory data would help establish a consistent relationship with the acoustic properties that
would provide a more realistic rock physics model.

The most basic and classical rock physics models are the Gassmann equation (Gassmann,
1951), the Wyllie time average equation (Wyllie et al., 1956) and the Kuster-Toksoz model
(Kuster and Toksoz, 1974). However, these models lack suitability when considering the pore
geometry’s effect on elastic wave velocities because of the assumptions of these models (Wang
et al.,, 2011). The limitation of the Gassmann equation lies in the applicability to predict
velocities with various secondary storage spaces in carbonate reservoirs (for example, caves,

cracks etc.) (Wang et al., 2011). Wyllie time average equation works best for primary porosity
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and assumes single homogeneous mineralogy (Mavko and Mukerji, 1998). The Kuster-Toksoz
model assumes isotropic, linear, elastic media and is found suitable for ultrasonic laboratory
conditions. However, in low-frequency bands, velocities predicted by this model and the
seismic wave velocities generally exhibit differences (Mavko and Mukerji, 1998; Wang et al.,
2011). Other models of velocity prediction are extended models of these three models.
Therefore, this study attempts to undertake a comprehensive laboratory study to address the
gap and understand how petrophysical and geological properties like mineralogy, pore
geometry etc. affect the acoustic properties of carbonates.

This study aims to evaluate and understand the factors that contribute to the heterogeneity of
carbonates and thereafter establish their association with the acoustic properties. It is based on
applying geological principles coupled with analytical and digital image analysis techniques.
Hence, for the purpose of the analysis, carbonate samples of the Bombay Offshore basin, India,
were investigated in the laboratory at ambient conditions. Thereafter, multivariate analysis is
performed to understand different factors that affect V,. The high correlation signifies the
importance of pore scale parameters. Moreover, the effect of saturation on Vp considering
variation in major mineral constituents and porosity for different saturating fluids is also
evaluated. With this approach, this study maximises the use of experimentally derived

laboratory data that are usually inhibited by realistic geological information.

4.2 Materials and Methods
4.2.1 Geology of the Study Area and Sample Description

Carbonate rock core plugs are from the Bombay offshore Category I sedimentary basin in India,
known for commercial production (Bastia, 2006). The Bombay offshore basin is considered to
have around 50% of India’s total oil reserves (Mohan, 1985). This formation belongs to the
early Miocene age (Guha and Pandey, 1974; Mohan, 1978; Basu et al., 1980). Figure 4.1 shows
the geographical location of the sedimentary basin from where representative core plugs were
obtained. Due to the confidentiality of the provided core plugs by ONGC Limited, only depth
information of the obtained core plugs is provided. The generalized stratigraphic column of the
Bombay offshore basin is shown in Figure 4.2. Prior to detailed microscopic analysis,
megascopic analysis and visual inspection, which included colour and texture identification,
were carried out on all the carbonate samples. All the tests, physical, petrological and acoustic
measurements were carried out by following the ISRM (International Society for Rock
Mechanics) suggested methods, ASTM (American Society for Testing and Materials)

specifications and IS (Indian Standard) Codes.
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Figure 4.1 Geographical map of the study area with an inset highlighting the location of the
sampled rocks (Carbonates from Bombay Offshore)
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Figure 4.2 Stratigraphic column of Bombay offshore basin (modified from Basu et al., 1980)
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4.2.2 Methodology

Carbonate rock core plugs, ten in number (Figure 4.3), from the Bombay offshore basin were
used to measure parameters that include acoustic, petrophysical and mineralogical variables in
the laboratory. Before carrying out any analysis, all the rock core plugs were cleaned using the
soxhlet extractor apparatus to remove any organic content. The rock samples were then used
for evaluating different parameters. Compressional wave velocity (Vp) was measured in the
laboratory using piezoelectric transducers of 54 kHz by employing the ultrasonic-through
transmission technique. Porosity was measured by using a helium gas porosimeter, while
permeability was measured by using a nitrogen gas permeameter. The grain and pore diameters
were calculated with the help of FESEM images. The petrographic analysis was carried out
using optical microscopy. The mineral content of the rock core plugs was determined by XRD
(X-ray Diffraction). The procedure of determining each parameter is discussed and elaborated
in Chapter 3.

Figure 4.3 Carbonate rock samples considered in this study obtained from Bombay offshore
basin

4.3 Results and Discussion

4.3.1 General Petrographic Description

For petrological analysis, the rocks were investigated using visual inspection techniques. It was
observed that carbonate samples are pale white to grey-white in colour and fine to coarse in
texture. The thin-section images of carbonates (Figure 4.4) show an abundance of fossils (shell
fragments of foraminifera) in carbonate samples. The presence of fossils was reported in the
literature (Basu et al., 1982) for carbonates of this basin. As per Basu et al. (1982), limestone

is primarily biomicrite, fossiliferous micrite and mostly contains a large bioclastic element.
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Figure 4.4 Optical Photomicrographs of the carbonate samples (Magnification: 10X,
Scale:20um) (Photomicrograph showing the abundance of fossil in the sample)

The mineral content of the rock specimen was confirmed by XRD analysis. The results revealed
that dolomite was the dominant mineral in carbonates. However, quartz was present as a minor
mineral in carbonates. Its presence may indicate that siliceous deposits have precipitated during
diagenesis, where they partially filled the pores. XRD spectra show the presence of different
minerals for carbonates, as shown in Figure 4.5. Results obtained from semi-quantitative XRD

analysis of carbonates are tabulated in Table 4.1.
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Figure 4.5 X-ray diffraction pattern of carbonate samples (legends showing the sample ID)
showing presence of different peaks for different minerals (D- Dolomite, Q- Quartz, A-

Ankerite)

Table 4.1 Results obtained from semi-quantitative XRD (X-ray diffraction) analysis of

carbonates
Sample ID Mineral Composition (%)
Quartz | Dolomite | Gypsum | Ankerite | Calcite
CR_A BO 19 58 5 18 0
CR_B_BO 9 90 0 1 0
CR_C_BO 6 82 0 0 12
CR_D BO 5 91 0 4 0
CR_E_BO 30 58 0 11 0
CR_F BO 5 27 0 67 0
CR_G_BO 7 89 0 4 0
CR_H BO 2 92 0 0 6
CR_I_BO 2 95 0 3 0
CR_J BO 2 93 0 0 4
81
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4.3.2 Acoustic and Petrophysical Properties

Table 4.2 summarises the description of the obtained samples, including the depth of the drilled
core samples (below ground level), length and diameter of carbonates, respectively. The
designation used for the studied samples highlights the type of sample (CR for carbonates),
followed by the name of the sample (A, B, C etc.) and lastly, the location of the obtained sample
(BO for Bombay Offshore basin). The measured petrophysical and acoustic properties for
carbonates are presented in histograms, as shown in Figure 4.6. The different parameters vary
as: length = 39.19 mm to 74.19 mm, diameter = 25.29 mm to 25.45 mm, V, = 1760 m/s to 4560
m/s, bulk density (o) = 1.94 g/cc to 2.59 g/cc, grain density (GD) = 2.63 g/cc to 2.72 g/cc,
porosity (¢) = 4.09% to 28.58% and permeability (k) = 0.2083 mD to 112.317 mD. The
standard deviation in V, measurement for all samples, i.e., CR_A_BO till CR_J BO are 5.77,
15.27, 25.33, 17.32, 30.33, 17.32, 11.54, 15.27, 23.09, 10.77 m/s respectively. The summary
of measured petrophysical and acoustic properties with standard deviations (SD) for the studied
carbonate rock core plugs is presented in Table 4.3. It is to be noted that permeability of
carbonates CR_D_BO, CR_E BO, CR_F_BO, CR_I BO is below the detectable limit, less
than 0.01mD.

Table 4.2 Details of the studied carbonate rock core plugs

S. | Sample ID | Depth (below | Length | Diameter

No Ground level) | (mm) (mm)
of core

samples (m)

1 | CR A BO | 1190-1208 | 73.05 25.29

2 | CR B BO | 772-780.5 | 40.54 25.38

3 CR _C BO 1709-1727 39.19 25.38

4 | CR D BO | 1336-13475 | 72.95 25.38

5 CR_E BO 1386-1397 47.33 25.41
6 CR_F BO | 1423.6-1430.1 | 70.37 25.45

7 | CR_G_BO | 7064-7081.5 74.19 25.42
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8 CR_H BO 1829-1840 72.35 25.32

9 CR I BO | 2058-2064.5 71.06 25.36
10 | CR_J BO 2337-2355 49.72 25.36

Max. 74.19 25.45
Min. 39.19 25.29
Avg. 61.075 25.375

The Bombay offshore basin consists of approximately 70% carbonates (Wandrey, 2004a).
Different researchers reported values of petrophysical and acoustic properties for studies
pertaining to this basin in the literature. Sharma et al. (2020) reported an average porosity range
of 14.1% to 16.9% and permeability less than 5mD. As per Wandrey (2004a) and Schon
(2015), average porosity and permeability ranges from 15-20% and 100-250 mD, respectively.
The log values reported by Roy and Chatterjee (2020) varies from: Vp=3811 to 4193 m/s, bulk
density = 2.51 to 2.66 g/cc and porosity = 14-22%. Similarly, Chandrasekhar and Rao (2012)
reported velocity log data in the range of 983 to 1352 m/s. Observing the variation of properties
in the literature, the core plugs were so selected and investigated such that they cover the
maximum variability of the different properties. Hence, analysis on ten number of carbonate
core plugs was performed. Moreover, sample acquisition/collection is difficult and not a
straightforward task.

4.3.3 Regression Analysis
The subsequent sections deal with evaluating and analysing the different relationships such as
Vp-bulk density, Vp-porosity, Vp—permeability, Vp-mineral content and porosity-permeability

correlations one by one, i.e., in isolation/separately.

4.3.3.1 Bulk Density, Porosity and Permeability Relations

Regression analysis was performed to predict and understand the relationships between bulk
density, porosity, permeability and Vp. Bulk density control on V, was checked, and a
correlation was obtained as shown in Figure 4.7(a) with R?=0.73. Similarly, porosity control
on V, was checked, and a correlation was obtained as shown in Figure 4.7(b) with R?=0.72.
The relationship between permeability and V, was also checked, and a correlation was obtained
as shown in Figure 4.7(c) with R?= 0.68.
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4.3.3.2 Mineralogy Relation

This section presents the dependability of V,, with the mineral content for carbonate rock core
plugs. The major mineral present in carbonates includes dolomite, while quartz was present as
a minor mineral. In order to investigate whether mineralogical parameters control acoustic
properties, the mineral composition was plotted against V, for all the carbonate samples, as
shown in Figure 4.8. Moreover, since Vp and porosity are inversely related to each other, any
dispersion in V, values will be reflected in the porosity values. Subsequently, the mineral

composition was also plotted with porosity, as shown in Figure 4.9.
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Figure 4.6 Measured petrophysical and acoustic properties of the studied carbonate rock core
plugs [(a) Velocity, (b) Bulk density, (c) Porosity, (d) Grain density, (e) Permeability]

The plotted Figures 4.8, 4.9 highlight the importance of mineralogical composition on V; and

porosity. When samples are analysed in isolation/separately, the following observations can be
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noted. For instance, ankerite mineral present in sample F (67%) may contribute to an increase
in Vp value (2880 m/s), despite the porosity of sample F (15.77%) being on the higher side.
Moreover, quartz, being the secondary mineral in the case of carbonates, tend to reduce
porosity. This is evident from sample E (quartz content is 30%, porosity is 7.25%). Another
observation from the cross-plots indicates that for samples H, I, J and D, with similar dolomite
and quartz contents, V, fluctuates. This may infer that dolomite content may not be a criterion

for low or high Vp.

Table 4.3 Summary of measured petrophysical and acoustic properties with standard deviations
(SD) for the studied carbonate rock core plugs

Sample ID | Velocity Bulk Density | Porosity (%0) Grain Permeability
(m/s) (g/ce) Density (mD)
(g/cc)
Vp SD p SD ¢ SD % GD | SD k
Change

CR_A_BO | 2920 | 5.77 | 2.38 | 0.0017 | 11.33 | 0.284 | 2.508 | 2.68 | 0.0086 | 0.208

CR_B_BO | 1760 | 15.27 | 1.99 | 0.0008 | 24.6 | 0.014 | 0.057 | 2.63 | 0.0001 | 58.966

CR_C_BO | 2976 | 25.33 | 2.18 | 0.001 |19.2 | 0.071 | 0.368 | 2.7 | 0.0028 | 1.4595

CR D BO | 4560 | 17.32 | 253 | 0.002 | 5.9 0.064 | 1.079 2.69 | 0.0021 | Below
detectable
limit <0.01

CR_E_BO | 3530 | 30.33 | 2.49 | 0.0008 | 7.25 | 0.093 | 1.282 | 2.69 | 0.0023

CR_F BO | 2880 | 17.32 | 2.28 | 0.0014 | 15.77 | 0.459 | 2.913 2.71 | 0.0146

CR_G_BO | 2200 | 11.54 | 1.94 | 0.0014 | 28.58 | 0.014 | 0.049 | 2.71 | 0.0007 | 112.317

CR_H_BO | 2940 | 15.27 | 2.18 | 0.0008 | 19.19 | 0.211 | 1.101 | 2.7 | 0.007 | 0.791

CR_I_.BO | 3500 |23.09 | 259 |0.002 |4.09 |0.04 |0.988 |27 |0.0015 | Below
detectable
limit <0.01
CR_J BO | 2510 | 10.77 | 2.21 | 0.0004 | 184 | 0.11 | 0.599 2.72 | 0.0035 | 0.538

4.3.3.3 Pore Size Controls
To analyse the pore heterogeneity present in carbonates, the pore characteristics were closely
investigated with the help of digital rock methods, namely FESEM analysis. The samples were

analysed to capture all the wide-ranging pores of varying sizes varying from micro to
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nanometer. Figure 4.10 shows the obtained FESEM image for carbonate A. Similarly, FESEM

images were procured for all the samples and pore sizes were measured.
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Figure 4.7 Interrelationships between various properties for carbonates [(a) Bulk density -

Velocity modelling, (b) Porosity- Velocity modelling, (c) Permeability — Velocity modelling]
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Figure 4.10 Representative FESEM images of carbonate A sample

The obtained pore diameters (mode values) were plotted with V, values, as shown in Figure

4.11, and it was observed that there exists an inverse relationship between the two. The low

R?= 0.34 indicates that with an increase in pore diameter (mode values), V tends to decrease.

This low correlation (when Vp is depicted as a function of mode pore size only) was expected,

and it can be attributed to the presence of a number of multiple parameters that have a coherent

influence on V,. A one-to-one correlation between V, and bulk density exists in the literature,

where bulk density is a replica of grain density and porosity, or mineral content and porosity.

It is to be highlighted here that there are several parameters such as bulk density, porosity that

affect V, and the effectiveness of this correlation can be improved when these parameters, as

discussed in the following sections, are also incorporated.
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Figure 4.11 Pore diameter (mode values) obtained from digital image analysis and its variation
with V,, for carbonate rock core plugs

It is to be mentioned here that pore sizes derived here are from 2D images, and these derived
values were correlated with the petrophysical properties of the 3D sample volume. Weger et
al. (2009), in their study highlighted that directionality has a meagre effect on the geometrical

parameter values.

4.3.3.4 Porosity-Permeability Plot

The measured porosity and permeability for the carbonates were correlated with R?= 0.87 as
shown in Figure 4.12, and a direct relationship was obtained. This is applicable for samples
with higher porosity and permeability values (CR_B_BO and CR_G_BO) as well as for
samples with lower porosity and permeability above 0.01mD (CR_D_BO, CR_E_BO and
CR_I_BO). However, for other samples with an appreciable amount of porosity, a similar trend
is not followed (refer to Table 4.3). For instance, sample CR_F_BO porosity value is 15.77%,
while the permeability is below the detectable limit (less than 0.01mD). Thus, it can be said
that a sample with a high porosity value may not necessarily show a high permeability value,
which is due to a complicated pore structure. This correlation between porosity and
permeability may be found useful within one formation in understanding the fluid flow (Tiab
and Donaldson, 2015). The carbonates D, E, | have a lower porosity value (5.9%, 7.25% and
4.09%, respectively), which may be the reason for their low permeability value (less than 0.01
mD). However, the association between porosity and permeability is qualitative and is not
directly or indirectly quantitative. A plug may show high porosity without showing any

permeability value at all, such as clays, shales. Similarly, a plug may also show high
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permeability with a low porosity value in the case of micro fractured carbonates (Tiab and
Donaldson, 2015).

Permeability vs Porosity
1000
R*=0.8764
%‘ 100 L
°« .-
«
2 w|
=
g -
£ 1 @
-------- ® ¢
o .7
0.1 =
10 15 20 25 30
Porosity (%)

Figure 4.12 Porosity permeability crossplot for carbonates

The representative FESEM images of carbonate | is shown in Figure 4.13 under two different
magnifications, 500X (upper two images) and 2KX (lower three images). From these FESEM
images, it was noted that there was an absence of connected pores. There may be the presence
of pores, however, they may be isolated pores. These isolated pores may contribute to porosity
without showing any measurable permeability value.

Figure 4.13 Representative FESEM images of carbonate | with different magnification (upper
two images of 500X, lower three of 2KX magnification)
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4.3.4 Multivariate Analysis
As observed in the previous sections, several factors have a combined effect on V,. Thus,
multivariate analysis was performed, and V; is modelled as a function of porosity, bulk density,

aspect ratio and pore sizes (maximum, minimum, average and mode values).

4.3.4.1 Vp as a Function of Porosity and Others

Vp was plotted as a function of porosity and other factors, including aspect ratio and pore sizes
(max, min., average and mode). It was observed that there was a better correlation when V,
was plotted as a function of porosity and mode pore values (Figure 4.14). Hence, it becomes
evident that as the number of parameters increases, the effectiveness of the predictive velocity
model also improves based on the increase in R? value. The maximum value of R? was observed

to be 0.82 when Vp was modelled as a function of porosity and mode pore size.
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Figure 4.14 Predicted V, vs measured V, when V, presented as a function of porosity and
others
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4.3.4.2 Vp as a Function of Porosity, Bulk Density and Others

Bulk density, apart from porosity, is also an important factor that leads to an alteration in V,
value. To signify its importance, V, was depicted as a function of bulk density, porosity and
other factors, including aspect ratio and pore sizes (max, min., average and mode). It was
observed that the correlation improved when V, was depicted as a function of bulk density,
porosity and mode pore values (Figure 4.15). Hence, it becomes evident that as the number of
parameters increases, the effectiveness of the predictive velocity model also improves. The
maximum value of R? was observed to be 0.83 when V, was modelled as a function of bulk

density, porosity and mode pore size.
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Figure 4.15 Predicted Vjp vs measured Vp when V, presented as a function of bulk density,
porosity and others

4.3.5 Effect of Saturation

The equation generated for the carbonate samples when V, is considered as a function of bulk
density and mode pore size, obtained by multi-regression analysis, with R? =0.82, is shown
below. Bulk density can be calculated based on the formulation of Bateman (1985). The fluid
density value is taken from Table 4.4 (as specified by Schon (2015)). The grain density is varied
by changing the proportions of major minerals, as shown in Table 4.5. Keeping these values in

Bateman’s equation, bulk density is obtained. Thereafter, keeping this obtained bulk density
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value in the generated equation, V, obtained for different saturation conditions is plotted in

Figure 4.16 for carbonate C with known mode pore size and porosity value 19.2%.

