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ABSTRACT 

This thesis discusses the impacts of fabric heterogeneity, fluids and fluid saturations, 

effective pressures, and frequency of investigation on the elastic and viscoelastic properties of 

calcite-rich limestone and chalk formations. Carbonate reservoirs have been analyzed either with 

empirical relations and analogs from siliciclastic reservoirs or using simplistic models. However, 

under the varying parameters mentioned above, their seismic response can be very different. The 

primary reason is because these rocks of biochemical origins readily undergo textural changes 

and support heterogeneous distribution of fluid flow and elastic properties. Thus, many current 

rock physics models are unable to predict the time-lapse elastic response in these reservoirs.  

I have measured elastic properties of calcite rich rocks in the seismic frequency range of 

2 to 2000 Hz and at the ultrasonic frequency of 800 kHz. The samples selected for this study 

represent the typical heterogeneities found in carbonate formations. These measurements 

covering a large frequency range provide an understanding of the dispersion and attenuation 

mechanisms during seismic wave propagation in the subsurface. I find that a heterogeneous 

formation shows significant velocity dispersion and attenuations when saturated with brine, and 

even more on saturation with CO2. I also show that the shear modulus of carbonate rocks changes 

significantly (from 8% for brine saturation to 70% for CO2 saturation) upon fluid saturation with 

polar fluids. 

I evaluated rock physics models, such as Gassmann’s with uniform and patchy fluid 

substitution, and Hashin-Shtrikman to predict saturated elastic properties in carbonates. Fluid 

sensitivity is directly related to the initial stiffness of the rock instead of porosity, as normally 

assumed. The Gassmann model can predict elastic properties for uniform saturations - mostly in 

homogenous rocks. Heterogeneous rocks, however, are better modeled using a patchy fluid 

saturation model.  

The results of this study provide valuable information on modeling the elastic response of 

saturated carbonate rocks currently lacking in fluid substitution models. It also provides data for 

reservoir simulation models to incorporate heterogeneity effects for realistic rock property 

variation to honor the textural complexities in carbonate reservoirs instead of using the 

simplified Gassmann model. 
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CHAPTER 1 

INTRODUCTION 

Carbonate reservoirs contribute towards more than half of the world’s current 

hydrocarbon production. Yet, their production behavior over the primary, secondary and tertiary 

production enhancement cycles is poorly understood. The main reason is because these rocks of 

bio-chemical origin undergo rapid changes in storage and flow properties after contact with 

flooding agents (for example, brine, surfactants and CO2) with variable pH that may alter their 

physical properties. Inadequate characterization of replaced fluids along with the pore spaces 

surrounding these fluids leads to relatively low recovery rates and drives the research to find and 

produce the high amounts of bypassed oil in these reservoirs. Cadoret et al. (1992) using 

micrographs of limestone samples at different stages of the drainage cycle (Figure 1.1) show that 

even with fairly uniform texture, saturation patterns can show both uniform and patchy 

distribution of fluids.  

 

 

Figure 1.1  X-ray microphotographs of the saturation maps of Brauvilliers limestone. White area 
corresponds to gas bearing zones. (a) Saturation obtained by drying sample with initial Sw= 92%. 

(b) Fully water saturated sample (From Cadoret et al. 1992). 

 

This example shows that characterization in carbonate rocks can clearly become more 

challenging with introduction of heterogeneous fabric texture. Rock physics methods have been 

used to explain rock-fluid interaction mechanisms and the corresponding alteration of physical 

properties (Khazanehdari and Sothcott 2003). They have also been able to detect changes in 
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seismic signatures due to displaced reservoir fluids in mostly clastic reservoirs. In carbonate 

reservoirs however, the heterogeneity in texture that leads to heterogeneity in saturation and 

therefore to elastic heterogeneity leads to the biggest challenge for adequate rock property 

characterization. Note that in this thesis, texture describes the arrangement of grain and pore and 

their varying combinations without any significant variation in mineralogy. 

To carefully document and understand impact of fabric heterogeneity and saturation on 

elastic properties in different types of carbonate rocks, I used core, wells logs and seismic data 

from the following three carbonate fields.  

1) CSM Carbonate Samples: Textural, petrophysical and ultrasonic data were collected 

on core plugs (termed as “CSM carbonate cores”) to investigate the effect of textural 

complexity on saturation and elastic properties 

2) Middle Eastern Carbonate Sample: This data set comprised of core plugs, well logs 

and seismic data from different zones of varying textures. The Middle East carbonate 

core plugs were used to investigate frequency, pressure, fluid type, and fluid 

saturation dependent effects as functions of textural complexity 

3) Chalk data: I discussed the chalk data available from the literature to show time lapse 

changes in the formation due to water flooding and discussed the flowchart to model 

such 4D changes using rock physics models. I could not use the actual field seismic 

because the available data was not precise enough. 

 

1.1 Objectives 

This thesis addresses the impact of heterogeneity on elastic properties using qualitative 

and quantitative methods to map, measure and model texture, saturation and elastic properties. A 

major part of this thesis is devoted to rock physics modeling to predict the laboratory measured 

seismic rock properties. This thesis had the following three objectives: 

1) Make textural and petrophysical maps; measure acoustic properties in the laboratory 

with varying effective stresses (up to 4000 psi), fluids (air, butane, brine, CO2) and 

frequencies (2Hz-2kHz and 800kHz) 
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2) Investigate the impact of heterogeneity on fluid substituted elastic properties, and the 

associated dispersion and attenuation over the range of frequencies 

3) Identify and improve rock physics workflow to predict saturated seismic rock 

properties.  