V, = f (Bulk density and mode pore size)
V, =2619.2p—3233656.3K —2432.4 R?=0.82

o = ¢*fluid density + (1-¢)* grain density (Bateman 1985)
where p = bulk density, K= mode pore size, ¢ = porosity

GDnmixture = GDcalcite™ Proportioncacite + GDpolomite * Proportionpoiomite

Table 4.4 Vp and Density values for different fluids

Fluid Vp (M/s) Density (g/cc)
Hydrocarbon Gas 600 0.35
QOil 1200 0.76
Water 1500 1
Brine 1635 1.05

The grain density of calcite mineral is 2.71 and the grain density of dolomite mineral is 2.87
(Simmons, 1965; Nur and Simmons, 1969; Domenico, 1984; Mavko et al., 2009).

Table 4.5 Varying proportions of major minerals in carbonates

Calcite (in | Dolomite (in Grain density
fraction) fraction) (Mix)
1 0 2.71
0.9 0.1 2.726
0.8 0.2 2.742
0.7 0.3 2.758
0.6 0.4 2.774
0.5 0.5 2.79
0.4 0.6 2.806
92
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Figure 4.16 Saturation effects on V, considering variation in major mineral constituents for
Carbonate C with porosity 19.2% (C:D means Calcite:Dolomite)
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Keeping porosity constant and varying the major mineral composition for four different
degrees of saturation, as shown in Figure 4.16, it was observed that as Dolomite content
increases from 0 to 100%, V, also increases for all the four saturation conditions, respectively.
This is because, as the calcite content decreases and dolomite content increases, there is an
increase in the bulk density, which is again due to the higher grain density of Dolomite,
resulting in an increase in Vp.

Now, keeping mineral composition fixed (Dolomite: Calcite:: 82:12) for carbonate C, porosity
is varied from 2 to 40% (2%, 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%). Keeping these
different porosity values in Bateman’s equation, bulk density is obtained. Thereafter, keeping
this obtained bulk density value in the generated equation, Vp obtained for different saturation

conditions is plotted in Figure 4.17.
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Figure 4.17 Saturation effects on V, considering variation in porosity for Carbonate C with
fixed mineral composition % (Dolomite:Calcite::82:12)

Figure 4.17 highlights the alteration in the Vp values when porosity is varied from 2 to 40%
keeping major mineral composition constant. It is observed that there is an approximate 50%
decrease in Vp values when porosity varies from 2 to 40%. It can be said that porosity and
mineral composition both have an effect on V,, however, the porosity effect is more prominent,

as observed from Figure 4.17.

It is to be noted that Gassmann’s formulation is valid only at sufficiently low frequencies
(Mavko et al., 2009), i.e., the formulation works well at low frequency seismic data (<100Hz)
and may perform even less well as frequencies increase towards sonic logging (10* Hz) and
laboratory ultrasonic measurements (10 Hz) (Mavko et al., 2009). The present study used
transducers of frequency 54 kHz for the measurement of Vp in the laboratory. As a result,
Gassmann’s formulation was avoided and density, one of the prominent factors, was altered to
observe the variations. The idea was to alter the mineral composition of the rock and thereafter
observe the variations in Vp. This was done in a statistical way by changing the density (by
varying the mineral composition) that would help in identifying the variations in Vp with the
change in mineralogy. Additionally, for the wider applicability of the proposed model, we
mathematically derived the variations in VVp due to change in fluid conditions for a set of rock
types with predefined mineralogy and petrophysical properties. The variation in Vp indicates

that the present methodology can be adapted as a generalized model for any reservoir.
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Interpretation of reservoir characteristics away from the well-control or beyond the available
data range is possible by capturing the fluctuations in Vp within the given geological
constrains. Bulk mineralogy of rock may not be a standalone factor to correlate with Vp but
has an effect on Vp along with density and porosity. However, there are several parameters
that have a role to play in altering Vp while undertaking saturation studies. In other words,
although density is one of the major factors, however, varying the density and keeping other
factors constant may not entirely depict a true description, Hence, further complimentary
studies may be carried out in the future on a larger dataset with different rock types under

different geology setup.

4.4 Summary and Conclusions

This study attempts to bridge the gap between petrophysical, mineralogical and acoustic
properties for carbonates that are known to possess a significant portion of the world’s
hydrocarbon reserves. The different properties were evaluated by conventional measurements
and advanced techniques (digital image analysis). Ultrasonic measurement technique was used
to model the compressional wave velocity (Vp) at the laboratory. For this, transducers of 54
kHz frequency were used to measure V, of carbonate core plugs by utilising the through
transmission technique. The pore size (maximum, minimum, average and mode values) and
aspect ratio were measured by employing the digital image analysis technique. Regression
analysis was performed to understand how petrophysical properties, mineralogy affects V, and
a generalized rock physics model is developed based on V. The effectiveness of the predictive
velocity model improved on incorporating multiple parameters such as bulk density, porosity,
pore size and aspect ratio collectively. In other words, V, estimates can be improved if the
multivariate analysis is performed. A combination of bulk density, porosity and mode pore size
was able to explain more than 83% of the deviation of V, (R?=0.83). Thus, this study maximises
the use of information obtained from laboratory analysis that is usually constrained by accurate
geological details. Moreover, the effect of saturation on carbonates was statistically
investigated by (i) keeping porosity constant and varying the major mineral constituents and
(i) keeping major mineral constituents constant and varying the porosity. Both these variations
define the trend of velocity and provide key insight into how porosity and mineral composition
play a fundamental role in altering V, values.

The results demonstrate the intimate relationships/correlations among different parameters and
also highlight the need to incorporate an integrated analysis such as multi-regression analysis
into the conventional physics-based transforms. The methodology/results presented in this
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research article can be used by developers/users of rock physics laboratory pertaining to

carbonates for future research use.
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Chapter 5
A Multivariate Statistical Approach in Correlating the Acoustic
Properties with Petrophysics and Mineralogy on Sandstones

5.1 Introduction

Sandstones result from a series of complicated geological and hydrodynamical processes,
which induces heterogeneity in the pore spaces (Bakke and Oren, 1997). This heterogeneity,
leading to a modification in the original structure, is largely responsible for altering the rock’s
petrophysical and geomechanical properties. Also, the prediction of the petrophysical
properties of sandstone reservoirs is sensitive to the primary composition of the sediments
(Bjerlykke and Jahren, 2010). Primary sediment composition is controlled by the mineralogical
and textural composition of the depositional environment and by the diagenetic processes
(Bjorlykke, 2014). The amalgamation of mineralogical and petrographical knowledge is
essential for better approximation and analysis of rock behaviour (Undiil, 2016). However,
little literature is available to systematically investigate how mineralogical composition
controls the seismic properties and influence them (Dentith et al., 2020).

This study develops a multivariate statistical approach to understand the effects of all the
parameters on Vp in combination rather than separately. Multivariate regression analysis is a
statistical method for predicting dependent variables based on changes in one or more or from
a collection of independent variables (Johnson and Wichern, 2002). This method was applied
in the present study to understand the undercovered trend and assess the influence of multiple
parameters and their effects on the physical properties. Previous studies derived different
relationships correlating Vp with density, porosity and bulk mineralogy on a one to one basis
for sandstones. However, bulk mineralogy of rock may not be a standalone factor to correlate
with Vp but has an effect on V, along with density and porosity. Therefore, this study intends
to present a methodology for the interpretation of V, data from the laboratory measurements at
ambient conditions for sandstone samples from the Upper Assam basin, India. For more than
a century, the Upper Assam basin has been a prolific hydrocarbon producing basin (Mandal et
al., 2011). An integrated analysis was conducted on the core samples by critically examining
the associations of the mineralogical, petrographical and petrophysical properties with the
ultrasonic measurements. Petrographic and mineralogical studies were conducted on all rock
core plugs. Besides, this study proposes models in the form of equations relating ultrasonic
compressional velocity with the petrophysical properties and the mineralogical content of the

rocks under investigation by using a multivariate statistical approach. Several reliable
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equations based on different petrophysical properties have been formulated to evaluate sonic
velocity, which is important for identifying future prospective reservoirs or forecasting beyond
the available data range. An effort is made to improve the predictivity of velocity behaviour
related to the natural variability in porosity, density and mineralogy. The formulation so
presented is derived from the laboratory data to help reduce the ambiguity when inferring
variation in formation properties from acoustic properties. The developed models can be used
in quantitative seismic interpretation to identify prospective reservoirs and for reservoir
characterisation. Such methodology becomes crucial when seismic or sonic data are to be used
to deduce petrophysical, geomechanical properties before embarking on a time-consuming and
costly quantitative interpretation project, such that there is a maximum likelihood of attaining
the desired outcome of the project. This approach of multi-parameter analysis has broader
applications in modelling and analysing the experimental results in diverse fields such as
engineering geology, rock engineering, rock and soil mechanics, mining-related issues
(Jennrich, 1995; Grima and Babuska, 1999; Gokceoglu and Zorlu, 2004; Yilmaz and Yuksek,
2009; Monjezi et al., 2012; Kumar et al., 2013; Mishra and Basu, 2013; Heidari et al., 2018).
The aim is to evaluate the dependency of the mineralogical parameters and petrophysical
properties on the velocity and hence address the research gap in the literature regarding the

influence of these parameters on the seismic properties.
5.2 Materials and Methods
5.2.1 Geology of the Study Area and Sample Description

The present study is based on the laboratory-based petrophysical and acoustic analysis of
sandstone rock core plugs of one-inch diameter from the Upper Assam basin (Assam Arakan
basin). The Upper Assam basin is a tertiary sub-basin (Mathur, 2014), and it is surrounded by
the Himalayan orogenic belt in the north, Mishmi Thrust in the east, Schuppen Belt in the south
(Mandal and Dasgupta, 2013). As per Bastia (2006), this basin is classified as a Category |
sedimentary basin, and it is the first known hydrocarbon province (Pahari et al., 2008) in India.
The sandstone core plugs belong to Tipam and Barail group; however, sample representation
or identification from each group is confidential. As per the available literature (Wandrey,
2004b; Bharali and Borgohain, 2013), the bulk of gas and oil that was discovered in Upper
Assam was found in Barail (Upper Eocene to Lower Oligocene age) and Tipam (Upper
Miocene age) group. As per Mathur (2014), hydrocarbons were discovered in the Oligocene
Barail Formation, Upper Miocene Girujan Formation, the Lakadong member of the Sylhet

Formation (Lower Eocene) and the Langpar Formation (Upper Palaeocene). The location map
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and stratigraphic succession of the Upper Assam basin are shown in Figure 5.1 and Figure 5.2

respectively.
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Figure 5.1 Study area location of the investigated sandstone rock core plugs from Upper Assam
(UA) basin

5.2.2 Methodology

Sandstone rock core plugs, fifteen in number, were obtained from the Barail and Tipam
formations of the Upper Assam basin, India, were used to measure parameters that include
acoustic, petrophysical and mineralogical variables in the laboratory (Figure 5.3). Before
carrying out any analysis, all the rock core plugs were cleaned using the soxhlet extractor
apparatus to remove any organic content. The rock samples were then used for evaluating
different parameters. Compressional wave velocity (Vp) was measured in the laboratory using
piezoelectric transducers of 54 kHz by employing the ultrasonic-through transmission
technique. Porosity was measured using a helium gas porosimeter, while permeability was
measured using a nitrogen gas permeameter. The grain and pore diameters were calculated with
the help of FESEM images. The petrographic analysis was carried out using optical
microscopy. The mineral content of the rock core plugs was determined by XRD (X-ray
Diffraction). The procedure of determining each parameter is discussed and elaborated in
Chapter 3.
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Figure 5.3 Sandstone rock samples considered in this study obtained from the Upper Assam
basin

5.2.3 Statistical Analysis to Develop Mathematical Models for Vp

For the present study, multivariate regression analysis was applied to formulate correlations
between Vp, the output or dependent variable and porosity, density, mineral composition (major
mineral constituents, i.e., quartz and feldspar content), which are the inputs or independent
variables. This was done to evaluate the dependency of the mineralogical parameters and
petrophysical properties on the velocity and hence address the research gap in the literature on
how these parameters influence the seismic properties (Dentith et al., 2020). By adopting this
methodology, statistically derived rock physics equations (best-fit relationships) were
developed. The coefficient of determination (R?) was used to indicate the prediction efficacy
of the model (between the measured and predicted values).

Additionally, the deviation in Vp was investigated by varying the mineral content and porosity.
The mineral content (in %) was varied from Quartz: Feldspar = 80:20 to 40:60 with an
increment of 10% each for a set of porosity (5%, 10%, 20% and 30%) by using Bateman’s
equation (Bateman, 1985). This analysis was performed for different saturation conditions, i.e.,
water-saturated, gas saturated, oil-saturated and brine saturated. The statistically derived rock
physics equation relating V, in terms of porosity and density was used to derive the variations
in Vp.

Similarly keeping quartz content fixed (85%), the different feldspar contents (F1=Potassium
Feldspar, F2=Sodium Feldspar, F3=Calcium Feldspar) were varied from 0% to 15% with an
increment of 5% for different porosity ranges (5%, 10%, 20% and 30%) and the variations in

Vp were plotted for various saturation conditions.
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5.3 Results and Discussion

5.3.1 Acoustic and Petrophysical Properties

The ranges obtained for V, and different petrophysical properties (porosity, bulk density, grain
density and permeability) for the investigated sandstone plugs are summarised in tabular form
along with the standard deviation (SD) in measurements (Table 5.1). The obtained ranges are
also shown in histograms (Figure 5.4), along with the standard deviation in measurements of
velocity, density and porosity in the form of an error bar. The nomenclature followed in naming
the sample includes the type of sample (SS for sandstone), name (A, B1, B2 etc.) and the
location (UA for Upper Assam basin).
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Figure 5.4 Histograms depicting the range of (a) P-wave velocity-V, and (b) petrophysical
properties (bulk density, porosity, grain density and permeability) for the sandstone rock core
plugs

102
TH-2897_166104013



Rock Physics: Sandstones

Hydrocarbons are being produced for more than a century from the Upper Assam basin (Pahari
et al., 2008; Mandal et al., 2011). As per Wandrey (2004b), the reservoir rocks are interbedded
sandstones of the Kopili formation, sandstones of Barail, Surma and Tipam groups. Several
researchers investigated the petrophysical and acoustic properties of this basin in the literature.
Wandrey (2004b) reported a porosity range of 7-30% and a permeability range of 8-800 mD.
Zaei and Rao (2019) reported average density as 2.40 g/cc and porosity as 13% for Tipam
sandstones. The log derived porosity ranges from 27-30% (Ishwar and Bharadwaj, 2013) and
15-30% (Bharali and Borgohain, 2013). Similarly, Gogoi and Chatterjee (2019) reported log
derived porosity for Tipam sandstones as 30-36% and for Barail sandstones as 18-30%. Mandal
etal. (2011) reported a regional velocity trend in the range of 1600- 2900 m/s. Similarly, Gogoi
and Chatterjee (2018), reported seismic velocity in the range of 2500-4000 m/s. Based on the
variation in the range of these properties obtained from the literature, fifteen sandstone core

plugs were examined to cover the maximal variability of the different parameters.

Table 5.1 Tabular summary of different measured properties along with the standard deviations
(SD) for the sandstone plugs

Sam | Dept | Velocity (m/s) | Bulk Density Porosity (%) Grain Density | Permeab
ple | h(m) (g/cc) (g/cc) -ility
Nam (mD)
e A SD | p SD ) SD % GD | sD k
change

SS E | 2642- | 1050 | 4.71 | 2.12 | 0.0006 | 20.55 | 0.021 | 0.103 2.67 | 0.001 142.75
_UA | 2648
SS D | 2444- | 1130 | 24.94 | 1.89 | 0.0003 | 30.73 | 0.085 | 0.276 2.73 | 0.007 10.44
_UA | 2452
SS B | 2420- | 1970 | 29.43 | 2.34 | 0.0004 | 13.57 | 0.085 | 0.625 2.7 | 0.001 0.489
1U | 2421
A
SS B | 2420- | 2550 | 25.39 | 2.56 | 0.002 4.75 0.18 | 3.791 2.69 | 0.005 <0.01
2.U | 2421
A
SS A | 2995- | 1040 | 16.99 | 2.03 | 0.0011 | 23.87 | 0.014 | 0.059 2.67 | 0.001 354.53
1.U | 3000
A
SS_A | 2995- | 910 | 14.25 | 2.08 | 0.0008 | 21.84 | 0.015| 0.07 2.66 | 0.001 | 135.061
2_U | 3000
A
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SS_J | 2662- | 610 | 9.42 | 1.99 | 0.0001 | 25.3 | 0.049 | 0.196 | 2.67 | 0.001 | 369.1
_UA | 2671

SS_I | 3018- | 530 | 8.16 | 1.86 | 0.0005 | 30.55 | 0.026 | 0.087 | 2.68 | 0.001 | 16915
_UA | 3026

SS_H | 2963- | 1013 | 9.42 | 2.16 | 0.0013 | 8.73 | 0.057 | 0.648 | 2.65 | 0.01 | <0.01
_UA | 2972

SS_ G | 2832- | 610 | 8.16 | 2.08 | 0.0008 | 20.32 | 0.057 | 0.278 | 2.64 | 0.001 | 125.38
_UA | 2841

SS_F | 2802- | 1000 | 471 |2.15| 0.0003 | 18.9 | 0.028 | 0.15 | 2.65 | 0.001 | 137.31
_UA | 2810

SS_K | 3897- | 2120 | 4.71 | 241 | 0.0001 | 10.45 | 0.064 | 0.609 | 2.69 | 0.007 | 0.673
_UA | 3904

SS_ | 3374- | 1710 | 4.71 | 212 | 0.0006 | 20.49 | 0.007 | 0.035 | 2.67 | 0.007 | 83.81
M_U | 3381

A

SS_N | 3258- | 1060 | 34.64 | 2.04 | 0.0002 | 24.13 | 028 | 1.162 | 2.68 | 0.013 | 259.58
_UA | 3267

SS_O | 3148- | 2600 | 25.33 | 249 | 0.0013 | 6.98 | 0.231 | 3.307 | 2.67 | 0.007 | <0.01
_UA | 3156

5.3.2 Petrography

Sandstone plugs are of blackish-grey to light grey in colour and coarse to fine in texture. On
thin section examination, the mineral phase present were quartz, feldspar and mica (Figure
5.5). The spectra obtained from XRD show the presence of quartz and feldspar (albite,
potassium feldspar and anorthite) as major minerals present in sandstones (Figure 5.6). Table
5.2 summarizes the results of the semi-quantitative XRD analysis of sandstones. For sandstone
A2, kaolinite mineral was present (24%), while in sandstone O, illite and kaolinite minerals,

12% each, were also present.

5.3.3 Image Analysis

Investigations on the representative rock core plugs under FESEM-backscattered electron
mode revealed the presence of many pores of varying sizes (as highlighted in Figures 5.7 and
5.8). Such variability in the pores may be due to changes in the pore structure induced by a
diagenetic process that probably would have influenced the petrophysical properties. Figures
5.7(a) and (b) shows the FESEM images for sandstone J and D, respectively, while Figures

5.8(a) and (b) shows the pore types of sandstone K and H, respectively. Three pore types were
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recognised from the FESEM images, which are intergranular pore (pores between grains),

intragranular pore (pores within individual grains) and microcracks.

50pum

SS_A2_UA SS B1_UA SS B2 UA

Figure 5.5 Thin section images of the sandstone samples (Magnification: 10X, Scale: 50um)
(Q stands for Quartz while Fe stands for Feldspar)
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Figure 5.6 X-ray diffraction pattern of sandstone rock core plugs where Q- Quartz, Al- Albite,
F- Feldspar, An- Anorthite (legends showing the sample ID)

Table 5.2 Mineral composition extracted from X-ray diffraction analysis for the selected
sandstone rock core plugs

Sample ID Mineral Composition (%)
Quartz | Albite K Anorthite | Biotite | Muscovite
Feldspar
SS E UA 5 1 59 0 0 36
SS D UA 25 8 38 0 0 27
SS B1 UA 66 0 10 22 3 0
SS B2 UA 32 15 47 0 0 0
SS Al UA 44 32 10 14 0 0
SS A2 UA 32 3 11 5 6 0
SS J UA 71 29 0 0 0 0
SS I UA 29 2 53 0 9 7
SS H UA 76 5 7 11 0 0
SS G _UA 7 6 57 30 0 0
SS F UA 11 29 20 41 0 0
SS K UA 32 4 0 0 9 51
SS M_UA 62 18 0 14 0 0
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Figure 5.7 Details of the micropore were investigated with the help of FESEM in (a) SS_J UA
{Magnification: 500X}, (b) SS_D_UA {Magnification: 2KX} (Yellow circles represent pores)
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Figure 5.8 Pore types of sandstones by FESEM observations (a) intergranular (marked as 1)
and intragranular (marked as 2) pore in SS_K _UA, (b) microcrack in SS_H UA
{Magnification: 1KX}

5.3.4 Regression Analysis

Interrelationships between various properties of sandstones are presented in Figure 5.9 (Figure
5.9(a) shows the variation of bulk density and porosity, Figure 5.9(b) shows the variation of
bulk density and V,, Figure 5.9(c) shows the variation of grain density and porosity, Figure
5.9(d) shows the variation of grain density and Vp, Figure 5.9(e) shows the variation of porosity
and Vp and Figure 5.9(f) shows the variation of permeability and Vp). The two critical

properties of rocks, i.e., porosity and bulk density, impact the petrophysical and geomechanical
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properties of sedimentary rocks (Seif, 2016). Bulk density reveals the composition of different
minerals and porosity (Nabawy and Barakat, 2017). An inverse trend was observed between
bulk density and porosity with R? = 0.879 (Figure 5.9(a)). The grain density values obtained
for the sandstone rock core plugs in this study varies from 2.64 g/cc to 2.73 g/cc (Figure 5.4(d)).
The observed variation in grain density values may be related to the changes in lithology since
similar grain density values would signify homogeneous lithologies (Nabawy et al., 2015;
Nabawy and David, 2016). The relationship between porosity and Vp shows an inverse trend
(Figure 5.9(e)). This is because seismic velocity in the pores is lower than that of the grains.
The moderate correlation (R?=0.596) can be attributed to the influence of bulk density. It is
known that as bulk density increases, porosity decreases, and subsequently, V, increases. Bulk
density and V, plot exhibit a direct correlation between the two, as shown in Figure 5.9(b).
However, to address the low correlation in the porosity-V, plot, a multivariate analysis is
performed in the following sections, and the interdependence among porosity, bulk density and
V is highlighted. An inverse trend was observed between permeability and V, with R?=0.727,

as shown in Figure 5.9(f).

To investigate whether grain and pore size also has a role in altering V, in sandstones, the
obtained grain and pore size (mode values) from FESEM analysis were plotted with V, (Figure
5.10), and no correlation was observed between them. However, in the case of carbonates, pore
size plays a vital role in altering Vp, which complicates the relationship between V, and
petrophysical properties (Assefa et al., 2003). Hence, for the present study, grain and pore size

does not influence Vp, compared with other factors such as bulk density and porosity.

The variation of permeability with porosity for sandstones with the coefficient of determination
0.475 is shown in Figure 5.11. The three samples (along with their porosity values) for which
permeability is less than 0.01 mD (below the detectable limit) were B2 (4.75%), H (8.73%)
and O (6.98%). The low permeability for three sandstone samples, B2, H, O, may be due to
lower porosity values. The correlation between porosity and permeability may help understand
the fluid flow within one formation (Tiab and Donaldson, 2015). On the other hand, as per Tiab
and Donaldson (2015), a core may also show higher porosity value without showing any

permeability (clays, shales), while the reverse may also be true (micro fractured carbonates).
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Figure 5.11 Porosity-permeability crossplot for sandstones

5.3.5 Multivariate Statistical Analysis

There are multiple factors that have coherent dominance on rock’s petrophysical properties.

With this knowledge, attempting to relate each property to all the factors will lead to ambiguity,

which would be impractical and lead to under or overestimation. This can also be understood

that several factors are interdependent. For example, considering major mineral constituents in
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the case of clastic rocks, a subsequent increase in quartz content will certainly lead to a
corresponding decrease in feldspar content. Thus, to understand the undercovered trend and
assess the influence of multiple underlying parameters and their effects on the physical
properties, multivariate analysis was performed in this study for sandstones.

It is evident from XRD analysis (Table 5.2) that the major minerals found in sandstones were
quartz and feldspar (albite, potassium feldspar and anorthite). The cross-plot showing
relationship between mineral composition and V,, for sandstones is presented in Figure 5.12. It
was observed that, for a higher quartz content in a sample, a corresponding increase in V, was
observed. On the contrary, a higher feldspar content in a particular sandstone rock results in a
correspondingly lower V, value. Thus, for a specific sandstone sample, keeping other
petrophysical parameters constant, a more significant proportion of quartz content will be
accompanied by a lower proportion of feldspar content, thereby leading to a higher V, value.
However, if only the mineralogical composition and its relation with \V/p were to be considered
for sandstones, establishing a direct relationship would be difficult since several parameters
have a coherent effect. For instance, in sandstone O, illite and kaolinite minerals are also
present (12% each). These clay minerals tend to reduce V, in sandstones (Han et al., 1986;
Klimentos, 1991). Despite this, Vp is 2600 m/s since the porosity is on the lower side (6.98%).
Hence, it highlights that a one-to-one relationship may not depict a clear correlation, and an
integrated analysis is required to understand the coherent effect.

As explained, porosity shows an inverse relation to V,. Therefore, a change in porosity for the
same proportion of mineral composition will result in a change in V,, relative to the change in
porosity. Therefore, any change in Vp value will be reflected in porosity value proportionately.
In other words, a rise in porosity will always lead to a decline in velocity.

The dependency of different variables on V, was investigated, and equations were proposed in
this study. As observed from Figure 5.9(e), examining one to one relation between porosity-V,
yielded a low correlation (R?=0.596). Hence, an integrated analysis incorporating bulk density
factor in porosity-V,, relation was analysed. Equation (5.1) depicts the correlations between Vp,
bulk density and porosity. Integrating bulk density factor in porosity-V,, relation, R? improved
from 0.596 to 0.852. This equation signals that the bulk density factor must also be included
while assessing the correlation between Vp and porosity. Thereafter, Vp was presented in terms
of porosity, bulk density, feldspar and quartz content and the following equations were
proposed (equations (5.2), (5.3) and (5.4)). Equation (5.4) considers all the petrophysical and

mineralogical variables that influence the acoustic properties. The proposed equations are
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presented below (P-wave velocity Vp in m/s, Bulk density p in g/cc, Porosity ¢ in %, Quartz
content Q in %, Feldspar Content F in %):

e Considering Vp, porosity and bulk density only
V, =4743.62p+51.43¢—9873.42 R*=0.852 (5.1)

e Considering Vp, porosity, bulk density and Feldspar content only
V, =4467.70p +49.34¢ — 4.89F —9026.05 R*=0.895 (5.2)

e Considering Vp, porosity, bulk density and Quartz content only

V, =4871.12p+57.91¢ +4.64Q —10465.73 R*=0.889 (5.3)

e Considering Vy, porosity, bulk density, Quartz and Feldspar content only
V, =4609.63p +52.89¢ + 2.08Q —3.39F —9552.04 R*=0.899 (5.4)

The crossplots between Vp, and Quartz, Feldspar content was plotted to investigate the
multifaceted dependence. From the plots, as shown in Figure 5.12, the low value of R?, i.e., R?
=0.074 for Vp- Quartz plot and R? = 0.224 for Vp-Feldspar plot, were observed. This is due to
the presence of outliers that is also dependent on porosity and bulk density. Hence, multiple

parameters have a coherent influence, and an integrated approach should be adopted.
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Figure 5.12 Cross-plot demonstrating a relationship between V, and mineral content for
sandstones [(a) Vp-Quartz modelling, (b) Vp-Feldspar modelling] {* denotes porosity (in %)
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The applicability of the statistically derived equations (equations (5.1), (5.2), (5.3) and (5.4))
was checked by plotting the measured V, with the predicted Vp from these equations (Figure
5.13). The obtained R? values provide conclusive evidence regarding the dependability of the
relationships derived by using multivariate regression analysis. The obtained correlations in

this study highlight that for sandstones, lithology and porosity impact the elastic properties.
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5.3.6 Mathematical Models for Vp to Study the Effect of Fluid Substitutions

The cumulative effect of porosity and mineral content on Vp was investigated by varying the
porosity and quartz, feldspar content for different saturation conditions. The statistically
derived rock physics equation (5.1) was used to examine the variation of Vp. As per Bateman’s
equation (Bateman, 1985)-

p = ¢=*Tfluid density + (L— ¢) *grain density (5.5)

In this equation, grain density was varied as per-

(Grain Density)mixture = (Grain Density)quartz* (% content)quartz +(Grain Density)reidaspar * (%
content)reldspar (5.6)
Where, grain density of quartz is 2.65 g/cc, and Feldspar is 2.56 g/cc (Yale, 1985). The grain
density of the mixture was calculated using equation (5.6). The mineral content (in %) was
varied from Quartz: Feldspar = 80:20 to 40:60 with an increment of 10%. Four different
conditions of fluid substitutions with porosity 100% saturated with water with a fluid density
as 1 g/cc, gas with a fluid density as 0.35 g/cc, oil with a fluid density as 0.76 g/cc and brine
with a fluid density as 1.05 g/cc (Schon 2015) were considered for the analysis. On substituting
these values in Bateman’s equation (5.5), the respective bulk densities were obtained for the
different saturation conditions. These obtained values and the set of porosity values (5%, 10%,
20% and 30%) were used in equation (5.1) to obtain the variations in Vp, as shown in Figure
5.14. For 5% porosity, Vp varied from 2482 to 2320 m/s for water-saturated condition, 2328 to
2165 m/s for gas saturated conditions, 2425 to 2263 m/s for oil-saturated condition and 2494
to 2331 m/s for brine saturated condition. For 10% porosity, V, varied from 2352 to 2198 m/s
for water-saturated condition, 2044 to 1890 m/s for gas saturated condition, 2238 to 2084 m/s
for oil-saturated condition and 2376 to 2222 m/s for brine saturated condition. For 20%
porosity, Vp varied from 2092 to 1955 m/s for water-saturated condition, 1475 to 1339 m/s for
gas saturated condition, 1854 to 1728 m/s for oil-saturated condition and 2140 to 2003 m/s for
brine saturated condition. For 30% porosity, V, varied from 1832 to 1713 m/s for water-
saturated condition, 907 to 788 m/s for gas saturated condition, 1491 to 1371 m/s for oil-
saturated condition and 1903 to 1784 m/s for brine saturated condition.
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Figure 5.14 Pictorial representation of deviation in Vp with change in major mineral content
and porosity (a) 5%, (b) 10%, (c) 20%, (d) 30% for different saturation conditions

Now, keeping quartz content as fixed (85%) and altering the Feldspar content i.e., F1=K
Feldspar (grain density = 2.56 g/cc), F2= Na Feldspar (grain density = 2.62 g/cc), F3=Ca
Feldspar (grain density = 2.73 g/cc) (Yale, 1985) from 0% to 15%, the variation in V, was

estimated using statistically derived rock physics equation (5.1). This analysis was performed
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for different set of porosity (5%, 10%, 20% and 30%) for different saturation conditions as
shown in Figure 5.15. For water saturated condition, V, varied from 2502 m/s to 2617 m/s for
5% porosity, 2371 m/s to 2480 m/s for 10% porosity, 2109 m/s to 2206 m/s for 20% porosity
and 1847 m/s to 1932 m/s for 30% porosity (Figure 5.15(a)). For gas saturated condition, V,
varied from 2348 m/s to 2463 m/s for 5% porosity, 2063 m/s to 2172 m/s for 10% porosity,
1492 m/s to 1589 m/s for 20% porosity and 922 m/s to 1007 m/s for 30% porosity (Figure
5.15(b)). For oil saturated condition, V, varied from 2445 m/s to 2560 m/s for 5% porosity,
2257 m/s to 2366 m/s for 10% porosity, 1881 m/s to 1978 m/s for 20% porosity and 1506 m/s
to 1590 m/s for 30% porosity (Figure 5.15(c)). For brine saturated condition, V, varied from
2514 m/s to 2629 m/s for 5% porosity, 2395 m/s to 2504 m/s for 10% porosity, 2157 m/s to
2253 m/s for 20% porosity and 1918 m/s to 2003 m/s for 30% porosity (Figure 5.15(d)).
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Figure 5.15 Variation of V, with change in Feldspar content (F1=K Feldspar, F2=Na Feldspar,
F3=Ca Feldspar contents varying from 0% to 15%) for different porosity range (5%, 10%,
20%, 30%) keeping Quartz content as fixed (85%) for (a) water-saturated, (b) gas saturated,
(c) oil-saturated and (d) brine saturated condition

The variations in V; (as observed from Figures 5.14 and 5.15) due to change in fluid conditions
for a set of rock types with predefined mineralogy and petrophysical properties will help in the
interpretation of reservoir characteristics away from the well-control. Hence, they can be

adapted as a generalised model for any reservoir.
5.4 Summary and Conclusions

The present study investigates the sandstone core plugs of the Upper Assam Basin, India, and
attempts to address the existing gap in the literature pertaining to the correlations between
acoustic, mineralogical and petrophysical parameters. The different parameters of the
sandstone core plugs investigated in the laboratory vary in the following range, i.e., V ranges
from 530 m/s to 2600 m/s, bulk density from 1.86 g/cc to 2.56 g/cc, grain density from 2.64
g/cc to 2.73 glcc, porosity from 4.75% to 30.73% and permeability from 0.489 mD to 1691.5
mD. Positive correlations were observed between Vp-bulk density and negative correlation
between Vp-porosity and Vp-permeability. On incorporating the effect of bulk density in the
porosity-Vp, relationship, R? improved to 0.85 from 0.59. Grain and pore size did not show any
correlation with Vp when compared with other factors. The variation in V, with respect to the
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mineralogy was investigated, considering the effect of significant minerals such as Quartz and
Feldspar present in sandstones. On exclusive probing, a low correlation was observed with V,-
Quartz content and Vp-Feldspar content. The correlation improved on incorporating the
collective (combined) influence of bulk density, porosity and mineral content on V; by using
multivariate regression analysis. Therefore, a multivariate statistical approach was adopted
integrating petrophysical and mineralogical data in rock physics-based models. The results
highlight that it is imperative to consider the effect of mineralogy along with density, porosity,
which was previously overlooked in the literature.

A simplified rock physics model for sandstones is proposed in the form of statistically derived
equations. These equations may be systematically used for inferring the petrophysical
properties based on acoustic properties. Cross-correlation of measured and predicted Vp,
considering V; in terms of porosity, bulk density, and major minerals, show a strong coefficient
of determination (R? = 0.89). These results are applicable for sandstones with varying mineral
composition, and therefore can be considered a generalised model since it incorporates all the
components that contribute to the variations in V. Another positive factor of this study is that
all the parameters were measured in the laboratory, which requires a minimal number of
assumptions with less uncertainty (Kelkar et al., 2002). Moreover, in the present study, the
range of petrophysical properties and major mineral constituents in sandstones more or less
falls within the broad spectrum that is expected for typical sandstones. For the broader
applicability of the proposed model, we mathematically derived the variations in V, due to
change in fluid conditions for a set of rock types with predefined mineralogy and petrophysical
properties. The variation in V, indicates that the present methodology can be adapted as a
generalised model for any reservoir. Interpretation of reservoir characteristics away from the
well-control or beyond the available data range is possible by capturing the fluctuations in Vp
within the given geological constraints. Complementary studies may be carried out in the future
with different rock types under different geology setups to further highlight the importance of
the adopted methodology. This study strongly advocates incorporating petrophysical and
mineralogical data in the quantitative interpretation of compressional wave velocity (Vp) to
enhance the capability of rock physics models in characterising heterogeneous reservoirs. It is
to be highlighted that one of the major aspects of statistically derived rock physics equations is
that it integrates physical models with statistics to account for conditions that are beyond the
available data range. The statistical trends developed may be utilised to effectively scale up

core data to seismic data and thereby can facilitate accurate seismic interpretation. Future work
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may focus on considering the effect of confining pressure on V, by following a similar

workflow.
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Chapter 6
Seismic Inversion using Rock Physics Models

6.1 Introduction

The integration of information obtained from diverse fields such as geology, petrophysics, and
other earth science domains prove to be a key component in the technical success of an
exploration project (Bosch, 2004). Interpretation of well log data provides an initial assessment
of the hydrocarbon assets in the neighbourhood of the borehole (Grijalba-Cuenca et al., 2000).
The spatial variability of petrophysical parameters is described using available borehole
information and seismic data. In order to determine the variability of reservoir characteristics
between two wells that are generally widely spaced, seismic imaging is a vital tool in
interpreting the possible geological conditions between the wells. The inclusion of
complementary information from petrophysics, geology and other fields is crucial for realistic
seismic modelling.

Seismic modelling plays a crucial role in reservoir characterisation, making the results more
effective and reliable (Sayers and Chopra, 2009). The inverted seismic section within the
geological constraints will aid in interpreting possible reservoir parameters away from the well
locations, facilitating extensive subsurface volume characterisation. The seismic reflections
depend on the contrasts of the elastic properties, and each elastic property depends on several
rock parameters such as density, porosity, mineralogy etc. Rock physics models are an essential
component to predict subsurface properties from seismic image analysis (Payne et al., 2010).
The rock physics models are mainly controlled by geological factors such as porosity,
lithology, and fluid characteristics (Ali et al., 2020).

A typical reservoir characterisation requires quantitative mapping of the seismic reflection into
the reservoir properties. This can be achieved by the integration of well and seismic data.
Seismic data has high lateral coverage and resolution compared to well data. Well log provides
a high-resolution information of the reservoir properties, however, this information is limited
to the well from where it is derived (Feng et al., 2018). Additionally, the use of well log cross
plots and petrophysical analysis of acoustic, elastic properties can be used as a tool to predict
reservoir properties and help in distinguishing different lithologies and fluid contents (Anyiam
et al., 2018). The well logs and derived parameters can be used as indicators of potential
hydrocarbon zones in the study area. On the other hand, seismic data is smooth and available
throughout the area i.e., it provides a continuous view of the subsurface information. The well

logs define formation properties only in the vicinity of the borehole, hence seismic data is
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generally used to complement the vertical resolution of the well log data (Grijalba-Cuenca et
al., 2000). To correlate and calibrate seismic and well log data, seismic inversion is widely
used as an effective technique in delineating the different properties that would help to revive
potency, improve characterisation and increase production in case of mature fields.