 

1.2 Thesis Outline 

The thesis results are arranged in three major sections. In Section One, I document the 

petrographic and petrophysical (porosity, pore-type and distribution) maps of the available cores. 

The textural maps guided representation of heterogeneity in each formation. Before entering 

section 2, I carried out a pilot study on CSM Carbonate cores tested the impact of heterogeneity 

on saturation and elastic properties at ultrasonic (800 kHz) frequencies. The results, published in 

Sharma et al. (2013), served as the motivation for the laboratory experiments presented in 

Section Two. I extended experimental investigations to seismic (2Hz - 1kHz) frequency range to 

observe viscoelastic attenuation and dispersion in carbonate rocks using measurements of 

complex elastic moduli. The observed attenuations are related to global (drained) and squirt 

(undrained) flow and can be quantified by the ratio of characteristic frequency and to the 

frequency of investigation. Finally, in Section Three, I show results of rock physics models to 

predict the measured elastic properties and to understand their relevance with respect to field 

observations. 

The arrangement of the thesis is as follows:  

 Chapter 1 (Introduction) gives the overall introduction to the thesis 

 Chapter 2 (Literature Review) puts this thesis in context with existing knowledge. 

It provides detailed discussions on the existing views and results about the impact 

of heterogeneity in storage and flow on the distribution of elastic properties in 

carbonates 

 Chapter 3 (Materials and Methods) gives detailed description of the fields, the 

data sets and details of methods used for petrographic, petrophysical and acoustic 

characterization of carbonate samples.  
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 Chapter 4 (Petrographic and Petrophysical Characterization) documents the 

results from conventional to advance techniques of microscopy for texture and 

porosity upscaling; observation on the regimes of pore compliance; porosity and 

permeability distribution in the cores.  

 Chapter 5 (Elastic Property Measurements) shows the ultrasonic and low-

frequency measurements in samples as function of varying fluids saturation, 

frequency, and pressure. 

 Chapter 6 (Discussions) provides a discussion around rock physics modeling of 

the measured data and field observation 

 Chapter 7 (Conclusion) reiterates the definitive measurement and modeling 

results 

 Appendices are provided to show,  

A. Impact of calcite dissolution on rock properties 

B. Sample preparation and data reduction protocols for ultrasonic and low 

frequency measurements 

C.  Attenuation estimation 
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CHAPTER 2 

LITERATURE REVIEW 

Carbonate rocks represent only about 21 % by volume of major sedimentary rock types, 

but they account for up to 60% of conventional hydrocarbon production (Bigelow 2002; 

Kuznetsov 2002) as shown in Figure 2.1.  

 

 
 

Figure 2.1 Resource statistics. (a) Percentage of abundance rock type present on earth. (b) 
Percentage of hydrocarbon production rock type on earth. (From Bigelow 2002) 

 

In addition to oil and gas, carbonate formations are resources for major base metal 

deposits, high-grade deposits of bauxites, and construction materials for cements and concrete. 

They also contain valuable information about depositional and geological environments and 

allow a detailed reconstruction of these environments (Kuznetsov 2003). Thus, there is 

widespread interest in carbonate rocks and carbonate formations. Modern carbonate sediments 

and carbonate sedimentation have been compared to ancient carbonate sedimentation rocks and 

their secondary alterations to develop geological history (Bathurst 1975; Fluegel 1982; Sellwood 

1982; Tucker and Wright 1990; Wilson 1975; Wright and Burchette 1996). Such comprehensive 

studies have revealed the sedimentology, geochemistry, and hydrodynamics of carbonate 

formations and have helped to understand challenges of hydrocarbon storage and flow in 

carbonate reservoirs. For example, Sumaiti (2011) show in detail that how the presence of dual 

and triple porosity systems created during, deposition or by diagenetic dissolution, mineral 

a) b) 
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alteration, and natural fractures present major challenges for reservoir characterization and 

exploitation. The role of flooding agents during tertiary recovery mechanism that help maximize 

hydrocarbon production from carbonate rocks have been widely studied, for example, gravity 

drainage in conjunction with gas injections implemented in the Yates field, US (Manrique et al., 

2003), and the Fahud field, Oman (Abbaszadeh et al. 2000). Sumaiti (2011) used the findings 

from Eberli et al. (2003) and Sharma et al. (2011) to debate the use of fluid salinity as it was 

found to change the rock fabric and its petrophysical properties.   

In exploration geophysics, the ability to detect and detail the areas of changing rock 

physical properties is key to the success of exploration and development projects particularly in 

fields going through secondary and tertiary flooding regimes. The changing rock physical 

properties may originate from displaced fluids (subtle for oil-water change but prominent for 

gas-water change) in the reservoir, a common assumption for time-lapse 4D seismic 

investigations. These properties may also be significantly affected due to alterations in the rock 

matrix itself. Kumar (2005) and Adam et al. (2008) show initial results of the effects of 

saturation on seismic velocities in carbonates. Cadoret et al. (1998) and Sharma et al. (2013) 

have shown that elastic response in carbonate rocks are significantly affected due to the 

heterogeneous saturations developed during inefficient reservoir flooding. The two most 

challenging and unresolved parameters to influence enhanced recovery in carbonate reservoirs 

are heterogeneity in texture and heterogeneity in saturation. Insights gained from the study of 

storage, flow, and elastic properties in clastic rocks have limited application to carbonate 

reservoirs due to these heterogeneities. 