For studies pertaining to reservoir characterisation, the different parameters should ideally be
estimated from the inversion of geophysical observables, i.e., the inversion process should
transform the seismically derived properties (Vp, Vs, acoustic and elastic impedance etc.) into
parameters that define the reservoir conditions and lithology (such as porosity, permeability,
saturation etc.). Various methods of deriving acoustic impedance from pre and post-stack
seismic data have been established over the last decade for facilitating additional information
related to reservoir characterisation (Leite and Vidal, 2011). This study attempts to transform
post-stack seismic data into different properties that may aid in reservoir characterization.
Different techniques of post-stack seismic inversion methods such as coloured inversion,
sparse spike deconvolution, model-based analysis, geostatistical methods, multilayer linear
calculator, probabilistic neural network, maximum likelihood inversion have been employed
in the literature to predict and map the spatial variation of key parameters. For instance, sparse
spike deconvolution was employed by Leite and Vidal (2011), Wang et al. (2013), Ali et al.
(2018), Velis (2008), Broadhead and Tonellot, (2010), Maurya and Singh (2018), model-based
inversion by Gogoi and Chatterjee (2019), Kumar et al. (2016), Kushwaha et al. (2021),
Maurya and Singh (2019), Ali et al. (2018), Togeer et al. (2021), Erryansyah et al. (2020),
coloured inversion by Maurya and Singh (2019), Gupta and Gupta (2017), Ismail et al. (2020),
Woydiabhakti (2012), Ansari (2014). The application of neural network (NN) has also acquired
popularity more recently in geophysics (Maurya et al., 2020). NN methods hold superiority
over the traditional methods owing to the different advantages such as their ability to establish
non-linear relationships between input and output data; the increase in the computing power
and interpretation of seismic data also lead to focus the research on the application of NN
methods or machine learning (Farouk et al., 2021; Yasin et al., 2020). The wide application of
NN methods includes the prediction of porosity, permeability, density, saturation, Young’s
modulus and brittleness index in reservoir characterisation (Russel, 2004; Gogoi and
Chatterjee, 2019; Yasin et al., 2020). The two popular types of NN are multi-layer feed-forward
neural network (MLFN) and probabilistic neural network (PNN). Studies conducted by Maurya
and Singh (2019), Haris et al. (2017), Misra et al. (2010), Sun et al. (2013), Pramanik et al.
(2004), Hampson et al. (2001), Abdulaziz et al. (2019) utilised PNN for estimation of different
parameters, while Hampson et al. (2001), Singh et al. (2016), Yasin et al. (2020), Gogoi and
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Chatterjee (2019) utilised MLFN to predict the various parameters. In general, these studies
focus on the application of different techniques that is useful to predict reservoir properties and
delineate facies in oil and gas exploration (Leite and Vidal, 2011; Yasin et al., 2020).

The main aim of this study is to use the seismic data inversion technique through which an
elastic property such as acoustic impedance is estimated from the seismic response and predict
petrophysical properties from elastic properties. For this purpose, reservoir characteristics will
be delineated from well logs and thereafter, employ seismic inversion technique to spatially
populate the different petrophysical properties across the seismic section of the Upper Assam
basin, India. This study uses the coloured inversion method to obtain the acoustic impedance
cube. It is described as a fast track technique (Lancaster and Whitcombe, 2000) that performs
significantly better than traditional fast track routes (Campbell et al., 2015) and is useful in
parameter interpretation beyond the well control. A multilayered feed-forward neural network
was used to evaluate the different reservoir parameters such as density, porosity, saturation
based on impedance. Other inversion algorithms may also be used to identify the merits or
demerits (Cooke and Cant, 2010). After evaluating the parameters using well-modelled data,
we propose a workflow to map the different petrophysical properties by integrating well data,
laboratory-based and inversion analysis. The results were also compared with well log data for
different formations of the Upper Assam basin. The proposed workflow provides a framework
for reservoir characterisation using integrated seismic, well and laboratory-based analysis and
focuses on developing a multidisciplinary approach that may aid future researchers in

improving reservoir characterisation using seismic inversion.

6.2 Materials and Methods
6.2.1 Study Area

In this study, the analysis was performed on the seismic section of a small region in the south-
west part of the Upper Assam basin, India (Figure 6.1). The geographical boundary of the
seismic survey and the well locations are displayed in Figure 6.1(c).

The Upper Assam basin is one of the first discovered petroliferous regions in India (Raju, 1968;
Mathur, 2014). This region is a tertiary sub-basin of the Assam-Arakan basin and has been one
of the major onshore hydrocarbon producing regions (Raju and Mathur, 1995). Hydrocarbons
were first discovered in the Oligocene Barail formation in the 1950s, thereafter in the Upper
Miocene Girujan formation in the 1970s, followed by Lakdong member of the Sylhet formation
(Lower Eocene) and the Langpar formation (Upper Palaeocene) in 1989 (Mathur, 2014). The

source rocks are shales from Sylhet and Kopili formation, coals and shales of Barail group, and
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Surma group shales in the south. The reservoir rocks are carbonates belonging to Sylhet
formation, interbedded sandstones belonging to Kopili formation, and sandstones belonging to
Barail, Surma and Tipam groups (Wandrey, 2004b; Gogoi and Chatterjee, 2019). Traps are
primarily anticline and seals are shales and clays (Oligocene and Miocene), and the thick clays
of Pliocene Gurjan group (Wandrey, 2004b). The stratigraphic succession of the Upper Assam

basin is described in Table 6.1.

a)

\ \2':" ILegend

India

STUDY AREA

0 0.751.5

3 Kilometers

Figure 6.1 Geographical location of the study area (part of Upper Assam Basin) with the
seismic survey boundary

Table 6.1 Stratigraphic succession of Upper Assam basin (modified after Murty, 1984; Deb
and Barua, 2016)

Depth (m) Age Group Formation Litho-Units
0 PLEISTOCENE Alluvium
TERTIARY | Pliocene Dihing Dhekiajuli Sandstone with bands of clay
Miocene Dupitila Namsang
B . Motted clay with greyish, soft
Tipam Girujan s)a(m dstof«:—: Y
Tipam
2500 Oligocene Barail Argillaceous Mudstone, shale, sandstone
with clay seams
Eocene Arenaceous
Jaintia Kopili Dark grey shale with thin
sandstone
Sylhet
Palaeocene Langpar
4200 PRE CAMBRIAN Basement
125
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6.2.2 Dataset: Well Log

The different well log data analysed in this study include gamma-ray log (GR in API), density
log (RHOB in g/cc), neutron porosity log (NPHI in v/v), resistivity log (HDRS in ohm-m) and
sonic log (DT in microsec/ft). The different log responses of the wells W1, W2 and W3, along
with lithology information and formation details, are shown in Figure 6.2(a), 6.2(b) and 6.2(c),
respectively. The lithology information of the wells and the formation details, as shown in
Figure 6.2, are based on well report made available along with the well logs.

As per the available well report, for well W1, Bokabil formation ranges from 1412 to 1694 m,
Barail formation ranges from 1690 to 1737 m, Kopili formation ranges from 1737 to 2001 m
and Sylhet formation ranges from 2001 to 2061 m. The generalised lithology of Bokabil
formation consists of mainly clay/claystone with thin intercalations of sandstone and siltstone.
Barail formation consists of mainly sandstone and siltstone with intercalations of claystone and
marl and occasional coal bands. Kopili formation consists of dominantly shale with thin
intercalations of sandstone, siltstone and clay in the upper part and limestone in the lower part.
Sylhet formation consists of limestone with intercalations of thin bands of sandstone, shale and
siltstone. In well W1, the Sylhet formation was found to be oil-bearing.

For well W2, Bokabil formation ranges from 1407 to 1766 m, Barail formation ranges from
1766 to 1820 m and Kopili formation ranges from 1820 to 2126.5 m. The generalised lithology
of Bokabil formation consists of mainly alternations of sandstone, siltstone and claystone.
Barail formation consists of alternate bands of shale, sandstone, siltstone and coal, limestone
at the bottom. Kopili formation consists of mainly shale with thin bands of sandstone, siltstone
and clay in the upper part and limestone in the bottom. No hydrocarbon shows were observed
in well W2.

For well W3, Tipam formation ranges from 583 to 1575 m, Bokabil formation ranges from
1575 to 1946 m, Barail formation ranges from 1946 to 2059.5 and Kopili formation ranges
from 2059.5 to 2318 m. The generalised lithology of Tipam formation consists of monotonous
sand/sandstone with intercalations of thin layers of clay, siltstone and occasionally coal streaks.
Bokabil formation consists of dominantly clay/claystone with intercalations of sand and
siltstone. Barail formation consists of sandstone and siltstone with intercalations of claystone,
shale and coal bands. Kopili formation consists of dominantly shale with thin intercalations of
sandstone, clay and coal in the upper part and limestone in the lower part. No hydrocarbon

shows were observed in the well W3.
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Figure 6.2(a) Log responses
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obtained for Well W1 along with lithology information and
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Figure 6.2(c) Log responses obtained for Well W3 along with lithology information and
formation details

6.2.2.1 Derived Logs
For performing the inversion analysis, total porosity was estimated using density log, p» as per
Bateman (1985) —
b= Prma ~ Po (6.1)

Prma ~ Pt
where pma IS the matrix density = 2.65 g/cc, pris the fluid density = 1 g/cc
Total porosity was used instead of effective porosity for further analysis since effective porosity
or neutron porosity may get unpredictably affected by gas (Darling, 2005). In most cases the
density porosity, with an appropriate choice of fluid density, is still recommended (Darling,
2005).
As per the available well report, Well W1 was reported to be oil bearing for a few metres in
the interval 2044.5 - 2042.5m (2m) and no hydrocarbon shows were observed in wells W2 and
Wa3. Apart from this oil bearing zone, all the three wells were found to be water bearing. Hence,
the fluid density was used as 1g/cc in Equation 6.1, so as not to complicate things. Additionally,
from the available literature pertaining to Upper Assam basin, most of the researchers
considered the fluid density as 1g/cc in their respective analysis (Gogoi and Chatterjee, 2021,
Rai et al., 2021).
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Water saturation was determined by using Archie’s equation (Archie, 1942) —
*
5= 2R
A

where n is the saturation exponent, a is the tortuosity factor, m is the cementation exponent, Rw

(6.2)

is the resistivity of formation water, R; is the true resistivity of formation obtained from deep
resistivity (HDRS) log response. The values of different exponents, i.e. n=2,a=0.9, m =1.85,
Rw =0.5 ohm-m, were obtained from the literature for the Upper Assam basin (Kumar et al.,
2018; Ishwar and Bhardwaj, 2013).

The rock physics formula- water saturation using Archie’s equation was only available in the
software, hence Archie’s equation was used in the present study for the determination of water
saturation. However, studies available in the literature such as Kumar et al., 2018; Ishwar and
Bharadwaj, 2013, related to Upper Assam basin have used the Poupon—Leveaux Indonesian
model (Poupon and Leveaux, 1971), also known as the Indonesian model.

The volume of shale was obtained from the gamma-ray log based on the following equation
(Crain, 2002):
Vo G G

min

(6.3)

6.2.3 Dataset: Seismic

In the present study, the seismic section of the Upper Assam Basin was used for analysis. The
seismic survey consists of approximately 50 km? area with inline ranging from 1756-1895 and
crossline ranging from 1224-1511. Both 2D and 3D survey was performed with inline
orientation 129.22 degrees from north. In the post-stack seismic data, the two way travel time
(TWT) range varies from 1000-2500 ms with step size 2 ms. Inline 1794 and crossline 1392
intersects well W1, inline 1820 and crossline 1389 intersects well W2 and inline 1790 and
crossline 1444 intersects well W3. Figure 6.3 shows the seismic section along with the three
wells W1, W2 and W3.

129
TH-2897_166104013



Seismic Inversion

[ 7
| 1875 ‘

11850

| T
\—Intine 1825 |

.n

s

Figure 6.3 Seismic section along with the three wells (W1, W2 and W3) with logs

6.2.4 Seismic Data Processing

Seismic data processing, visualization and interpretation was performed using OpendTect
software, which is an open-source, graphical user interface-based software (Aziz et al., 2017).
For the present study, this software was used to visualise and inspect the data. The different
plugins such as coloured inversion, neural network and horizon cube were used in the present

study for interpretation and modelling.

6.2.5 Check Shot Data

The well logs are in the depth domain, while seismic data is in the time domain. As a result, a
check shot data was applied before correlation to convert well data in the time domain (Dubey,
2012). For the present study, check shot data of well W1 was used, and it shows a good match

to the seismic, as shown in Figure 6.4.
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Figure 6.4 Check shot plot of well W1 used for well to seismic tie

6.2.6 Synthetic Seismic
A synthetic seismogram is constructed to identify seismic reflections and is the fundamental
link between well data and seismic data. It is the main tool that allows geology picks to be

associated with reflection in the seismic data (Herron, 2014).

6.2.7 Well Seismic Tie

The often observed mismatch between the synthetic and real seismic data has given rise to well
to seismic tie (Dvorkin et al., 2014). Suitable selection of seismic wavelet and establishment
of time-depth relationship with the use of seismic well tie can increase the accuracy of seismic
inversion (Zhang et al., 2020b). The check shot data for well W1 was used for the well-to-
seismic tie. The three main steps of seismic well tie include computation of coefficient of
reflectivity from acoustic impedance (Al) curve, where Al (the product of the acoustic wave
velocity and density log) is a layer property. The second step includes convolution between
reflectivity and wavelet to generate synthetic wavelet. The final step involves the matching of
synthetic to original wavelet near the well location with the help of process like manual shifting,
stretching and squeezing (Zhang et al., 2020b). Figure 6.5 shows the well to seismic tie window
using well W1 with a correlation of 0.66 within time interval 1150-2059 ms. Other different
approaches such as semi-automatic and automatic methods may also be referred for seismic to

well tying (Herrera et al., 2014; Herrera and Baan, 2014).

131
TH-2897_166104013



Seismic Inversion

DT_edited Al Synthetics< >Seismics
33.23831 100 150 _ 198.3497 || 11498.29 40000 68616.10 0,5 25 3 7)3 10 12.5 14.5
666 (ms E— —— 66 666 fms) 1666 666
=T =l | — =
g
—] L
= e
1000 =_. [1000 | | 10007F 3 1000 1000
L i B
B > Fg
] \é'j !
‘; ¥
1500 1500 | | 1500 T 1500 1500
7 L
c‘j} __:L
S b
g {
e T
&= M
000 2000 000’ X 2000 2000
S 3
‘5_77:"17 ; i (; i $
2266 Ty, =
22’%?94118 24 2.6 2.83%022616 2861 4448 -0.05 0 0.05 0.12551636 (ms) Seismic
RHOB_edited Reflectivity

Figure 6.5 Correlation of well log data to seismic data (seismic well tie window) using well
w1

Seismic data interpretation is performed on the basis of horizons. These horizons are important
in seismic inversion as these horizons serve as a guide to interpolate well log properties
between the wells (Maurya et al., 2020). There are different approaches, such as manual
picking, interpolation and auto picking, available for picking seismic horizons in 3D seismic
volumes. For the present study, a manual picking approach was adopted and Figure 6.6 depicts

the interpreted seismic section showing (a) picked horizon seeds and (b) horizon surfaces.

6.2.8 Seismic Attribute

The seismic attribute is any measure of seismic data that helps us visually enhance or quantify
features of interpretation interest (Brown, 2011; Simm & Bacon, 2014). One such attribute
used in the present study to delineate faults is the thin fault likelihood attribute (Figure 6.7(a)).
This attribute aims to capture and delineate faults and fractures, produces accurate, sharp faults.
For the present seismic section, the different faults were identified, and major faults are marked

as shown in Figure 6.7(b).
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Figure 6.6(a) Interpreted seismic section showing picked horizon seeds (Horizon 1 by yellow
colour, Horizon 2 by blue colour, Horizon 3 by cyan colour)
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Figure 6.6(b) Interpreted seismic section showing horizon surfaces
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Figure 6.7(a) Interpreted seismic section showing attribute for imaging faults
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Figure 6.7(b) Interpreted seismic section showing marked major faults

6.2.9 Seismic Coloured Inversion

The inversion procedure first involves generating an operator (O) in the frequency domain. It
is used for the transformation of seismic traces (S) into impedance (2), i.e., Z= O*S (Lancaster
and Whitcombe, 2000). The spectrum of the operator is derived based on the spectra of the Al
log calculated from wells in the same area. To generate impedance from the reflectivity
information of seismic data, the phase of the operator (O) is shifted 90 degree (Ansari, 2014).
Figure 6.8 depicts the process of estimation of the coloured operator. Figure 6.9 depicts the
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flowchart that displays the various steps followed in the prediction of petrophysical properties

from Al.
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Figure 6.8 Process of estimation of coloured operator (a) using seismic amplitude spectrum,
(b) using well impedance spectrum, (c) operator in frequency domain and (d) operator in time

domain
Seismic Data Well Data
.g \/
= Well Seismic tie
=
g
2
L \/ N
Acoustic Impedance Well log information
Correlation between
Al and well logs
r x ' | | |
Porosity Model Density Model Velocity Model Saturation Model V shale Model

Figure 6.9 Steps followed in the prediction of petrophysical properties from seismic section
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6.2.10 Machine Learning-Based Neural Network

In this study, a machine learning based neural network (NN) algorithm was used to extract the
different petrophysical properties such as density, porosity, volume of shale, saturation from
the acoustic impedance generated by performing seismic inversion on the seismic section of
the Upper Assam basin. Well log data has both the frequency components, i.e. high and low
frequency (Maurya et al., 2020), and hence the low-frequency model was computed from the
well logs to compensate for the missing low frequency in seismic data (Mahgoub et al., 2017).
Figure 6.10 presents a flowchart that shows the procedure involved for the prediction of
different properties by a machine learning based neural network algorithm.

Seismic Data

<

COLOP operator for
coloured inversion

Horizon
{r

Volume Builder

| Low frequency model ‘

Acoustic Impedance
cube

——— Property Prediction

Machine Learning
(NN)

Output Cube

Figure 6.10 Flowchart displaying the steps followed in machine learning based NN for
petrophysical property prediction

The NN algorithm consists of a fully connected network of three layers, the input layer, hidden
layer and the output layer, where all the nodes are connected. There are two data sets, i.e.
training set and test set. During training, the random dataset is selected and this is passed
through the NN that would provide some output based on the weights assigned in the network.
In the training set, the features of the dataset are known, so accordingly, the weights are
updated. All the weights are multiplied by the respective amplitudes and this sum is passed
through a sigmoidal type function. The sigmoidal type function is commonly used to avoid the
blowup of the extrapolated outputs. Moreover, the actual non-linear operation takes place in
the sigmoidal function. The errors are fed back through back propagation, the errors are
compared and subsequently updated. This process is repeated several times. The test set is used
for validation and subsequently stopped on overfitting. Figure 6.11 shows the neural network

training window for prediction of different parameters, where the normalised RMSE curve
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indicates the overall error on the train and test sets, in red and blue, respectively on a scale from
0 (no error) to 1 (maximum error). A scatter plot shows the actual target data on the horizontal
axis and the predicted target data by the neural network. Figure 6.11 can be used to note the
performance. The error rates can be compared on the basis of these training window of different
properties. Hence, from the figure, it can be seen that NN performs equally well for density,
porosity and velocity, while less well for Vshale and water saturation. The machine learning
based neural network approach is adopted owing to its several advantages. The neural network
can model any arbitrary dependency. These are universal approximators, and overfitting can
be avoided (Acharyya and Dey, 2019).
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Figure 6.11 Neural network training window showing normalised RMSE and scatter plot for
different properties

The interpretations are based on training one NN with well log data. The representation of
seismic data in 3D cube is build up from three elements: the inline section, crossline section
and time slice section (Aziz et al., 2017). The dimensions of inputs and outputs of the NN are
of the matrix form: [two-way travel time * number of crossline/inline]. The two-way travel
time (TWT) range varies from 1000-2500 ms with step size 2 ms, inline ranges from 1756-
1895 and crossline ranges from 1224-1511.

6.2.11 Laboratory-Based Model

The laboratory model was developed based on experimental measurements conducted on core
samples from Tipam and Barail formation of the Upper Assam basin, India (as elaborated in
Chapter 5). The model includes statistically derived rock physics equations that relate to the
different parameters such as velocity, porosity, density. A one-to-one relationship between Al,
bulk density and porosity is shown in Figure 6.12. These correlations were used to populate

bulk density and porosity from Al cube generated from inversion analysis. The obtained
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density and porosity were cross-plotted with density and porosity obtained from Al cube when

well log data were used as inputs.
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Figure 6.12 Cross plot between acoustic impedance (Al) and (a) density and (b) porosity
estimated in the laboratory for sandstone core plugs from Upper Assam basin

The correlation between V,, density and porosity obtained from multivariate analysis from
examination of core plugs in the laboratory (as elaborated in chapter 5) is shown below.
V, =4743.62p+51.43p—9873.42 R?=0.852 (6.4)

This equation was used to estimate Vp by application of NN derived density and porosity at the
well location (inline 1794, crossline 1392). Figure 6.13 presents a flowchart displaying the

application of a laboratory-based model for petrophysical property prediction.

Output Cube
(Property)

il

Acoustic Impedance
Cube

Application of Lab based
Rock Physics
Model

Property Prediction

N/

Figure 6.13 Flowchart displaying application of the laboratory-based model in petrophysical
property prediction

6.3 Results and Discussion

Lithology identification was done based on analysis on a combination of different well logs.
Thereafter, seismic inversion was performed on the seismic section with the help of coloured
inversion operator (method) to generate the acoustic impedance. Subsequently, well logs were
used as targets to populate the different properties. The laboratory-derived rock physics model

was also used to populate the different parameters. Finally, the obtained results were cross
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correlated with the well-modelled data to measure the prediction efficacy of the different

parameters.

6.3.1 Lithology Interpretation Using a Combination of Well Logs

The lithological interpretation of the study area was performed on the basis of analysis on
different plots, namely NPHI, RHOB, HDRS, GR and DT, as shown in Figure 6.15(a). NPHI-
GR cross plot (Figure 6.14) indicates a combination of clean sandstones (low GR upto 45 API),
shaly sandstones (intermediate GR varying between 45-75 API), sandy shale (GR varying
between 75-90 API) and shales (GR>90 API). This classification was done based on studies
conducted by EI-Din et al. (2013) and Hakimi et al. (2017).

0.8 -
Sandy  Shale

Clean sandstone Shaly sandstone

0.6 1

NPHI (v/v)
=
S
1
b

0.2 1

00 E I ' T ¥ * I - L ' I id T ¢ I
0 15 30 45 60 75 90 105 120 135

GR (API)

Figure 6.14 Cross plot between NPHI (v/v) and GR (API) displaying the variation in lithology
for Well W1

Different sandstone layers with water, gas and hydrocarbon-bearing zones were identified on
the basis of analysing in combination the different well log responses for well W1, as shown
in Figure 6.15(a). Sandstone layers were interpreted in the intervals 1555-1570m, 1675-
1690m, 1690-1737m, 1760-1774m, 1804-1810m, 1888-1910m. The sandstone layers in the
interval 1675-1690m is characterised by high resistivity 15 to 30 ohm-m, and high density
(>2.8 g/cc). The sandstone layer in the interval 1888-1910m appears to be gas bearing with a
higher resistivity value in the order 15-40 ohm-m and also supported by cross over in density-
porosity log response. The other sandstone layers were interpreted as water-bearing with

resistivity in the order 5-8 ohm-m. The depth zone in the interval 1950-2060m was analysed,
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as shown in Figure 6.15(b). The sandstone layers in the interval 2035-2039m and 2042-2046m

show a variation in resistivity from 8-60 ohm-m, porosity 10-25% and hence, can be interpreted

to be hydrocarbon (oil) bearing.
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Figure 6.15(a)

combination of conventional well log responses for well W1
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Figure 6.15(b) Different layers of sandstone and saturation zone identification using
combination of conventional well log responses for well W1 for hydrocarbon bearing zones

(Sylhet formation)

6.3.2 Al and Prediction of Properties by Well Logs

With the help of a coloured inversion operator (method), impedance was generated from the

seismic section through inversion. The impedance values obtained from the neural network

considering well W1 as target varies from 4603 to 14155 (g/cc) * (m/s), as shown in Figure

6.16.
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Figure 6.16 Impedance (in m/s*g/cc) generated through inversion analysis considering W1 as
target

Based on this Al cube, the different petrophysical properties were evaluated by considering
well W1 logs as target. The density log of well W1 was used as target to spatially populate
across the survey area. The density values obtained from the neural network varies from 2.14
to 2.72 glcc, as shown in Figure 6.17(a). Similarly, for obtaining the porosity across the survey
area, PHID log obtained from the density log of well W1 was used. The porosity values
obtained from the neural network varies from 6 to 29%, as shown in Figure 6.17(b).
Subsequently, the velocity (from slowness DT values) obtained from neural network
considering well 1 DT log as the target was populated and it varies from 2136 to 5050 m/s, as
shown in Figure 6.17(c). Also, the volume of shale varies from 0 to 48%, as shown in Figure
6.17(d).

Similarly, slices of the petrophysical parameters that include density (in g/cc), porosity (in
fraction), velocity (in m/s) and volume of shale (in fraction) are also shown for different
formations, i.e., at Barail formation top (z=1660 ms), Barail formation bottom (z=1695 ms)
and at Sylhet formation top (z=1925 ms) and Sylhet formation bottom (z=1951 ms), as shown
in Figures 6.18 to 6.25.
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Figure 6.17(a) Density (in g/cc) generated from neural network analysis considering W1 as the
target
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0.233442

0.178067

-0.122691

0.0673151

Figure 6.17(b) Porosity (in fraction) generated from neural network analysis considering W1
as the target
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Figure 6.17(c) Velocity (in m/s) generated from neural network analysis considering W1 as the
target
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Figure 6.17(d) Volume of shale generated from neural network analysis considering W1 as the
target
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Figure 6.18 Density (in g/cc) slice for (a) Barail formation top, and (b) Barail formation bottom
generated from neural network analysis considering W1 as target

Figure 6.19 Density (in g/cc) slice for (a) Sylhet formation top, and (b) Sylhet formation bottom
generated from neural network analysis considering W1 as target

Figure 6.20 Porosity (in fraction) slice for (a) Barail formation top, and (b) Barail formation
bottom generated from neural network analysis considering W1 as target
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Figure 6.21 Porosity (in fraction) slice for (a) Sylhet formation top, and (b) Sylhet formation
bottom generated from neural network analysis considering W1 as target

Figure 6.22 Velocity (in m/s) slice for (a) Barail formation top, and (b) Barail formation bottom
generated from neural network analysis considering W1 as target

Figure 6.23 Velocity (in m/s) slice for (a) Sylhet formation top, and (b) Sylhet formation bottom
generated from neural network analysis considering W1 as target
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Figure 6.24 VVolume of shale slice for (a) Barail formation top, and (b) Barail formation bottom
generated from neural network analysis considering W1 as target

Figure 6.25 Volume of shale slice for (a) Sylhet formation top, and (b) Sylhet formation bottom
generated from neural network analysis considering W1 as target

Water saturation was determined by considering well W1 (saturation log derived from Archie’s
relation - equation 6.2) as the target. The water saturation values obtained from the neural

network considering well 1 as target varies from 9 to 27%, as shown in Figure 6.26.

1400 1450 1500
H 27.737

23.1765

18.6161

-14.0556 Time

H 9.49515

Figure 6.26 Water saturation (in %) generated from neural network analysis considering W1
as target
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Figures 6.27 and 6.28 shows water saturation slices generated from neural network analysis
considering W1 as the target for different formations, i.e., at Barail formation top (z=1660ms),
Barail formation bottom (z=1695 ms) and at Sylhet formation top (z=1925 ms) and Sylhet

formation bottom (z=1951 ms).

Figure 6.27 Water saturation slice for (a) Barail formation top, and (b) Barail formation bottom
generated from neural network analysis considering W1 as target

Figure 6.28 Water saturation slice for (a) Sylhet formation top, and (b) Sylhet formation bottom
generated from neural network analysis considering W1 as target

From the results, as shown in Figure 6.17, it can be observed that the thickness of the
hydrocarbon-bearing zone increases on approaching towards the northwestern part of the study
area. Additionally, two hydrocarbon-bearing layers were interpreted at the bottom while
analysing well log responses (Figure 6.15b). Combining these two important observations and
assuming continuity in the sequence, it can be concluded that high exploration potential and
development opportunities exist in the northwestern part of the study area if the effect of
structural geology is not taken into consideration. The saturation plots (Figure 6.26) derived
using inversion also support the findings.

Figure 6.29 shows the variation of different parameters across the survey area, i.e., from one

end to the other end. The spatial distribution in density varies from 2.14 to 2.72 g/cc across W1
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to W2 (Figure 6.29(a)). Similarly, the spatial distribution in density varies from 2.14 to 2.72
g/cc across W1 to W3 (Figure 6.29(a)). The spatial distribution in porosity varies from 6 to
28% across W1 to W2 (Figure 6.29(b)). Similarly, the spatial distribution in porosity varies
from 6 to 28% across W1 to W3 (Figure 6.29(b)).

RHOB RHOB
Wi -NN w2 wi -NN W3

a

(2. 1442 T2 72584 2 14426 JJ2.7268¢

Figure 6.29(a) Spatial variation of density (in g/cc) predicted from neural network analysis
across wells

PHID- PHID-
Wi NN w2 Wi NN w3
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Figure 6.29(b) Spatial variation of porosity (in fraction) predicted from neural network analysis
across wells
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The values obtained by performing NN analysis were cross plotted against the well log values
to inspect the correlation between them as shown in Figure 6.30. The cross plots between
density from well and density generated through NN is shown in Figure 6.30(a) with r=0.9.
Similarly, the cross plots between porosity from well and porosity generated through NN is
shown in Figure 6.30(b) with r=0.89.
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Figure 6.30(a) Plot showing correlation between density derived from well log and density
derived from neural network analysis
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Figure 6.30(b) Plot showing a correlation between porosity derived from well log and porosity
derived from neural network analysis
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Well W1 was used as target since it is the only producing well amongst all the three wells and
hence, the match between the seismic properties and the log properties of the other two wells
W2, W3 were not shown. The value of correlation coefficient (r), displays the degree of match
between the seismic properties and the log properties of the other two wells, based on the model
that was generated. Considering Well W2, r=0.62 for density, r=0.62 for porosity; while
considering Well W3, r=0.44 for density, r=0.46 for porosity.

6.4 Prediction of Petrophysical Properties using Laboratory Model

The results presented in this section utilise the rock physics model derived from experimental
measurements conducted on sandstone core plugs of Tipam and Barail formation (as elaborated
in chapter 5).

6.4.1 Using a One to One Correlation

The laboratory-based statistically derived trends (equations), as explained earlier, were used to
spatially populate the different petrophysical and acoustic properties across the seismic survey.
On application of a laboratory-based model (one to one correlation), the range of bulk density
obtained from Al varies from 2.02 to 3.15 g/cc (Figure 6.31(a)). Similarly, on the application
of a laboratory-based model, the range of porosity obtained from Al varies from 0 to 22.9%
(Figure 6.31(b)).

1300 Cros&ife

I 3.15649
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Figure 6.31(a) Variation of density (in g/cc) generated from impedance considering laboratory-
based rock physics model
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1300 Crosddite

Figure 6.31(b) Variation of porosity (in %) generated from impedance considering laboratory-
based rock physics model

To investigate any correlation between the applicability of NN derived results and laboratory-
based results, the different parameters were cross-plotted together, as shown in Figure 6.32.
The cross plots between density derived on the application of the laboratory-based model and
NN derived is shown in Figure 6.32(a) with r=0.88. The cross plots between porosity derived
on the application of the laboratory-based model and NN derived is shown in Figure 6.32(b)
with r=0.86.
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Figure 6.32(a) Cross-plot between density from laboratory results to the density obtained from
neural network

152
TH-2897_166104013



Seismic Inversion

=086

PHID_1LLAB

09 0.1

PHID_ Well

Figure 6.32(b) Cross-plot between porosity from laboratory results to the porosity obtained

from neural network analysis

6.4.2 Using Multivariate Regression Equation

Using equation (6.4), V, was calculated by using density and porosity derived from neural
network analysis. This obtained Vp from equation (6.4) was cross plotted with the velocity
derived from neural network analysis, and a strong correlation was obtained, as shown in
Figure 6.33. However, neural network derived velocity values were found to be on a higher
side when compared with laboratory-derived velocity, i.e., Vp (from NN) = ¢ * V, (from the
lab), where c varies from 1.34 to 1.48 for Barail, 1.29 to 1.38 for Kopili and 1.33 to 1.48 for

Sylhet formation.

Barail Sylhet
a =
2 uw 2 400
= =
b M :
™ e
2 2w s 2 2w n
- - W
8 e g
ic - i
& g 200 = 2 & 200
-] A =3
g i v
] =
Z  um T a0 #-
By By
& £
£ £
2 2000 £ 2000
S 2700 2800 2900 3000 3100 3200 3300 3400 3500 3600 F 2600 2700 2800 2900 3000 3100 3200 3300 3400 3500
Velocity from Neural Network (m/sec) Velocity from Neural Network (m/sec)

Figure 6.33 Cross-plot between velocity from laboratory results to the velocity obtained from
the neural network for (a) Barail (b) Sylhet formation

The velocity obtained from equation (6.4) were transformed to Al (by using neural network

derived density) and thereafter trained with the modelled well log to generate density and
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porosity across the seismic section (Figure 6.34(a) and Figure 6.34(b)). It was observed that

density varied from 2.23 g/cc to 2.73 g/cc, while porosity varied from 7 to 27%.

Figure 6.34(a) Density (in g/cc) results obtained after incorporating well log derived rock
physics model and laboratory-generated rock physics model

0.0739581

Figure 6.34(b) Porosity (in fraction) results obtained after incorporating well log derived rock
physics model and laboratory-generated rock physics model

Similarly, density (in g/cc) and porosity (in fraction) slices are also shown considering
laboratory-based rock physics model for different formations, i.e., at Barail formation top
(z=1660 ms), Barail formation bottom (z=1695 ms), and at Sylhet formation top (z=1925 ms)
and Sylhet formation bottom (z=1951 ms), as shown in Figures 6.34 to 6.37.
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Figure 6.35 Density (in g/cc) slice for (a) Barail formation top and (b) Barail formation bottom
generated from neural network analysis obtained after incorporating well log derived rock
physics model and laboratory-generated rock physics model

Figure 6.36 Density (in g/cc) slice for (a) Sylhet formation top and (b) Sylhet formation bottom
generated from neural network analysis obtained after incorporating well log derived rock
physics model and laboratory-generated rock physics model

Figure 6.37 Porosity (in fraction) slice for (a) Barail formation top and (b) Barail formation
bottom generated from neural network analysis obtained after incorporating well log derived
rock physics model and laboratory-generated rock physics model
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Figure 6.38 Porosity (in fraction) slice for (a) Sylhet formation top and (b) Sylhet formation
bottom generated from neural network analysis obtained after incorporating well log derived
rock physics model and laboratory-generated rock physics model

These generated density and porosity models were compared and plotted with the well-
modelled logs. It was found that there was a reasonable match between the two parameters,
i.e.,, r =0.78 and r = 0.95 for density for Barail and Sylhet formation, while r = 0.91 and r =
0.94 for porosity for Barail and Sylhet formation as shown in Figure 6.39. These modelled
parameters constitute of an amalgamation or integration of laboratory and well-modelled

components that may be useful in enhancing the seismic reservoir characterisation.
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Figure 6.39 Cross plot between well log density, porosity with modelled density and porosity
results obtained after incorporating laboratory and neural network derived density and porosity
for Barail and Sylhet formation
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Laboratory based estimation of petrophysical, geomechanical and mineralogical parameters is
essential to corroborate data obtained from the well logs (Ambati et al., 2021). Although the
well log data have a higher vertical resolution, but this information is limited in the vicinity of
the well from where it is measured. On the other hand, analysis on the core plugs in the
laboratory, collected from multiple wells of the same basin, tend to be more representative of
a broader lithological unit, especially in case of clastic reservoirs, that offer relatively less
heterogeneity as compared to carbonate reservoirs (Zhang et al., 2020). The choice of inclusion
of information is motivated by primarily two reasons — (i) the trends can be said to be
representative of the reservoir conditions and (ii) trends captured through petrophysical
analysis can easily be extended for inversion based property prediction. The statistical derived
models used for trend or pattern recognition may help to reduce uncertainty, ambiguity related
to the most likely interpretation in case of reservoir characterization (Mukerji et al., 2001).
Hence, we attempted to integrate different scales of study in order to capture the heterogeneity,
i.e., application of laboratory and well log data to interpret seismic inversions in terms of
petrophysical properties. Such a generalized predictive model will behave more realistic since
it contains all the components that capture Vp variations. Integrating different methods may
lead to the development of realistic models, thereby being a guiding force for quantitative
decision analysis (Bosch 2004). This methodology may also find it application in detecting the
expected small-scale variability that is noticeable in laboratory data, but indistinct in seismic
data. Although the presented results correlate with the well log derived parameters, further
complementary studies involving the influence or effect of other factors such as overburden
pressure, fluid content, pore pressure etc. may also be required to validate the efficacy of the

presented results.