Petrophysical signatures of a reservoir rocks can be 1) static and 2) dynamic. Static 

properties define the rock types and are characterized by total porosity, absolute permeability, 

texture, and composition. Dynamic properties comprise of effective porosity and relative 

permeability that account for fluid flow through the rock and are therefore dependent on pore 

connectivity, fluid types, fluid viscosities, and wettability of the rock.  These are significant to 

account for petrophysical characterization and for elastic heterogeneity in the reservoir (Vanorio 

et al. 2008; Fabricius et al. 2010; Sharma et al. 2013).  
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Numerous classification schemes in carbonates have been developed to address variations 

in texture due to deposition, diagenesis and pore connectivity. For example, Archie (1952) 

grouped carbonate rock types based on their porosity, permeability and capillary pressure 

relationship (Figure 2.2); Folk (1959, 1962) and Dunham (1962) classified detrital carbonates 

primarily based on their matrix content (Figure 2.3)  Choquette and Pray (1970) identified 15 

basic pore types in carbonates and classified porosity groups based on their fabric selective 

characteristics  (Figure 2.4); Lucia (1983; 1995; 1999) classified carbonate porosity (Figure 2.5) 

by differentiating between interparticle and vuggy porosity as the effects of these different pore 

systems on the petrophysical characteristics such as Archie’s m are profoundly different (Ahr, 

2008); and more recently, Lonoy (2006) proposed a new pore-type classification system with 20 

pore-type classes that show a predictable relation between porosity and permeability (Figure 

2.6). In recent years, NMR measurements have been used for petrophysical characterizations 

since they provide a measure of the complete pore space that can be used for permeability 

calculations. Figures 2.7a and b show the NMR bounds in identification of pore classes and a 

ternary diagram for combining NMR and permeability calculation (Al-Marzouqi et al. 2010). 

These different pore system classifications show the complexity and diversity found in 

carbonate rocks. Since seismic properties are commonly related to porosity, such complexity will 

also lead to ambiguity in petrophysical property determinations from seismic data. This thesis is 

aimed at improving prediction capability by investigating both properties systematically. Flow 

unit identification based on similar pore topology has tremendously improved the understanding 

of the production character of reservoirs. Since seismic velocity and permeability can be 

correlated within flow units (Prasad 2003) and they can also be used as input parameters for 

reservoir simulation, they can be scaled as needed (Stolz and Graves 2003). Other pore 

attributes, such as pore aspect ratio and pore compliance can be linked to and derived from 

elastic rock properties (Mavko and Nur 1978) and seismic wave attenuation and dispersion 

(Prasad and Meissner 1992; Assefa et al. 1999; Zhao et al. 2013). The effect of mechanical and 

chemical compaction on the formation elastic properties has been modeled for clastic lithologies-

mostly arenites (Vernik and Kachanov 2010). These models are not representative for carbonate 

lithologies where aspect ratio may change at all scales due to diagenetic alterations. 
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Figure 2.2 Pore-type classifications in carbonate rocks. Archie identified three dominant pore 
classes of matrix type and another four pore classes in the visible range. (From Archie 1952) 
 
   

 

Figure 2.3   Carbonate rock classification schemes based on matrix content in the detrital 
carbonate rocks. (From Dunham 1962)  
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Figure 2.4   Classification of pores and pore systems in carbonate rocks. (From Choquette and 
Pray 1970)  

 

 

Figure 2.5 Pore-type classifications in carbonate rocks for uniformly cemented non-vuggy rocks. 
(Modified from Lucia 1983, 1995) 
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Figure 2.6   New pore-type classification system based on empirical data in carbonates. This 
work is influenced by classification schemes from Choquette and Pray (1970) and Lucia (1983, 
1995, 1999). (From Lonoy 2006) 

 
 

 

Figure 2.7 NMR T2 measurements for, (a) pore-type classifications and cutoffs, and (b) direct 
permeability calculation using T2 logarithmic mean. (Adapted from Al-Marzouqi et al. 2010) 

 

 

The Dynamic-Equivalent-Medium Approach has been successfully used to estimate 

seismic velocity and attenuation by linking spatial correlation length of heterogeneities to 

saturation patches in carbonates (Müller and Gurevich 2005a; Müller and Gurevich 2005b). 

 



 

11 
 

2.1    Reservoir Rock Properties and Related Saturation Distribution  

Correlations between porosity-permeability have been widely studied.  For example, 

Amaefule et al. (1993); Mortensen et al. (1998); Prasad 2003; Fabricius et al. (2007) showed that 

even relationship between same porosity and permeability could vary in several orders of 

magnitude depending on depositional and diagenetic process in the rock type (Alam et al. 2010). 

In general, porosity and permeability have a positive correlation for most lithologies except in 

carbonates where porosity and permeability can appear uncorrelated. Since porosity is inversely 

correlated with sonic velocity, an inverse relation must exist between permeability and sonic 

velocity. Very few studies focused on establishing a relation between permeability and sonic 

velocity (Prasad 2003). This study was predominantly on siliciclastic rocks with few carbonate 

examples. A generalized relation for carbonate rocks must honor the heterogeneous distributions 

of storage and flow properties. This heterogeneous distribution of petrophysical properties is also 

a challenge for upscaling the heterogeneity while preserving the porosity-permeability 

relationship, commonly represented by hydraulic units.  

The relation between porosity and permeability is often used to define hydraulic units 

(Prasad 2003) described as a function of the ratio of permeability to porosity (k/ϕ).  Flow units 

have different mobilities (Eq. 1.1 and 1.2) due to the heterogeneous distribution of reservoir rock 

and fluid properties. Not only these mobilities control the final saturation distribution in a 

reservoir but also the multiple flow mechanisms that are known to cause attenuation and 

dispersion in the measured seismic rock properties in natural rock thus exhibiting visco-elastic 

properties (Batzle et al. 2006). � � � �  ,  =            (1.1) � � � �  � ,  =             (1.2)  

where, krw, kro are relative permeability of the rock to one fluid in presence of the other, Sw,  is 

saturation and  is the fluid viscosity; the subscripts o, g, w denote oil, gas, and water, 

respectively and r denotes residual saturation. In the absence of laboratory measurements, 

relative permeability is obtained by using modified versions of the generic Brooks-Corey relation 

(Honarpour et al. 1986); 
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 � = ∗ ∗ −− −          (1.3) 

where, k*
orw is the maximum  relative permeability of gas for end point (residual) water 

saturation and Swr and Sorw are residual saturations of water and oil. In addition to the Brooks-

Corey generalization, flow models can be expressed in terms of hydraulic units, which can have 

significant sensitivity on the final outcome of a simulation run (Stolz and Graves 2003).  

 

2.1.1 Interrelation of Permeability and Elastic Properties 

Few attempts have been made to investigate relationships between permeability and 

velocity. Measured data on permeability are sparse. Therefore, permeability predictions are 

generally made using empirical relations between porosity and permeability obtained from 

analog data measured in the laboratory. In some cases, permeabilities are also estimated from 

capillary pressure and residual water saturation; in situ permeability values are obtained using 

nuclear magnetic resonance logs or Stoneley wave analyses. Irrespective of the method used, the 

prediction of permeability is not straight forward due to variations in scale and resolution. Unlike 

correlations between velocity and porosity (Raymer et al. 1980, Nur et al. 1995, Eberli 2003), 

establishing relationships between permeability and velocity has met with little success (Prasad, 

2003). In her work on the velocity-permeability relationship (Figure 2.8), Prasad (2003) shows 

that R2 value for such correlation varies between 0.65-0.87.  

 

Figure 2.8 Log permeability plotted versus, (a) fractional porosity and (b) compressive-wave 
velocity. The petrophysical flow units in (a) are verified by independent observation of 
compressive-wave velocity in (b). Data points are colored based on hydraulic units (FZI). (From 
Prasad 2003), 1km/s=3281 ft/s, 1GPa = 145038 psi. 

 

a) b) 
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2.2 Effects of Textural Alteration and Saturation on Elastic Properties 

Carbonate rocks are described by the proportion of their constituents: grains that are 

larger than 250µm and mud that is composed of clay-sized particles. Carbonate lithology ranges 

from mudstone (contains < 10% grains), wackestone (mud supported with > 10% grains), 

packstone (grain supported with >10% mud) to grainstone (contains < 10% mud) (Dunham 

1962). Heterogeneity in lithology, rock texture, saturants, and saturation patterns are known to 

affect the measured elastic and flow properties in carbonate rocks (Knight et al. 1998). The 

control of porosity and pore-types on seismic properties is well documented in the literature. 

Rafavich et al. (1984) and Wilkens et al. (1984) suggest that porosity is the most important factor 

controlling velocity, and that pore-fluid type has no statistical relevance. However, Japsen et al. 

(2000) and Assefa et al. (2003) show that pore type, pore fluid compressibility, and saturation 

affect velocities and elastic moduli in carbonate rocks. Cadoret et al. (1992) study the effects of 

microscopic fluid distribution at partial saturation on acoustic properties of carbonate rocks. 

Using experiment results at sonic (kilohertz) frequency range, they reasoned that the relationship 

of velocity and water saturation (Sw) is complex and depends on the rock type and porosity. They 

also suggested that this dependence is more evident at ultrasonic scale if the rock heterogeneity 

is of similar scale. The following sections discuss different aspects of carbonate rock types, 

saturating fluid types, and their combined influence on the elastic properties of these rocks.  

 

2.2.1 Diagenesis (Textural Alteration) and its Effects on Elastic Properties 

 Eberli et al. (2003) relate varying textures in carbonate rocks to their sonic properties. In 

the photomicrographs of the diagenetic alteration (Figures 2.9a, 2.9b), the grains in oolitic 

carbonate sands are converted into pores in moldic carbonate rocks. Such alterations are typical 

of dissolution and precipitation that is associated with carbonate rocks in natural environments. 

Alteration of the matrix by dissolution and precipitation affects the matrix strength due to 

increased cementation at the grain boundaries and in the pore spaces and thereby affects flow 

and elastic properties of the rock; the path of diagenesis is as important as the final fabric of the 

rock. Compressive-wave velocities (Vp) for two porosity types in these carbonate rocks (Figures 

2.9c, 2.9d) show a clear deviation between velocity values for each specific porosity type and the 

best fit curve obtained for the entire sample set (Eberli et al. 2003). Similarly, Mokhtar (2014) 

suggests that at comparable porosity range, moldic and intragranular pore types tend to have 



 

14 
 

higher Vp than samples dominated by micro, intergranular and vuggy pore types. However, this 

observation was only validated at ultrasonic frequencies. No detailed work is available in 

li terature to show similar texture based variation in elastic properties at seismic frequency range 

though Adam (2009) compared such results but only qualitatively. 