Furthermore, the laboratory measurements are made on core samples a few mm in size at kHz
frequencies, while seismic data are at a few 10’s of Hz. Regarding the use of a particular
frequency of transducer (54 kHz) in the present study, this scaling effect will always be a
subject for further investigation/research, since the laboratory measurements are made on core
samples a few mm in size at kHz frequencies, while seismic data are at a few 10’s of Hz. In
other words, frequency ranges pertaining to different scales of study are: seismic data in <100
Hz, sonic logging in 10* Hz and laboratory ultrasonic measurements in 10® Hz (Mavko et al.,
2009). Additionally, to analyze the effect of frequency on laboratory based measurements,
different sets of transducer along with sufficient number of rock types will be required for a

comparative study to arrive at a conclusion.
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6.5 Summary and Conclusions

The present study attempts to interpret the hydrocarbon-bearing zones from the well log
analysis and thereafter populates the different parameters such as porosity, density, the volume
of shale and water saturation with the help of seismic inversion for the Upper Assam basin,
India. Different sandstone intervals were identified and the effect of water, gas and
hydrocarbon zones in the sandstone layers were interpreted from the conventional well log
responses. The gas-bearing zones showed cross over in density-porosity well log response and
was also supported by high resistivity values of 15-40 ohm-m. Hydrocarbon (oil) bearing zone
was identified in the interval 2035-2039 m and 2042-2046 m and these show a variation in
resistivity from 8-60 ohm-m with porosity10-25%. For deriving the different properties
through the help of inversion, a multilayered feed-forward network model was developed and
the errors were fed back through back propagation. The range of different parameters vary in
the following range: porosity between 6 to 29%, density between 2.14 g/cc to 2.72 glcc,
velocity between 2136 to 5034 m/s, Vshaie between 0 to 49% and water saturation between 9 to
28%. Based on the analysis, it was observed that the inversion derived parameters were in
agreement with the well log data, and the hydrocarbon-bearing zones were being reflected in
the saturation plot obtained after inversion analysis. Additionally, the modelled log results were
compared with the inverted results and it shows a reasonable match with a correlation
coefficient of 0.9 for density and 0.89 for porosity. The spatial variation of the different
parameters was also populated, indicating prospective exploration potential in the northwestern
region of the study area due to the increasing thickness of the hydrocarbon-bearing zone.
However, incorporating the effect of structural geology in the present study may further help
to facilitate the presence of exploration opportunity in the northwestern part of the study area.
Laboratory-based trends between velocity, density and porosity, obtained by investigation on
sandstone core plugs of the same basin were utilised and incorporated in the inversion analysis.
On using a one to one laboratory-derived correlation, the range of density varied from 2 to 3.15
g/cc while porosity varied from 0 to 23%. Thereafter, the velocity obtained from the laboratory-
derived rock physics model (Vp as a function of density and porosity) was transformed to Al
(by using neural network derived density) and subsequently trained with the modelled well log
to generate density and porosity across the seismic section. On using laboratory-derived rock
physics model, the different parameters varied as: density between 2.23 to 2.73 g/cc and
porosity between 7 to 27%. These generated density and porosity models were compared and

plotted with the well-modelled logs. It was found that there was a reasonable match between
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the two parameters, i.e., r =0.78 and r = 0.95 for density for Barail and Sylhet formation, while
r=0.91 and r = 0.94 for porosity for Barail and Sylhet formation. These modelled parameters
constitute of an amalgamation or integration of laboratory and well-modelled components that
may be useful in enhancing the seismic reservoir characterisation. Integrating different
methods may lead to the development of realistic models, thereby being a guiding force for

quantitative decision analysis.
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Chapter 7
Summary and Conclusions

The aim of this study is the incorporation of laboratory-derived petrophysical and
mineralogical data in the quantitative interpretation of compressional wave velocity (V;) to
enhance the capability of rock physics models in reservoir characterisation. All parameters
were evaluated in the laboratory using recognised standard laboratory methods. The brief

highlights and major conclusions of this study can be summarised as follows:

7.1 Conclusions

» The seismic wave propagation was reproduced in the laboratory using the ultrasonic
velocity measurement technique to measure the Vp of different rocks. Ultrasonic
transducers of 54 kHz frequency were used to measure V) utilising the through transmission
technique.

» For porosity measurement, an in-house helium gas porosimeter was developed. The
fabricated setup is capable of performing measurements on rocks of known volumes of
different dimensions up to NX (54 mm) core size. The obtained results were compared with
an industry-based commercial porosimeter, and a strong R? =0.98 for carbonates, R? =0.95
for sandstones were obtained.

> A laboratory-based rock physics model for carbonates was developed by integrating
petrophysical properties estimated from laboratory-based measurements along with the
digital image analysis (DIA) technique. A multivariate statistical approach was adopted to
understand the effects of bulk density, porosity, pore size and aspect ratio collectively on
Vp. It was inferred that the effectiveness of the predictive velocity model improved by
incorporating multiple parameters in combination. Approximately 50% decrease in V, was
observed when porosity varied from 2 to 40% for different saturation conditions.

> The effects of petrophysical and mineralogical variables on the acoustic properties of
sandstones were investigated using laboratory generated data. Single parameter
correlations among petrophysical properties and mineralogy with V, showed that V,
correlated inversely with porosity, permeability and feldspar content and directly with bulk
density and quartz content. The collective influence of bulk density, porosity and mineral
content on Vp was incorporated to derive a simplified rock physics model for sandstones in
the form of statistically derived equations. A generalised model was derived by varying the
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major mineral fractions of sandstone rock type, i.e., quartz and feldspar, with porosity and
varying saturation conditions to determine the range in V,.

» Seismic inversion was carried out using the coloured inversion method across the seismic
section of the Upper Assam Basin, using a well log derived rock physics model and
laboratory-generated rock physics model. On using a well log derived rock physics model,
the different parameters varied as: density between 2.14 to 2.72 g/cc, porosity between 6 to
29%, velocity between 2136 to 5034 m/s, volume of shale between 0 to 49% and water
saturation between 9 to 27%. The inversion model was validated for density and porosity
values by comparing the log derived observed value with the modelled derived values. The
correlation coefficient ‘r’ was 0.90 for density and 0.89 for porosity with well log-based
rock physics model. Based on the analysis, it was observed that prospective exploration
potential exists in the northwestern region of the study area due to the increasing thickness
as well as reservoir quality of the hydrocarbon-bearing zone. However, incorporating the
effect of structural geology in the present study may further help to facilitate the presence
of exploration opportunities in the northwestern part of the study area.

> Laboratory-based trends between velocity, density and porosity, obtained by investigation
on sandstone core plugs of the same basin were utilised and applied on acoustic impedance
obtained through inversion analysis. The velocity obtained from the laboratory-derived
rock physics model was transformed to acoustic impedance by using neural network
derived density and thereafter trained with the modelled well log to generate density and
porosity across the seismic section. On using laboratory-derived rock physics model, the
different parameters varied as: density between 2.23 to 2.73 g/cc and porosity between 7 to
27%. These generated density and porosity models were compared with well log derived
density and porosity values. The correlation coefficient ‘r’ obtained for density in Barail is
0.78 and Sylhet formation is 0.95, while for porosity in Barail is 0.91 and Sylhet formation
is 0.94. These modelled parameters are derived by the integration of laboratory and well-

modelled components.

7.2 Limitations of the present work

The limitations of the work done are as follows:
» Vp measurements were conducted in the laboratory under ambient conditions.

» Vp measurements were conducted for a particular frequency transducer.
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7.3 Recommendations for future work

The future scope of the work is as follows:
» Addition of shear wave velocity information

o Aid in fluid identification

o Estimation of geomechanical properties of rocks on the basis of Vp/Vs ratio
Comparative Vp data analysis for a number of frequencies ranging from 54 kHz to 1 MHz
Vp measurements under stressed conditions
Implementation and comparison of other seismic inversion techniques

Role of faults in hydrocarbon entrapment

V V V V VY

Applicability of Rock Physics in Unconventional Reservoirs
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Annexure

Table S1: Range of datasets of E and V,, obtained by varying the volume percentage of major minerals for sandstones and carbonates, with a porosity variation from 2% to 40%
for different geological scenarios (fluid saturations - water, gas, brine and oil saturated)

Water Saturated Sandstone

Fraction Lower Lower
Fraction of Porosity Bound K | Upper Bound Bound G Upper Bound Lower Bound | Upper Bound
of Quartz | feldspar (fraction) (GPa) K (GPa) (GPa) G (GPa) Vp (km/s) E (GPa) E (GPa)

0.7 0.3 0.02 28.1917 36.0616 0 31.3823 5.34839 0 72.9775
0.7 0.3 0.05 20.7038 34.4754 0 29.7131 4.95892 0 69.2458
0.7 0.3 0.1 14.3510 31.9465 0 27.0975 4.42222 0 63.3741
0.7 0.3 0.15 10.9814 29.5513 0 24.6703 3.99034 0 57.8989
0.7 0.3 0.2 8.8933 27.2795 0 22.4118 3.63532 0 52.7811
0.7 0.3 0.25 7.4724 25.1217 0 20.3051 3.33830 0 47.9867
0.7 0.3 0.3 6.4430 23.0696 0 18.3354 3.08616 0 43.4856
0.7 0.3 0.35 5.6629 21.1157 0 16.4897 2.86942 0 39.2516
0.7 0.3 0.4 5.0513 19.2530 0 14.7567 2.68114 0 35.2612
0.75 0.25 0.02 28.1777 36.0377 0 32.9836 5.40893 0 75.8195
0.75 0.25 0.05 20.6965 34.4530 0 31.1922 5.00932 0 71.8832
0.75 0.25 0.1 14.3477 31.9264 0 28.3935 4.46012 0 65.7030
0.75 0.25 0.15 10.9796 29.5333 0 25.8058 4.01945 0 59.9547
0.75 0.25 0.2 8.8922 27.2634 0 23.4059 3.65803 0 54.5944
0.75 0.25 0.25 7.4717 25.1074 0 21.1742 3.35625 0 49.5839
0.75 0.25 0.3 6.4425 23.0569 0 19.0936 3.10046 0 44,8897
0.75 0.25 0.35 5.6625 21.1044 0 17.1493 2.88090 0 40.4826
0.75 0.25 0.4 5.0510 19.2431 0 15.3282 2.69038 0 36.3366
0.8 0.2 0.02 28.1636 36.0138 0 34.6581 5.46936 0 78.7215
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0.8 0.2 0.05 20.6892 34.4306 0 32.7351 5.05951 0 74.5720
0.8 0.2 0.1 14.3443 31.9063 0 29.7404 4.49776 0 68.0711
0.8 0.2 0.15 10.9777 29.5153 0 26.9817 4.04829 0 62.0401
0.8 0.2 0.2 8.8910 27.2473 0 24.4320 3.68048 0 56.4297
0.8 0.2 0.25 7.4709 25.0931 0 22.0686 3.37395 0 51.1971
0.8 0.2 0.3 6.4420 23.0442 0 19.8717 3.11455 0 46.3051
0.8 0.2 0.35 5.6621 21.0932 0 17.8244 2.89219 0 41.7212
0.8 0.2 0.4 5.0507 19.2332 0 15.9118 2.69946 0 37.4168
0.85 0.15 0.02 28.1496 35.9900 0 36.4109 5.52969 0 81.6856
0.85 0.15 0.05 20.6818 34.4082 0 34.3461 5.10950 0 77.3136
0.85 0.15 0.1 14.3410 31.8863 0 31.1411 4.53513 0 70.4793
0.85 0.15 0.15 10.9759 29.4974 0 28.2001 4.07684 0 64.1557
0.85 0.15 0.2 8.8899 27.2313 0 25.4917 3.70268 0 58.2873
0.85 0.15 0.25 7.4702 25.0788 0 22.9894 3.39142 0 52.8264
0.85 0.15 0.3 6.4414 23.0315 0 20.6705 3.12843 0 47.7319
0.85 0.15 0.35 5.6618 21.0820 0 18.5155 2.90330 0 42.9675
0.85 0.15 0.4 5.0505 19.2233 0 16.5077 2.70839 0 38.5020
0.9 0.1 0.02 28.1357 35.9661 0 38.2476 5.58992 0 84.7137
0.9 0.1 0.05 20.6745 34.3859 0 36.0297 5.15929 0 80.1094
0.9 0.1 0.1 14.3376 31.8662 0 32.5991 4.57223 0 72.9286
0.9 0.1 0.15 10.9740 29.4794 0 29.4636 4.10512 0 66.3020
0.9 0.1 0.2 8.8887 27.2153 0 26.5868 3.72461 0 60.1676
0.9 0.1 0.25 7.4694 25.0645 0 23.9378 3.40866 0 54.4722
0.9 0.1 0.3 6.4409 23.0188 0 21.4907 3.14211 0 49.1702
0.9 0.1 0.35 5.6614 21.0707 0 19.2232 2.91423 0 44.2216
0.9 0.1 0.4 5.0502 19.2134 0 17.1163 2.71717 0 39.5921
0.95 0.05 0.02 28.1217 35.9423 0 40.1745 5.65004 0 87.8078

TH-2897_166104013

192

Annexure



0.95 0.05 0.05 20.6672 34.3635 0 37.7911 5.20888 0 82.9612

0.95 0.05 0.1 14.3343 31.8462 0 34.1178 4.60907 0 75.4201

0.95 0.05 0.15 10.9722 29.4615 0 30.7745 4.13314 0 68.4797

0.95 0.05 0.2 8.8876 27.1992 0 27.7188 3.74629 0 62.0709

0.95 0.05 0.25 7.4686 25.0502 0 24.9151 3.42567 0 56.1346

0.95 0.05 0.3 6.4404 23.0061 0 22.3333 3.15559 0 50.6201

0.95 0.05 0.35 5.6610 21.0595 0 19.9483 2.92499 0 45.4836

0.95 0.05 0.4 5.0499 19.2035 0 17.7382 2.72580 0 40.6871

1 0 0.02 28.1077 35.9184 0 42.1983 5.71006 0 90.9700

1 0 0.05 20.6599 34.3412 0 39.6357 5.25827 0 85.8706

1 0 0.1 14.3310 31.8262 0 35.7011 4.64565 0 77.9547

1 0 0.15 10.9704 29.4436 0 32.1357 4.16088 0 70.6895

1 0 0.2 8.8865 27.1832 0 28.8899 3.76773 0 63.9977

1 0 0.25 7.4679 25.0359 0 25.9225 3.44246 0 57.8139

1 0 0.3 6.4399 22.9935 0 23.1993 3.16888 0 52.0818

1 0 0.35 5.6606 21.0483 0 20.6911 2.93559 0 46.7534

1 0 0.4 5.0496 19.1936 0 18.3737 2.73429 0 41.7870

Water Saturated Carbonate
Fraction Lower Lower
Fraction of Porosity Bound K | Upper Bound | Bound G | Upper Bound | Total Vp | Lower Bound | Upper Bound
of Calcite | Dolomite | (fraction) | (GPa) K (GPa) (GPa) G (GPa) (km/s) E (GPa) E (GPa)

0.7 0.3 0.02 45.7219 72.8447 0 35.4526 6.05954 0 91.5119

0.7 0.3 0.05 28.4766 67.5330 0 33.7102 5.54369 0 86.7039

0.7 0.3 0.1 17.4851 59.6885 0 30.9496 4.85486 0 79.1658

0.7 0.3 0.15 12.6156 52.8866 0 28.3544 4.31830 0 72.1663
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0.7 0.3 0.2 9.8676 46.9324 0 25.9102 3.88853 0 65.6495
0.7 0.3 0.25 8.1026 41.6767 0 23.6042 3.53656 0 59.5671
0.7 0.3 0.3 6.8732 37.0034 0 21.4250 3.24302 0 53.8768
0.7 0.3 0.35 5.9677 32.8209 0 19.3624 2.99448 0 48.5416
0.7 0.3 0.4 5.2731 29.0555 0 17.4073 2.78132 0 43.5290
0.75 0.25 0.02 45.7289 72.8631 0 34.6797 6.03060 0 89.7931
0.75 0.25 0.05 28.4793 67.5492 0 32.9889 5.52020 0 85.1116
0.75 0.25 0.1 17.4860 59.7018 0 30.3075 4.83778 0 77.7635
0.75 0.25 0.15 12.6161 52.8975 0 27.7834 4.30553 0 70.9317
0.75 0.25 0.2 9.8678 46.9414 0 25.4033 3.87878 0 64.5634
0.75 0.25 0.25 8.1028 41.6842 0 23.1552 3.52900 0 58.6127
0.75 0.25 0.3 6.8733 37.0097 0 21.0285 3.23709 0 53.0398
0.75 0.25 0.35 5.9678 32.8261 0 19.0134 2.98978 0 47.8096
0.75 0.25 0.4 5.2731 29.0599 0 17.1016 2.77757 0 42.8910
0.8 0.2 0.02 45.7358 72.8815 0 33.9197 6.00164 0 88.0927
0.8 0.2 0.05 28.4819 67.5655 0 32.2793 5.49666 0 83.5349
0.8 0.2 0.1 17.4869 59.7150 0 29.6748 4.82064 0 76.3734
0.8 0.2 0.15 12.6165 52.9084 0 27.2201 4.29270 0 69.7062
0.8 0.2 0.2 9.8681 46.9505 0 24.9027 3.86898 0 63.4840
0.8 0.2 0.25 8.1029 41.6917 0 22.7113 3.52139 0 57.6633
0.8 0.2 0.3 6.8734 37.0159 0 20.6360 3.23111 0 52.2064
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0.8 0.2 0.35 5.9679 32.8313 0 18.6677 2.98504 0 47.0800
0.8 0.2 0.4 5.2732 29.0642 0 16.7984 2.77380 0 42.2546
0.85 0.15 0.02 45.7428 72.8999 0 33.1724 5.97265 0 86.4105
0.85 0.15 0.05 28.4845 67.5817 0 31.5809 5.47308 0 81.9739
0.85 0.15 0.1 17.4879 59.7283 0 29.0513 4.80345 0 74.9951
0.85 0.15 0.15 12.6170 52.9194 0 26.6644 4.27981 0 68.4898
0.85 0.15 0.2 9.8684 46.9595 0 24.4082 3.85912 0 62.4113
0.85 0.15 0.25 8.1031 41.6992 0 22.2723 3.51373 0 56.7188
0.85 0.15 0.3 6.8735 37.0222 0 20.2475 3.22509 0 51.3765
0.85 0.15 0.35 5.9680 32.8365 0 18.3252 2.98027 0 46.3528
0.85 0.15 0.4 5.2732 29.0685 0 16.4978 2.77000 0 41.6197
0.9 0.1 0.02 45.7498 72.9183 0 32.4375 5.94364 0 84.7462
0.9 0.1 0.05 28.4872 67.5979 0 30.8935 5.44945 0 80.4281
0.9 0.1 0.1 17.4888 59.7416 0 28.4370 4.78619 0 73.6285
0.9 0.1 0.15 12.6174 52.9303 0 26.1160 4.26687 0 67.2822
0.9 0.1 0.2 9.8686 46.9685 0 23.9197 3.84921 0 61.3453
0.9 0.1 0.25 8.1033 41.7067 0 21.8383 3.50603 0 55.7792
0.9 0.1 0.3 6.8737 37.0284 0 19.8629 3.21903 0 50.5501
0.9 0.1 0.35 5.9681 32.8417 0 17.9858 2.97546 0 45.6280
0.9 0.1 0.4 5.2733 29.0729 0 16.1997 2.76616 0 40.9864
0.95 0.05 0.02 45.7568 72.9367 0 31.7147 5.91460 0 83.0994
195