 

 

 

Figure 2.9 Pore type transformation from (a) interparticle-oolitic carbonate sand to (b) moldic- 
the molds (blue epoxy) are created by the dissolution of ooids and peloids whereas the former 
pore space is filled with blocky white cement to form the rock. (c) Moldic rocks-formed by the 
dissolution of grains, precipitation of cements that now form a stiff frame, which provides 
rigidity to the rock. As a result, moldic rocks have a high velocity (m/s) compared to their 
porosity. In contrast, (d) fabric destructive dolomitization produces a rock with intercrystalline 
porosity with low rigidity and low velocity (m/s), (From Eberli et al. 2003), 1 m/s = 3.281 ft/s. 

c) 

d) 
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2.2.2 Fluid Saturation (Chemical Alteration) Effects on Elastic Properties 

In this section, I first describe physical properties of pure fluids and compare them to 

mixtures of various fluids. Then I discuss the effect of different fluid saturations on the elastic 

properties of rocks. Common saturants in nature are brine, oil, and gas. Batzle and Wang (1992) 

present physical properties of pure compounds (brine, oil and gas) and their mixtures under 

varying temperature and pressure conditions. Of particular interest here are mixtures of brine and 

gas or oil and gas since small amounts of gas presence in fluids reduces elastic properties 

(Ostrander 1984; Murphy et al. 1994; Sengupta and Mavko 1999). The deviations in elastic 

properties gradually decrease with increasing concentration of gas in the fluids. Bulk modulus of 

gas, brine, gas in oil, and gas in brine at different temperatures and pressures are shown in 

Figures 2.10a, 2.10b, 2.10c and 2.10d, respectively (Batzle and Wang 1992). The figures show 

that elastic properties of a fluid mixture can vary significantly depending on the concentration 

and mixing of fluid types play. In the present work, I obtained volumetric fractions of the fluid in 

place during the two saturation cycles. In Chapter 5, results are presented on the elastic 

properties of the fluid-saturated carbonates as they are affected by varying proportion of two-

phase fluid at ambient temperatures and pressures.  

In addition to variability in physical properties of the fluids and rock frame alone, fluid 

saturation affects elastic properties of the rocks, mainly due to chemical interactions in the rock-

fluid system. Basic equilibrium reactions in carbonate (Humphrey 2009) are described by: 

 

 

 

 

 

Fluid-solid interaction changes the surface area energy (Johnson et al. 1971) and with it, 

the elastic properties of the rock (Prasad and Meissner 1992). Khazanedhari and Sothcott (2003) 

report decrease of shear moduli upon saturation in complex lithologies, such as shaly sandstones 

and attributed it to clay surface area and chemical properties of the fluid. Tutuncu and Sharma 
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(1992) and Tutuncu et al. (1998 a, b) relate the changes in elastic and anelastic behavior of rocks 

due to fluid type in pore space and at the grain contacts to difference in the Hamaker constants 

that characterize the magnitude of the Van der Waals attraction. Carbonate rocks have pore and 

fabric heterogeneity and are susceptible to rock-fluid chemical interactions with certain fluid 

types. These interactions are governed by a combination of mineralogical composition, fluid 

type, connectivity and surface area (Vanorio et al. 2008). 

 

 

 

 

 
Figure 2.10 Calculated bulk modulus of (a) hydrocarbon gas as a function of temperature, 
pressure, and composition, (b) brine as a function of pressure, temperature, and salinity, (c) 
mixtures of gas gravity (G = 0.6) and brine (50000 ppm NaCl) at approximate in-situ 
temperatures at each pressure (0.1 MPa, 20 °C; 25 MPa, 68 °C; 50 MPa, 116 °C), and (d) a 
mixture of light oil (SGo = 0.825, API = 40) and brine (50000 ppm NaCl). (From Batzle and 
Wang 1992) 

b) a) 

c) d) 
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In Appendix A, I present a study on the effects of acid dissolution on the elastic 

properties of carbonate rocks from the Vacuum field. These experiments were conducted to 

understand the effect of fluids and formed the basis for subsequent experimental work. However, 

since the fluid used was corrosive, the results are not included as a main part of the thesis. 

Results of acoustic experiments on dry and saturated carbonate rocks (Figure 2.11) show 

that compressive-wave velocities (Vp) are higher in saturated rocks as compared to the dry case 

(Assefa et al. 2003 and Figures 2.11a and 2.11b). In cases where saturated Vp is lower than dry 

Vp, either the change in density is larger than the change in elastic modulus, or the saturation is 

partial (Cadoret et al. 1992). On the other hand, shear-wave velocities (Vs) are almost always 

lower after saturation due to shear-weakening (Khazanedhari and Sothcott 2003; Baechle et al. 

2005; Adam et al. 2006). Some samples also show shear-strengthening. These results are 

contrary to the assumption that because fluids do not have a shear modulus, they will not affect 

the shear modulus of the rock upon saturation. One probable cause is that the chemical 

processes, traditionally treated as decoupled mechanisms, may play a significant role in altering 

the physical properties of a saturated rock (Vanorio et al. 2008).  

 In a study on diagenetic control of permeability and on velocity, Eberli et al. (2003) show 

that there is a positive deviation between measured sonic velocity and calculated compressive-

wave velocity from neutron porosity when the pores are integrated in a frame-like fabric of the 

rock (Figure 2.12a). Pore types, such as intrafossil and moldic associated with positive velocity 

deviation indicate intense diagenetic alteration with dissolution and precipitation. These zones 

with positive velocity deviations also exhibit low permeability, because the cementation process 

isolates pores within the dense cemented zone. Zones with small or negative deviations are 

dominated by microporosity, interparticle, and intercrystalline pores in fine-grained rocks. Such 

types of pores indicate little diagenesis and are generally well connected. Consequently, the 

permeability is comparatively higher in these zones. Thus, precaution is required in choosing the 

porosity log (For example, neutron logs) to calculate velocity as it could be influenced by a 

number of parameters, such as shales, gas, and the borehole environment. Similarly, permeability 

with imprints of diagenesis influences the pore size redistribution (Figures 2.12b, 2.12c).  
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Figure 2.11 Comparison of dry and saturated (a) compressive-wave and (b) shear-wave velocity, 
at an effective pressure of 50 MPa (From Assefa et al. 2003). (c) Dry and saturated velocities in 
carbonates of Miocene and Cretaceous age and (d) shear-wave velocity in terms of percentage 
variation from its dry values (From Baechle et al. 2005). Fluid substitution effects on shear 
modulus in carbonates with butane (e) 0.8 MHz and (f) 0.0001 MHz (From Adam et al. 2006). 

d) c) 

b) a) 

f) e) 
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Figure 2.12 (a) Correlation of permeability data and velocity deviation log in two intervals. 
Interval consists of fine-grained slope sediments intercalated by marine hardgrounds. Velocity 
and permeability has good inverse relation uphole that has abrupt reversal but a good correlation 
across the hardground surfaces, (b) Permeability versus porosity relation in the studied core data, 
(c) Permeability versus pore shape as influenced by diagenetic history (From Eberli et al. 2003). 
 

 

Masalmeh and Jing (2004) correlate heterogeneous pore size and pore fluid saturation 

using SCAL experiments on cores with porosity ranging from 27-30%. Observations of capillary 

pressure (Pc) over primary drainage (oil displacing water up to 100% saturation), imbibition 

(water displacing oil starting from connate water after aging the plugs to restore wettability) and 

secondary drainage (oil displacing water starting from residual oil saturation) show that despite 

having similar porosities, the samples showed distinct capillary pressure behavior (Figure 2.13a). 

Petrographic images (Figures 2.13b and 2.13c) show that the samples with the largest separation 

in residual water saturation had very distinct pore size distribution. Samples with heterogeneous 

pore size distribution had more residual water. This signifies that heterogeneity in pore size 

distribution will lead to heterogeneity in residual fluid saturation. The main focus of my thesis 

b) 

a) c) 
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was to investigate and quantify if heterogeneity in fluid saturation patterns lead to heterogeneity 

in elastic property distribution and if this heterogeneity in pore size distribution is repeated on a 

large scale, will they lead to field scale variation in fluid saturation that might be mapable with 

seismic methods.  

 

 
 
Figure 2.13 Dynamic petrophysical and petrographic correlation, (a) Imbibition capillary curves 
showing significant variations for set of samples having similar porosity values (27-30%), (b) 
ESEM images of sample #13 at 500um and 100um resolution, (c) ESEM images of sample #17 
at 500um and 100um resolution. The petrographic signature of the two samples do not show 
much variation at low resolution scale, however, at higher resolution scale, the grain and pore 
size sorting in the two sample is very distinct. The difference in imbibition curves in panel (a) 
can be better explained by the heterogeneous distribution of the pore network at small scales 
(From Masalmeh and Jing 2004). 
 
 

 

Using experimental data of velocity and permeability anisotropy, Saleh et al. (2009) 

examine the relationship between measured shear-wave velocity and measured benchtop 

permeability in Middle East carbonate samples (Figure 2.14). The authors observe that 

depending on the preferential flow directions, the samples may or may not exhibit expected 

velocity-permeability correlations. 

 
 

) 

b) 

a) c) 
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Figure 2.14 Positional correlation of gas permeability with shear-wave velocity (km/s) in (a) 
sample #5 in shear-1 plane, (b) sample #5 in shear-2 plane. The correlation of gas permeability 
and shear-wave velocity (km/s) seems to be a function of preferential flow direction of gas in the 
sample. (From Saleh et al. 2009), 1 km/s = 3281 ft/s 
 
 
 

2.3 Applicability of Current Work 

Geophysical properties of fluid have shown to have significant impact on detectability 

and delineation of the sweet spots in the reservoirs (Castagna et al. 2003). The use of 

instantaneous frequency and weighted average frequency as seismic attribute has successfully 

been used for finding hydrocarbon zones (Kumar 2005). Therefore, realistic estimate of in-place 

fluid saturation is a pre-requisite for realistic estimation of elastic properties of reservoir rocks. 

Reservoir simulation is often used for providing spatial and temporal distributions of fluid 

saturations in the reservoir. Often, in absence of site specific measurements, simulation models 

use simplified assumptions about distribution of static and dynamic petrophysical properties and 

other small scale heterogeneities in the reservoir. In such reservoir models, the simplification 

may lead to unrealistic flow models and, thus to unrealistic fluid saturation patterns. 

Furthermore, reservoir simulations do not capture the saturation patterns within a single reservoir 

cell or in the reservoir as a whole. Hence, there always remains an uncertainty on the amount and 

type of saturation in the reservoir. Stolz and Graves (2003) show that the simulation process is 

sensitive to the definition of flow units; different definition of flow units produce different 

outcomes for cumulative oil produced with time (Figure 2.15). Two important inferences can be 

drawn from this study: 1) Flow units can be defined using different methods. Each method has 

) ) ) 

a) b) 
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its own inherent assumptions in an empirical formulation. 2) Each method addresses a different 

complexity scale that effects the reservoir simulation.  

A comprehensive reservoir characterization requires linking variations in saturation and 

its pattern in the reservoir to elastic property variations and their patterns as shown in Section 

2.2. Both, the fluid itself and its interaction with the rock matrix, can impact the elastic properties 

of the reservoir. Understanding the distribution of these elastic properties in the reservoir 

provides an important aid in interpretation of time-lapse seismic data in terms of fluid 

displacement and identification of future drilling prospects.  

 

 

Figure 2.15 Sensitivity analysis on reservoir simulation showing (a) cumulative oil production as 
a function of time, (b) description of flow units on which sensitivity analysis was based (From  
Stolz and Graves 2003). 