Annexure



0.95 0.05 0.05 28.4898 67.6142 0 30.2168 5.42577 0 78.8974

0.95 0.05 0.1 17.4897 59.7548 0 27.8314 4.76888 0 72.2735

0.95 0.05 0.15 12.6179 52.9412 0 25.5749 4.25386 0 66.0835

0.95 0.05 0.2 9.8689 46.9776 0 23.4372 3.83925 0 60.2859

0.95 0.05 0.25 8.1034 41.7142 0 21.4090 3.49827 0 54.8444

0.95 0.05 0.3 6.8738 37.0347 0 19.4823 3.21293 0 49.7271

0.95 0.05 0.35 5.9681 32.8469 0 17.6495 2.97062 0 44.9055

0.95 0.05 0.4 5.2734 29.0772 0 15.9040 2.76230 0 40.3546

1 0 0.02 45.7638 72.9551 0 31.0036 5.88554 0 81.4700

1 0 0.05 28.4924 67.6304 0 29.5507 5.40205 0 77.3816

1 0 0.1 17.4907 59.7681 0 27.2345 4.75151 0 70.9300

1 0 0.15 12.6184 52.9521 0 25.0409 4.24080 0 64.8935

1 0 0.2 9.8692 46.9866 0 22.9604 3.82923 0 59.2330

1 0 0.25 8.1036 41.7218 0 20.9845 3.49047 0 53.9145

1 0 0.3 6.8739 37.0409 0 19.1054 3.20678 0 48.9075

1 0 0.35 5.9682 32.8521 0 17.3163 2.96574 0 44.1854

1 0 0.4 5.2734 29.0816 0 15.6107 2.75840 0 39.7243

Gas Saturated Sandstone
Fraction Fraction Porosity Lower Upper Bound | Lower Upper Bound | Total Vp | Lower Bound | Upper Bound
of Quartz | of (fraction) | Bound K | K(GPa) Bound G | G (GPa) (km/s) E (GPa) E (GPa)
feldspar (GPa) (GPa)
0.7 0.3 0.02 4.4173 35.9564 0 31.3823 4.8316 0 72.9295
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0.7 0.3 0.05 1.9027 34.2214 0 29.7131 3.9737 0 69.1313
0.7 0.3 0.1 0.9763 31.4670 0 27.0975 3.0663 0 63.1620
0.7 0.3 0.15 0.6567 28.8712 0 24.6703 2.4962 0 57.6035
0.7 0.3 0.2 0.4947 26.4208 0 22.4118 2.1049 0 52.4149
0.7 0.3 0.25 0.3968 24.1038 0 20.3051 1.8197 0 47.5604
0.7 0.3 0.3 0.3313 21.9096 0 18.3354 1.6025 0 43.0087
0.7 0.3 0.35 0.2843 19.8288 0 16.4897 1.4316 0 38.7325
0.7 0.3 0.4 0.2490 17.8528 0 14.7567 1.2937 0 34.7073
0.75 0.25 0.02 4.4170 35.9325 0 32.9836 4.8809 0 75.7676
0.75 0.25 0.05 1.9026 34.1991 0 31.1922 4.0060 0 71.7598
0.75 0.25 0.1 0.9763 31.4471 0 28.3935 3.0844 0 65.4749
0.75 0.25 0.15 0.6566 28.8535 0 25.8058 2.5076 0 59.6378
0.75 0.25 0.2 0.4947 26.4050 0 23.4059 2.1125 0 54.2024
0.75 0.25 0.25 0.3968 24.0898 0 21.1742 1.8250 0 49.1285
0.75 0.25 0.3 0.3313 21.8973 0 19.0936 1.6063 0 44.3813
0.75 0.25 0.35 0.2843 19.8179 0 17.1493 1.4345 0 39.9301
0.75 0.25 0.4 0.2490 17.8432 0 15.3282 1.2958 0 35.7482
0.8 0.2 0.02 4.4167 35.9087 0 34.6581 4.9301 0 78.6656
0.8 0.2 0.05 1.9026 34.1769 0 32.7351 4.0380 0 74.4390
0.8 0.2 0.1 0.9763 31.4273 0 29.7404 3.1024 0 67.8260
0.8 0.2 0.15 0.6566 28.8358 0 26.9817 2.5188 0 61.7006
0.8 0.2 0.2 0.4947 26.3893 0 24.4320 2.1200 0 56.0106
0.8 0.2 0.25 0.3968 24.0759 0 22.0686 1.8302 0 50.7114
0.8 0.2 0.3 0.3312 21.8850 0 19.8717 1.6101 0 45.7638
0.8 0.2 0.35 0.2843 19.8071 0 17.8244 1.4373 0 41.1342
0.8 0.2 0.4 0.2490 17.8337 0 15.9118 1.2980 0 36.7927
0.85 0.15 0.02 4.4163 35.8849 0 36.4109 4.9790 0 81.6253
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0.85 0.15 0.05 1.9025 34.1546 0 34.3461 4.0698 0 77.1705
0.85 0.15 0.1 0.9763 31.4074 0 31.1411 3.1201 0 70.2164
0.85 0.15 0.15 0.6566 28.8181 0 28.2001 2.5298 0 63.7923
0.85 0.15 0.2 0.4947 26.3736 0 25.4917 2.1273 0 57.8399
0.85 0.15 0.25 0.3968 24.0619 0 22.9894 1.8353 0 52.3091
0.85 0.15 0.3 0.3312 21.8726 0 20.6705 1.6138 0 47.1565
0.85 0.15 0.35 0.2843 19.7962 0 18.5155 1.4400 0 42.3447
0.85 0.15 0.4 0.2490 17.8241 0 16.5077 1.3000 0 37.8410
0.9 0.1 0.02 4.4160 35.8611 0 38.2476 5.0278 0 84.6488
0.9 0.1 0.05 1.9024 34.1324 0 36.0297 4.1013 0 79.9557
0.9 0.1 0.1 0.9763 31.3876 0 32.5991 3.1376 0 72.6469
0.9 0.1 0.15 0.6566 28.8005 0 29.4636 2.5407 0 65.9137
0.9 0.1 0.2 0.4947 26.3579 0 26.5868 2.1345 0 59.6906
0.9 0.1 0.25 0.3968 24.0480 0 23.9378 1.8404 0 53.9218
0.9 0.1 0.3 0.3312 21.8603 0 21.4907 1.6174 0 48.5593
0.9 0.1 0.35 0.2843 19.7853 0 19.2232 1.4427 0 43.5617
0.9 0.1 0.4 0.2490 17.8146 0 17.1163 1.3020 0 38.8929
0.95 0.05 0.02 4.4156 35.8373 0 40.1745 5.0764 0 87.7380
0.95 0.05 0.05 1.9024 34.1102 0 37.7911 4.1326 0 82.7963
0.95 0.05 0.1 0.9763 31.3677 0 34.1178 3.1549 0 75.1186
0.95 0.05 0.15 0.6566 28.7828 0 30.7745 2.5514 0 68.0652
0.95 0.05 0.2 0.4947 26.3422 0 27.7188 2.1416 0 61.5630
0.95 0.05 0.25 0.3968 24.0340 0 24.9151 1.8453 0 55.5498
0.95 0.05 0.3 0.3312 21.8479 0 22.3333 1.6210 0 49.9724
0.95 0.05 0.35 0.2843 19.7745 0 19.9483 1.4453 0 44,7852
0.95 0.05 0.4 0.2490 17.8051 0 17.7382 1.3040 0 39.9484
1 0 0.02 4.4153 35.8135 0 42.1983 5.1248 0 90.8950
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1 0 0.05 1.9023 34.0879 0 39.6357 4.1636 0 85.6937

1 0 0.1 0.9763 31.3479 0 35.7011 3.1720 0 77.6323

1 0 0.15 0.6566 28.7651 0 32.1357 2.5619 0 70.2475

1 0 0.2 0.4947 26.3264 0 28.8899 2.1486 0 63.4575

1 0 0.25 0.3968 24.0201 0 25.9225 1.8502 0 57.1932

1 0 0.3 0.3312 21.8356 0 23.1993 1.6245 0 51.3959

1 0 0.35 0.2843 19.7636 0 20.6911 1.4479 0 46.0152

1 0 0.4 0.2490 17.7955 0 18.3737 1.3060 0 41.0077

Gas Saturated carbonate
Fraction Fraction Porosity Lower Upper Bound | Lower Upper Bound | Total Vp | Lower Bound | Upper Bound
of Calcite | of (fraction) | Bound K | K(GPa) Bound G | G (GPa) (km/s) E (GPa) E (GPa)
Dolomite (GPa) (GPa)

0.7 0.3 0.02 4.4173 72.5534 0 35.4526 5.4046 0 91.4607

0.7 0.3 0.05 1.9027 66.8725 0 33.7102 4.3406 0 86.5819

0.7 0.3 0.1 0.9763 58.5546 0 30.9496 3.2682 0 78.9405

0.7 0.3 0.15 0.6567 51.4109 0 28.3544 2.6207 0 71.8535

0.7 0.3 0.2 0.4947 45.2090 0 25.9102 2.1874 0 65.2628

0.7 0.3 0.25 0.3968 39.7742 0 23.6042 1.8770 0 59.1180

0.7 0.3 0.3 0.3313 34.9725 0 21.4250 1.6438 0 53.3753

0.7 0.3 0.35 0.2843 30.6994 0 19.3624 1.4621 0 47.9965

0.7 0.3 0.4 0.2490 26.8721 0 17.4073 1.3166 0 42,9481

0.75 0.25 0.02 4.4170 72.5717 0 34.6797 5.3815 0 89.7438

0.75 0.25 0.05 1.9026 66.8885 0 32.9889 4.3261 0 84.9940

0.75 0.25 0.1 0.9763 58.5676 0 30.3075 3.2604 0 77.5462

0.75 0.25 0.15 0.6566 51.4214 0 27.7834 2.6160 0 70.6296

0.75 0.25 0.2 0.4947 452177 0 25.4033 2.1843 0 64.1894
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0.75 0.25 0.25 0.3968 39.7814 0 23.1552 1.8749 0 58.1780
0.75 0.25 0.3 0.3313 34.9785 0 21.0285 1.6423 0 52.5539
0.75 0.25 0.35 0.2843 30.7043 0 19.0134 1.4610 0 47.2808
0.75 0.25 0.4 0.2490 26.8762 0 17.1016 1.3157 0 42.3270
0.8 0.2 0.02 4.4167 72.5900 0 33.9197 5.3584 0 88.0452
0.8 0.2 0.05 1.9026 66.9045 0 32.2793 4.3117 0 83.4217
0.8 0.2 0.1 0.9763 58.5806 0 29.6748 3.2527 0 76.1637
0.8 0.2 0.15 0.6566 51.4320 0 27.2201 2.6113 0 69.4146
0.8 0.2 0.2 0.4947 45.2264 0 24.9027 2.1812 0 63.1225
0.8 0.2 0.25 0.3968 39.7886 0 22.7113 1.8727 0 57.2426
0.8 0.2 0.3 0.3312 34.9844 0 20.6360 1.6407 0 51.7356
0.8 0.2 0.35 0.2843 30.7093 0 18.6677 1.4598 0 46.5673
0.8 0.2 0.4 0.2490 26.8803 0 16.7984 1.3149 0 41.7072
0.85 0.15 0.02 4.4163 72.6083 0 33.1724 5.3353 0 86.3648
0.85 0.15 0.05 1.9025 66.9206 0 31.5809 4.2971 0 81.8649
0.85 0.15 0.1 0.9763 58.5935 0 29.0513 3.2448 0 74.7930
0.85 0.15 0.15 0.6566 51.4426 0 26.6644 2.6065 0 68.2082
0.85 0.15 0.2 0.4947 45.2350 0 24.4082 2.1780 0 62.0619
0.85 0.15 0.25 0.3968 39.7957 0 22.2723 1.8706 0 56.3118
0.85 0.15 0.3 0.3312 34.9903 0 20.2475 1.6392 0 50.9206
0.85 0.15 0.35 0.2843 30.7142 0 18.3252 1.4587 0 45.8558
0.85 0.15 0.4 0.2490 26.8844 0 16.4978 1.3140 0 41.0886
0.9 0.1 0.02 4.4160 72.6266 0 32.4375 5.3122 0 84.7022
0.9 0.1 0.05 1.9024 66.9366 0 30.8935 4.2826 0 80.3232
0.9 0.1 0.1 0.9763 58.6065 0 28.4370 3.2369 0 73.4337
0.9 0.1 0.15 0.6566 51.4532 0 26.1160 2.6017 0 67.0105
0.9 0.1 0.2 0.4947 45.2437 0 23.9197 2.1749 0 61.0078
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0.9 0.1 0.25 0.3968 39.8029 0 21.8383 1.8684 0 55.3855
0.9 0.1 0.3 0.3312 34.9963 0 19.8629 1.6376 0 50.1087
0.9 0.1 0.35 0.2843 30.7191 0 17.9858 1.4576 0 45.1464
0.9 0.1 0.4 0.2490 26.8885 0 16.1997 1.3132 0 40.4713
0.95 0.05 0.02 4.4156 72.6449 0 31.7147 5.2890 0 83.0572
0.95 0.05 0.05 1.9024 66.9527 0 30.2168 4.2679 0 78.7965
0.95 0.05 0.1 0.9763 58.6195 0 27.8314 3.2290 0 72.0859
0.95 0.05 0.15 0.6566 51.4638 0 25.5749 2.5969 0 65.8214
0.95 0.05 0.2 0.4947 45.2524 0 23.4372 2.1717 0 59.9600
0.95 0.05 0.25 0.3968 39.8101 0 21.4090 1.8662 0 54.4639
0.95 0.05 0.3 0.3312 35.0022 0 19.4823 1.6360 0 49.3000
0.95 0.05 0.35 0.2843 30.7240 0 17.6495 1.4564 0 44.4391
0.95 0.05 0.4 0.2490 26.8925 0 15.9040 1.3123 0 39.8553
1 0 0.02 4.4153 72.6632 0 31.0036 5.2657 0 81.4294
1 0 0.05 1.9023 66.9687 0 29.5507 4.2532 0 77.2845
1 0 0.1 0.9763 58.6325 0 27.2345 3.2210 0 70.7493
1 0 0.15 0.6566 51.4744 0 25.0409 2.5920 0 64.6408
1 0 0.2 0.4947 45.2611 0 22.9604 2.1685 0 58.9184
1 0 0.25 0.3968 39.8172 0 20.9845 1.8640 0 53.5467
1 0 0.3 0.3312 35.0082 0 19.1054 1.6344 0 48.4944
1 0 0.35 0.2843 30.7289 0 17.3163 1.4552 0 43.7339
1 0 0.4 0.2490 26.8966 0 15.6107 1.3114 0 39.2405
Brine Saturated sandstone
Fraction Fraction Porosity Lower Upper Bound | Lower Upper Bound | Total Vp | Lower Bound | Upper Bound
of Quartz | of (fraction) | Bound K | K(GPa) Bound G | G (GPa) (km/s) E (GPa) E (GPa)
feldspar (GPa) (GPa)
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0.7 0.3 0.02 29.3489 36.0809 0 31.3823 5.3801 0 72.9863
0.7 0.3 0.05 22.3196 34.5219 0 29.7131 5.0275 0 69.2667
0.7 0.3 0.1 15.9519 32.0346 0 27.0975 4.5326 0 63.4126
0.7 0.3 0.15 12.4110 29.6767 0 24.6703 4.1263 0 57.9522
0.7 0.3 0.2 10.1566 27.4382 0 22.4118 3.7869 0 52.8468
0.7 0.3 0.25 8.5953 25.3104 0 20.3051 3.4990 0 48.0627
0.7 0.3 0.3 7.4500 23.2852 0 18.3354 3.2519 0 43.5701
0.7 0.3 0.35 6.5741 21.3554 0 16.4897 3.0373 0 39.3428
0.7 0.3 0.4 5.8824 19.5143 0 14.7567 2.8493 0 35.3576
0.75 0.25 0.02 29.3337 36.0570 0 32.9836 5.4413 0 75.8289
0.75 0.25 0.05 22.3110 34.4995 0 31.1922 5.0793 0 71.9057
0.75 0.25 0.1 15.9477 32.0145 0 28.3935 45724 0 65.7444
0.75 0.25 0.15 12.4087 29.6587 0 25.8058 4.1574 0 60.0120
0.75 0.25 0.2 10.1551 27.4221 0 23.4059 3.8115 0 54.6648
0.75 0.25 0.25 8.5943 25.2960 0 21.1742 3.5188 0 49.6651
0.75 0.25 0.3 7.4493 23.2724 0 19.0936 3.2678 0 44.9798
0.75 0.25 0.35 6.5736 21.3441 0 17.1493 3.0502 0 40.5797
0.75 0.25 0.4 5.8821 19.5044 0 15.3282 2.8598 0 36.4390
0.8 0.2 0.02 29.3185 36.0331 0 34.6581 5.5025 0 78.7317
0.8 0.2 0.05 22.3025 344771 0 32.7351 5.1310 0 74.5962
0.8 0.2 0.1 15.9436 31.9944 0 29.7404 4.6119 0 68.1156
0.8 0.2 0.15 12.4063 29.6406 0 26.9817 4.1883 0 62.1015
0.8 0.2 0.2 10.1536 27.4060 0 24.4320 3.8359 0 56.5050
0.8 0.2 0.25 8.5933 25.2816 0 22.0686 3.5382 0 51.2838
0.8 0.2 0.3 7.4486 23.2596 0 19.8717 3.2834 0 46.4010
0.8 0.2 0.35 6.5731 21.3328 0 17.8244 3.0629 0 41.8244
0.8 0.2 0.4 5.8817 19.4944 0 15.9118 2.8701 0 37.5255
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0.85 0.15 0.02 29.3033 36.0092 0 36.4109 5.5636 0 81.6966
0.85 0.15 0.05 22.2940 34.4547 0 34.3461 5.1824 0 77.3396
0.85 0.15 0.1 15.9395 31.9743 0 31.1411 4.6512 0 70.5270
0.85 0.15 0.15 12.4040 29.6226 0 28.2001 4.2189 0 64.2213
0.85 0.15 0.2 10.1521 27.3899 0 25.4917 3.8600 0 58.3677
0.85 0.15 0.25 8.5923 25.2673 0 22.9894 3.5574 0 52.9188
0.85 0.15 0.3 7.4479 23.2469 0 20.6705 3.2989 0 47.8339
0.85 0.15 0.35 6.5726 21.3214 0 18.5155 3.0753 0 43.0771
0.85 0.15 0.4 5.8813 19.4845 0 16.5077 2.8801 0 38.6172
0.9 0.1 0.02 29.2882 35.9853 0 38.2476 5.6245 0 84.7255
0.9 0.1 0.05 22.2855 34.4323 0 36.0297 5.2336 0 80.1374
0.9 0.1 0.1 15.9354 31.9542 0 32.5991 4.6903 0 72.9797
0.9 0.1 0.15 12.4016 29.6046 0 29.4636 4.2492 0 66.3721
0.9 0.1 0.2 10.1506 27.3738 0 26.5868 3.8839 0 60.2533
0.9 0.1 0.25 8.5913 25.2529 0 23.9378 3.5764 0 54.5705
0.9 0.1 0.3 7.4472 23.2341 0 21.4907 3.3141 0 49.2785
0.9 0.1 0.35 6.5720 21.3101 0 19.2232 3.0876 0 44.3378
0.9 0.1 0.4 5.8809 19.4745 0 17.1163 2.8901 0 39.7140
0.95 0.05 0.02 29.2730 35.9615 0 40.1745 5.6854 0 87.8205
0.95 0.05 0.05 22.2770 34.4100 0 37.7911 5.2846 0 82.9913
0.95 0.05 0.1 15.9313 31.9341 0 34.1178 4.7291 0 75.4748
0.95 0.05 0.15 12.3993 29.5866 0 30.7745 4.2792 0 68.5546
0.95 0.05 0.2 10.1492 27.3577 0 27.7188 3.9075 0 62.1622
0.95 0.05 0.25 8.5903 25.2386 0 24.9151 3.5951 0 56.2391
0.95 0.05 0.3 7.4465 23.2214 0 22.3333 3.3291 0 50.7350
0.95 0.05 0.35 6.5715 21.2989 0 19.9483 3.0997 0 45.6066
0.95 0.05 0.4 5.8806 19.4645 0 17.7382 2.8998 0 40.8159
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1 0 0.02 29.2579 35.9376 0 42.1983 5.7462 0 90.9836
1 0 0.05 22.2685 34.3876 0 39.6357 5.3355 0 85.9028
1 0 0.1 15.9272 31.9141 0 35.7011 4.7676 0 78.0131
1 0 0.15 12.3969 29.5686 0 32.1357 4.3089 0 70.7693
1 0 0.2 10.1477 27.3416 0 28.8899 3.9308 0 64.0949
1 0 0.25 8.5893 25.2242 0 25.9225 3.6136 0 57.9248
1 0 0.3 7.4458 23.2086 0 23.1993 3.3439 0 52.2036
1 0 0.35 6.5710 21.2876 0 20.6911 3.1116 0 46.8835
1 0 0.4 5.8802 19.4546 0 18.3737 2.9095 0 41.9231
Brine Saturated Carbonate
Fraction Fraction Porosity Lower Upper Bound | Lower Upper Bound | Total Vp | Lower Bound | Upper Bound
of Calcite | of (fraction) | Bound K | K(GPa) Bound G | G (GPa) (kml/s) E (GPa) E (GPa)
Dolomite (GPa) (GPa)
0.7 0.3 0.02 29.3489 72.8973 0 35.4526 6.1002 0 91.5211
0.7 0.3 0.05 22.3196 67.6527 0 33.7102 5.6296 0 86.7258
0.7 0.3 0.1 15.9519 59.8953 0 30.9496 4.9882 0 79.2061
0.7 0.3 0.15 12.4110 53.1571 0 28.3544 4.4780 0 72.2220
0.7 0.3 0.2 10.1566 47.2497 0 25.9102 4.0624 0 65.7181
0.7 0.3 0.25 8.5953 42.0284 0 23.6042 3.7175 0 59.6464
0.7 0.3 0.3 7.4500 37.3803 0 21.4250 3.4265 0 53.9648
0.7 0.3 0.35 6.5741 33.2157 0 19.3624 3.1778 0 48.6366
0.7 0.3 0.4 5.8824 29.4631 0 17.4073 2.9628 0 43.6294
0.75 0.25 0.02 29.3337 72.9157 0 34.6797 6.0709 0 89.8020
0.75 0.25 0.05 22.3110 67.6690 0 32.9889 5.6054 0 85.1327
0.75 0.25 0.1 15.9477 59.9086 0 30.3075 4.9701 0 77.8024
0.75 0.25 0.15 12.4087 53.1681 0 27.7834 4.4642 0 70.9855
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0.75 0.25 0.2 10.1551 47.2588 0 25.4033 4.0518 0 64.6297
0.75 0.25 0.25 8.5943 42.0360 0 23.1552 3.7091 0 58.6895
0.75 0.25 0.3 7.4493 37.3866 0 21.0285 3.4199 0 53.1251
0.75 0.25 0.35 6.5736 33.2210 0 19.0134 3.1725 0 47.9017
0.75 0.25 0.4 5.8821 29.4675 0 17.1016 2.9585 0 42.9885
0.8 0.2 0.02 29.3185 72.9341 0 33.9197 6.0416 0 88.1013
0.8 0.2 0.05 22.3025 67.6853 0 32.2793 5.5811 0 83.5553
0.8 0.2 0.1 15.9436 59.9219 0 29.6748 4.9520 0 76.4108
0.8 0.2 0.15 12.4063 53.1791 0 27.2201 4.4504 0 69.7582
0.8 0.2 0.2 10.1536 47.2679 0 24.9027 4.0411 0 63.5481
0.8 0.2 0.25 8.5933 42.0436 0 22.7113 3.7007 0 57.7376
0.8 0.2 0.3 7.4486 37.3929 0 20.6360 3.4132 0 52.2890
0.8 0.2 0.35 6.5731 33.2262 0 18.6677 3.1672 0 47.1693
0.8 0.2 0.4 5.8817 29.4718 0 16.7984 2.9542 0 42.3492
0.85 0.15 0.02 29.3033 72.9525 0 33.1724 6.0122 0 86.4187
0.85 0.15 0.05 22.2940 67.7015 0 31.5809 5.5568 0 81.9934
0.85 0.15 0.1 15.9395 59.9352 0 29.0513 4.9339 0 75.0312
0.85 0.15 0.15 12.4040 53.1900 0 26.6644 4.4366 0 68.5399
0.85 0.15 0.2 10.1521 47.2770 0 24.4082 4.0304 0 62.4733
0.85 0.15 0.25 8.5923 42.0511 0 22.2723 3.6923 0 56.7907
0.85 0.15 0.3 7.4479 37.3992 0 20.2475 3.4065 0 51.4565
0.85 0.15 0.35 6.5726 33.2315 0 18.3252 3.1618 0 46.4394
0.85 0.15 0.4 5.8813 29.4762 0 16.4978 2.9499 0 41.7115
0.9 0.1 0.02 29.2882 72.9709 0 32.4375 5.9828 0 84.7541
0.9 0.1 0.05 22.2855 67.7178 0 30.8935 5.5324 0 80.4469
0.9 0.1 0.1 15.9354 59.9485 0 28.4370 4.9157 0 73.6633
0.9 0.1 0.15 12.4016 53.2010 0 26.1160 4.4227 0 67.3306
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0.9 0.1 0.2 10.1506 47.2861 0 23.9197 4.0195 0 61.4052
0.9 0.1 0.25 8.5913 42.0587 0 21.8383 3.6838 0 55.8487
0.9 0.1 0.3 7.4472 37.4055 0 19.8629 3.3998 0 50.6275
0.9 0.1 0.35 6.5720 33.2368 0 17.9858 3.1564 0 45.7118
0.9 0.1 0.4 5.8809 29.4806 0 16.1997 2.9456 0 41.0753
0.95 0.05 0.02 29.2730 72.9894 0 31.7147 5.9534 0 83.1070
0.95 0.05 0.05 22.2770 67.7341 0 30.2168 5.5080 0 78.9155
0.95 0.05 0.1 15.9313 59.9619 0 27.8314 4.8974 0 72.3071
0.95 0.05 0.15 12.3993 53.2120 0 25.5749 4.4087 0 66.1302
0.95 0.05 0.2 10.1492 47.2952 0 23.4372 4.0087 0 60.3437
0.95 0.05 0.25 8.5903 42.0663 0 21.4090 3.6752 0 54.9116
0.95 0.05 0.3 7.4465 37.4118 0 19.4823 3.3929 0 49.8020
0.95 0.05 0.35 6.5715 33.2420 0 17.6495 3.1510 0 44.9867
0.95 0.05 0.4 5.8806 29.4850 0 15.9040 2.9412 0 40.4408
1 0 0.02 29.2579 73.0078 0 31.0036 5.9239 0 81.4773