 
  

 

Ultrasonic (0.5 to 1 MHz) wave propagation is a quick method to obtain elastic properties 

in dry and fluid saturated rocks. Depending on the acoustic character of the rock, these waves 

can sample the rock at millimeter scale resolutions. This scale of resolution is much smaller than 

the seismic scale (30 to 100 Hz) used to identify hydrocarbon prospects, typically ranging from 

a) b) 
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tens to hundreds of feet. In absence of analogs and laboratory data on low frequency 

investigations, often ultrasonic results are used to understand seismic rock properties in reservoir. 

Depending on the uniformity of the sample fabric, constituents and saturation distribution, 

ultrasonic measurements can have significant deviations from the seismic measurements. The 

large difference in values of the elastic variable (velocity or modulus) with respect to change in 

frequencies from ultrasonic to seismic frequencies is known as dispersion and is linked to 

intrinsic attenuation of the material. The situation is particularly tricky with heterogeneous fabric 

of carbonate that may as well have heterogeneous saturation distribution. Also dry rocks does not 

show attenuation and dispersion (Tittman et al. 1980; Batzle et al. 2006; Kumar 2005; Hoffmann 

2006). Adam et al. (2008) reason that heterogeneity in fluid account for variation in elastic 

property of rocks (Figure 2.16a). Also that velocity at higher frequency has higher dispersion 

only in presence of certain fluid types. Figure 2.16b shows that butane saturated rocks shows no 

dispersion in the frequency range of their measurements. In contrast, brine saturated rocks show 

large velocity dispersion between ultrasonic and seismic frequencies. This is mostly due to 

chemical affinity of limestone rock towards reactive saturants, such as brine and signifies that 

such fluids can impact rocks and influence the seismic wave dispersion. 

 

Figure 2.16 Bulk modulus as a function of (a) varying brine saturation at two different 
frequencies, (b) frequency for three different saturation stages. (From Adam et al. 2006 and 
2008), 1 GPa = 145038 psi 
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Elastic property measurements can also be made at static conditions by putting the rock 

under unconfined compressive stress (UCS) or confined compressive stress (CCS). These 

measurements provide values of static Young’s modulus, Poisson’s ratio and minimum insitu 

stress values that are necessary components of reservoir geomodels. Alternatively, a comparison 

of elastic properties over a range of frequencies from ultrasonic to seismic to static can yield 

dispersion relations for elastic properties under dry and saturated conditions. An established 

dispersion relation can be used when static load experiments describing stress, strain and failure 

response of the rock are unavailable. Alternatively, such dispersion relations can also be used to 

invert the static elastic values from simulated reservoirs to obtain time lapse acoustic response of 

the rock-fluid system. 

 Most rock physics studies for predicting saturated seismic rock properties use the 

Gassmann model (Gassmann 1951). This model is based on assumptions that rocks are isotropic 

and homogeneous and have uniform fluid saturation. It also assumes that the fluid in pore spaces 

is always at equilibrium with the passing wave and the shear modulus of the rock never changes 

upon saturation. Most rock physics models do not incorporate attenuation and dispersion effects 

in the seismic range. The only reliable way is understand these phenomena by making site 

specific investigations on the core data or by modeling it based on acoustic data from similar 

settings. The Gassmann model for fluid substitution is a low-frequency estimation of elastic 

properties and is appropriate for seismic frequencies. The Mavko and Jizba (1991) model is 

useful for estimating elastic properties at high frequencies as it accounts for high frequency local 

flow effects on elastic properties. However, due to its simplicity in application, the Gassmann 

model is widely used in fluid substitution for seismic velocities. Figure 2.17 shows deviations 

between measured and Gassmann model predicted moduli on different sets of carbonate rocks 

(Adam et al. 2006; Fabricius et al. 2010). Figures 2.17a and 2.17b compare measured versus 

Gassmann predicted VP and VS, respectively for water wet carbonate rocks (Fabricius et al. 

2010). The quality of prediction in these plots was based on the depositional texture. Gassmann’s 

model over predicts velocity in wackestones-mudstones and underpredicts it for packstones and 

dolomites. No systematic differences were found for prediction in grainstones and boundstones. 

On the other hand, Adam et al. (2006) showed that the accuracy of the Gassmann model for a 

similar set of samples depends on the saturating fluid. Gassmann model predictions in rocks 

saturated with brine do not match measured data, whereas butane saturated samples show good 
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agreement between measured and modeled data. As mentioned earlier, these errors in elastic 

property prediction for some fluids may arise because carbonate rocks have different chemical 

affinity to certain fluids that may alter the rock properties. Carbonate rock are more reactive with 

brine, carbonated water, and acids, such as HCl (Hydrogen Chloride solution). 

 

  

  

 
Figure 2.17 Measured versus Gassmann (a) compressive and (b) shear-wave velocity at pressure 
ranging from 7.5 MPa for softer chalks to 40 MPa for rudist-bearing limestone from Arabian 
Gulf (From Fabricius et al. 2010). Saturated bulk moduli of (c) butane at 31 MPa and (d) brine at 
3.5 MPa (From Adam et al. 2006). All ultrasonic data ranging from 0.7 to 0.8 MHz. Brine 
saturated high porosity sample in panel (d) show over and under prediction of values using 
Gassmann equation.  

 

a) b) 

c) d) 
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Figure 2.18 shows sensitivity models of compressive-wave velocity to varying amounts 

of free and dissolved gas, rock stiffness, and saturation pattern (uniform or patchy) in siliciclastic 

rocks (Sengupta and Mavko 1999). The fluids are different API oils with varying gas-oil ratio 

(GOR). Figures 2.14a and 2.14b show VP in a high-porosity (35%) rock. The exponential 

decrease in VP is predicted in rocks with uniform gas saturation. In contrast, patchy gas 

saturations show linear trend. Figures 2.14c and 2.14d show compressive-wave velocity in a 

lower-porosity (15%) rock. The results shown in Figure 2.14 suggest that with multiphase fluids, 

both, the saturation pattern and the rock stiffness influence effective elastic properties. Carbonate 

rocks have varying textures in terms of porosity and permeability which can effect both stiffness 

and saturation pattern. Such effects have not been studied systematically for fluid sensitivity. 