1 0 0.05 22.2685 67.7504 0 29.5507 5.4836 0 77.3990

1 0 0.1 15.9272 59.9752 0 27.2345 4.8791 0 70.9623

1 0 0.15 12.3969 53.2230 0 25.0409 4.3947 0 64.9385

1 0 0.2 10.1477 47.3043 0 22.9604 3.9978 0 59.2888

1 0 0.25 8.5893 42.0739 0 20.9845 3.6666 0 53.9793

1 0 0.3 7.4458 37.4181 0 19.1054 3.3861 0 48.9800

1 0 0.35 6.5710 33.2473 0 17.3163 3.1455 0 44.2641

1 0 0.4 5.8802 29.4894 0 15.6107 2.9368 0 39.8078
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Oil Saturated Sandstone

Fraction Fraction Porosity Lower Upper Bound | Lower Upper Bound | Total Vp | Lower Bound | Upper Bound
of Quartz | of (fraction) | Bound K | K(GPa) Bound G | G(GPa) (kml/s) E (GPa) E (GPa)
feldspar (GPa) (GPa)
0.7 0.3 0.02 22.4405 36.0074 0 31.3823 5.2547 0 72.9528
0.7 0.3 0.05 14.0791 34.3444 0 29.7131 4.7621 0 69.1869
0.7 0.3 0.1 8.6854 31.6989 0 27.0975 4.1187 0 63.2652
0.7 0.3 0.15 6.2796 29.1997 0 24.6703 3.6284 0 57.7475
0.7 0.3 0.2 49175 26.8350 0 22.4118 3.2424 0 52.5938
0.7 0.3 0.25 4.0410 24.5943 0 20.3051 2.9307 0 47.7693
0.7 0.3 0.3 3.4297 22.4680 0 18.3354 2.6736 0 43.2431
0.7 0.3 0.35 2.9790 20.4477 0 16.4897 2.4580 0 38.9886
0.7 0.3 0.4 2.6330 18.5255 0 14.7567 2.2746 0 34.9817
0.75 0.25 0.02 22.4316 35.9835 0 32.9836 5.3131 0 75.7928
0.75 0.25 0.05 14.0757 34.3221 0 31.1922 4.8086 0 71.8197
0.75 0.25 0.1 8.6841 31.6789 0 28.3935 4.1515 0 65.5859
0.75 0.25 0.15 6.2790 29.1819 0 25.8058 3.6524 0 59.7923
0.75 0.25 0.2 49172 26.8192 0 23.4059 3.2605 0 54.3939
0.75 0.25 0.25 4.0408 24.5802 0 21.1742 2.9445 0 49.3516
0.75 0.25 0.3 3.4296 22.4555 0 19.0936 2.6843 0 44.6311
0.75 0.25 0.35 2.9789 20.4366 0 17.1493 2.4664 0 40.2026
0.75 0.25 0.4 2.6330 18.5158 0 15.3282 2.2812 0 36.0396
0.8 0.2 0.02 22.4227 35.9596 0 34.6581 5.3714 0 78.6927
0.8 0.2 0.05 14.0723 34.2997 0 32.7351 4.8548 0 74.5036
0.8 0.2 0.1 8.6829 31.6590 0 29.7404 4.1841 0 67.9453
0.8 0.2 0.15 6.2784 29.1641 0 26.9817 3.6762 0 61.8661
0.8 0.2 0.2 4.9169 26.8033 0 24.4320 3.2783 0 56.2154
0.8 0.2 0.25 4.0406 24.5661 0 22.0686 2.9581 0 50.9493
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0.8 0.2 0.3 3.4294 22.4430 0 19.8717 2.6949 0 46.0298
0.8 0.2 0.35 2.9788 20.4256 0 17.8244 24747 0 41.4236
0.8 0.2 0.4 2.6329 18.5060 0 15.9118 2.2877 0 37.1017
0.85 0.15 0.02 22.4138 35.9358 0 36.4109 5.4296 0 81.6546
0.85 0.15 0.05 14.0689 34.2774 0 34.3461 4.9008 0 77.2400
0.85 0.15 0.1 8.6817 31.6390 0 31.1411 4.2164 0 70.3443
0.85 0.15 0.15 6.2778 29.1462 0 28.2001 3.6998 0 63.9694
0.85 0.15 0.2 4.9165 26.7874 0 25.4917 3.2959 0 58.0585
0.85 0.15 0.25 4.0404 24.5520 0 22.9894 2.9715 0 52.5625
0.85 0.15 0.3 3.4293 22.4305 0 20.6705 2.7053 0 47.4391
0.85 0.15 0.35 2.9787 20.4145 0 18.5155 2.4828 0 42.6517
0.85 0.15 0.4 2.6328 18.4963 0 16.5077 2.2942 0 38.1682
0.9 0.1 0.02 22.4050 35.9120 0 38.2476 5.4877 0 84.6803
0.9 0.1 0.05 14.0655 34.2551 0 36.0297 4.9466 0 80.0304
0.9 0.1 0.1 8.6805 31.6191 0 32.5991 4.2485 0 72.7840
0.9 0.1 0.15 6.2772 29.1284 0 29.4636 3.7230 0 66.1029
0.9 0.1 0.2 4.9162 26.7715 0 26.5868 3.3133 0 59.9236
0.9 0.1 0.25 4.0401 24,5378 0 23.9378 2.9847 0 54.1914
0.9 0.1 0.3 3.4291 22.4180 0 21.4907 2.7155 0 48.8593
0.9 0.1 0.35 2.9786 20.4035 0 19.2232 2.4908 0 43.8870
0.9 0.1 0.4 2.6328 18.4866 0 17.1163 2.3005 0 39.2389
0.95 0.05 0.02 22.3961 35.8882 0 40.1745 5.5456 0 87.7718
0.95 0.05 0.05 14.0621 34.2328 0 37.7911 4.9922 0 82.8764
0.95 0.05 0.1 8.6793 31.5991 0 34.1178 4.2803 0 75.2652
0.95 0.05 0.15 6.2766 29.1106 0 30.7745 3.7461 0 68.2672
0.95 0.05 0.2 4.9158 26.7557 0 27.7188 3.3304 0 61.8111
0.95 0.05 0.25 4.0399 24.5237 0 24.9151 2.9978 0 55.8362
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0.95 0.05 0.3 3.4290 22.4055 0 22.3333 2.7256 0 50.2905

0.95 0.05 0.35 2.9785 20.3924 0 19.9483 2.4987 0 45.1293

0.95 0.05 0.4 2.6327 18.4769 0 17.7382 2.3066 0 40.3139

1 0 0.02 22.3872 35.8644 0 42.1983 5.6034 0 90.9314

1 0 0.05 14.0587 34.2106 0 39.6357 5.0375 0 85.7796

1 0 0.1 8.6780 31.5792 0 35.7011 4.3118 0 77.7891

1 0 0.15 6.2760 29.0928 0 32.1357 3.7688 0 70.4629

1 0 0.2 49155 26.7398 0 28.8899 3.3473 0 63.7213

1 0 0.25 4.0397 24.5096 0 25.9225 3.0106 0 57.4971

1 0 0.3 3.4288 22.3930 0 23.1993 2.7355 0 51.7327

1 0 0.35 2.9784 20.3814 0 20.6911 2.5064 0 46.3789

1 0 0.4 2.6326 18.4672 0 18.3737 2.3127 0 41.3932

Oil Saturated Carbonate
Fraction Fraction Porosity Lower Upper Bound | Lower Upper Bound | Total Vp | Lower Bound | Upper Bound
of Calcite | of (fraction) | Bound K | K(GPa) Bound G | G (GPa) (km/s) E (GPa) E (GPa)
Dolomite (GPa) (GPa)

0.7 0.3 0.02 22.4405 72.6954 0 35.4526 5.9396 0 91.4857

0.7 0.3 0.05 14.0791 67.1939 0 33.7102 5.2989 0 86.6416

0.7 0.3 0.1 8.6854 59.1050 0 30.9496 4.4914 0 79.0508

0.7 0.3 0.15 6.2796 52.1255 0 28.3544 3.8975 0 72.0069

0.7 0.3 0.2 4.9175 46.0419 0 25.9102 3.4423 0 65.4528

0.7 0.3 0.25 40410 40.6921 0 23.6042 3.0824 0 59.3391

0.7 0.3 0.3 3.4297 35.9508 0 21.4250 2.7905 0 53.6228

0.7 0.3 0.35 2.9790 31.7199 0 19.3624 2.5492 0 48.2663

0.7 0.3 0.4 2.6330 27.9211 0 17.4073 2.3463 0 43.2366

0.75 0.25 0.02 22.4316 72.7137 0 34.6797 5.9118 0 89.7679
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0.75 0.25 0.05 14.0757 67.2100 0 32.9889 5.2774 0 85.0515
0.75 0.25 0.1 8.6841 59.1181 0 30.3075 4.4768 0 77.6526
0.75 0.25 0.15 6.2790 52.1363 0 27.7834 3.8871 0 70.7777
0.75 0.25 0.2 4.9172 46.0508 0 25.4033 3.4347 0 64.3731
0.75 0.25 0.25 4.0408 40.6994 0 23.1552 3.0766 0 58.3920
0.75 0.25 0.3 3.4296 35.9569 0 21.0285 2.7861 0 52.7937
0.75 0.25 0.35 2.9789 31.7250 0 19.0134 2.5458 0 47.5425
0.75 0.25 0.4 2.6330 27.9253 0 17.1016 2.3436 0 42.6071
0.8 0.2 0.02 22.4227 72.7321 0 33.9197 5.8839 0 88.0684
0.8 0.2 0.05 14.0723 67.2262 0 32.2793 5.2559 0 83.4771
0.8 0.2 0.1 8.6829 59.1312 0 29.6748 4.4621 0 76.2663
0.8 0.2 0.15 6.2784 52.1470 0 27.2201 3.8767 0 69.5576
0.8 0.2 0.2 4.9169 46.0596 0 24.9027 3.4270 0 63.3001
0.8 0.2 0.25 4.0406 40.7068 0 22.7113 3.0708 0 57.4497
0.8 0.2 0.3 3.4294 35.9630 0 20.6360 2.7817 0 51.9680
0.8 0.2 0.35 2.9788 31.7300 0 18.6677 2.5423 0 46.8211
0.8 0.2 0.4 2.6329 27.9295 0 16.7984 2.3409 0 41.9791
0.85 0.15 0.02 22.4138 72.7504 0 33.1724 5.8561 0 86.3871
0.85 0.15 0.05 14.0689 67.2423 0 31.5809 5.2343 0 81.9181
0.85 0.15 0.1 8.6817 59.1443 0 29.0513 4.4474 0 74.8919
0.85 0.15 0.15 6.2778 52.1578 0 26.6644 3.8662 0 68.3463
0.85 0.15 0.2 4.9165 46.0685 0 24.4082 3.4193 0 62.2336
0.85 0.15 0.25 4.0404 40.7141 0 22.2723 3.0650 0 56.5122
0.85 0.15 0.3 3.4293 35.9691 0 20.2475 27772 0 51.1456
0.85 0.15 0.35 2.9787 31.7351 0 18.3252 2.5389 0 46.1018
0.85 0.15 0.4 2.6328 27.9337 0 16.4978 2.3382 0 41.3524
0.9 0.1 0.02 22.4050 72.7688 0 32.4375 5.8282 0 84.7237
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0.9 0.1 0.05 14.0655 67.2584 0 30.8935 5.2127 0 80.3745
0.9 0.1 0.1 8.6805 59.1574 0 28.4370 4.4326 0 73.5291
0.9 0.1 0.15 6.2772 52.1685 0 26.1160 3.8556 0 67.1438
0.9 0.1 0.2 4.9162 46.0773 0 23.9197 3.4115 0 61.1736
0.9 0.1 0.25 4.0401 40.7214 0 21.8383 3.0591 0 55.5794
0.9 0.1 0.3 3.4291 35.9752 0 19.8629 2.7728 0 50.3266
0.9 0.1 0.35 2.9786 31.7401 0 17.9858 2.5354 0 45.3848
0.9 0.1 0.4 2.6328 27.9379 0 16.1997 2.3355 0 40.7272
0.95 0.05 0.02 22.3961 72.7872 0 31.7147 5.8002 0 83.0778
0.95 0.05 0.05 14.0621 67.2746 0 30.2168 5.1911 0 78.8458
0.95 0.05 0.1 8.6793 59.1706 0 27.8314 4.4177 0 72.1778
0.95 0.05 0.15 6.2766 52.1793 0 25.5749 3.8450 0 65.9499
0.95 0.05 0.2 4.9158 46.0862 0 23.4372 3.4037 0 60.1201
0.95 0.05 0.25 4.0399 40.7288 0 21.4090 3.0532 0 54.6513
0.95 0.05 0.3 3.4290 35.9813 0 19.4823 2.7682 0 49.5108
0.95 0.05 0.35 2.9785 31.7452 0 17.6495 2.5319 0 44.6700
0.95 0.05 0.4 2.6327 27.9421 0 15.9040 2.3327 0 40.1033
1 0 0.02 22.3872 72.8055 0 31.0036 5.7723 0 81.4493

1 0 0.05 14.0587 67.2907 0 29.5507 5.1693 0 77.3320

1 0 0.1 8.6780 59.1837 0 27.2345 4.4028 0 70.8378

1 0 0.15 6.2760 52.1900 0 25.0409 3.8343 0 64.7647

1 0 0.2 4.9155 46.0951 0 22.9604 3.3958 0 59.0730

1 0 0.25 4.0397 40.7361 0 20.9845 3.0473 0 53.7278

1 0 0.3 3.4288 35.9874 0 19.1054 2.7637 0 48.6984

1 0 0.35 2.9784 31.7503 0 17.3163 2.5283 0 43.9575

1 0 0.4 2.6326 27.9463 0 15.6107 2.3299 0 39.4809
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