Determination of realistic petrophysical properties, saturations (partial or full), and 

saturation patterns (patchy or uniform) is challenging in a dynamic environment. In carbonate 

rocks, elastic properties that depend on both rock type and on fluid saturation may acquire a 

heterogeneous distribution pattern. Given the significant changes due to fluids, rock physics 

models have large uncertainties. The lack of control on fluid substitution, saturation equilibrium 

in the core, varying matrix properties of the rock, and the assumptions of each model make such 

comparisons challenging.  These challenges are larger in forward models, where rock and fluid 

properties need to be determined through inversion of field data such as, seismic, well log and 

transient well-testing data. The added complexity in inversion comes from sparse sampling, 

assumptions in the acquisition technique, uncertainty on the reaction dynamics between the rock 

and the fluid, varying stress states, and inappropriateness of inversion models. In absence of site-

specific measurements at reservoir temperature and pressure, empirical models or data from 

analog formations are used to predict behavior and trends of reservoir properties. 
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Figure 2.18 Seismic velocity of free gas versus dissolved gas when the mass of the gas 
corresponds to the maximum GOR in different category oil (solid line-15o API, dashed line-30o 
API, dotted line-45o API). (a) and (b) present response from soft rock, (c) and (d) presents 
response from stiff rock. The exponential curves in the lower side indicate a fine (uniform) scale 
mixing of the fluids whereas the linear curves in the upper side indicate coarse (patchy) scale 
saturation. (From Sengupta and Mavko 1999), acoustic velocity (Vp, Vs) 1m/s=3.281 ft/s 
 
 

 

 
 
 
 
 

a) b) 
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15 API 

30 API 
45 API 

15 API 
30 API 

45 API 



 

28 
 

CHAPTER 3 

MATERIALS AND METHODS 

I used data sets from three different carbonate field settings. The rock type in all three 

sets consist mainly of calcite with large variations in texture ranging from homogeneous to 

highly heterogeneous mostly due to grain packing of the matrix and subsequent processes of 

dissolution and precipitation. Textural heterogeneity can impact numerous physical properties, 

such as static and dynamic petrophysical and elastic properties (Assefa et al. 2003; Eberli et al. 

2003; Fabricius et al. 2010; Sharma et al. 2013). Correlations of texture with mechanical and 

flow properties have mainly been of qualitative value. Nevertheless, such qualitative 

observations have shown a need to quantify the textural controls on petrophysical and elastic 

properties such that they can be included in field applications (Hoffmann 2006; Fabricius et al. 

2010). Given the heterogeneity of carbonate reservoirs, core data are useful, not so much for 

individual core analysis but more for systematic investigations of their seismic and petrophysical 

associations. 

 

3.1 Fields of Study  

In this chapter, I discuss the study areas, strati-structural details of field, and the general 

nature of the developmental problems associated with the field. I then describe the available data 

associated with the field and in the end I describe the experimental methods for mineralogical, 

petrographic, petrophysical and acoustic characterization at different scale and resolution. The 

experimental methods are grouped as those used to characterize composition and petrography, 

pore space topology, quantitative textural analysis, and seismic properties.  

Each data set comes from hydrocarbon rich calcite dominated formations where clay 

percent usually stayed below 1% except for the Dense Zone in the Middle East carbonate field 

where clay content is higher (>10%). 

 

3.1.1 CSM Carbonate Samples 

 These samples are carbonate sediments with primary intergranular porosity that were 

deposited from mid Eocene to mid Miocene in shallow water (25-80 m depth). During later 

episodic lowering of sea level, some of the carbonates were leached and developed extensive 

secondary porosity.  
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The samples studied in this work were mainly carbonates. The carbonate facies represent 

low-energy mudstones and wackestones as well as high-energy grainstones. The carbonate facies 

grade into fine-grained clastics. The main reservoir comprises moderately lithified bioclastic 

mudstone, wackestone, and rarely packstone, and has good development of secondary leached 

porosity. Those solution vugs and molds, which mainly contribute to the porosity, are due to 

vadose zone leaching caused by frequent fluctuation of sea level and intermittent subaerial 

exposures (Figure 3.1). The porosity of these rocks ranges between 0 and 25%. The limestone 

layers are heterogeneous in character with considerable spatial variation in reservoir properties. 

Details of the available core plug samples are given in Table 3.1. It presents the samples with 

their depths and orientations with respect to the borehole axis. 

 

 

Figure 3.1  Optical  images of  CSM carbonate samples from five wells named as D, F, H, K and 
J. The sample exhibit expected range heterogeneity typical of carbonate reservoirs. The sample 
labels mark the well; V stands for vertical and H for horizontal core orientations with respect to 
borehole axis 
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Table 3.1 Core plug inventory and call names of the CSM Carbonate samples used in this thesis. 

 

  

 The CSM carbonate core plugs were used mainly to develop the workflow to relate 

textural influence on saturation distribution and resulting acoustic property distribution. The 

results of this work were published in Sharma et al. (2013). We implemented the same technique 

on the core plugs from the Middle Eastern carbonate sample set (explained in Section 3.1.2). In 

addition, we investigated the textural influence on saturation distribution at a wider range of 

frequencies (2Hz – 2kHz, and 800kHz) at reservoir conditions in the Middle Eastern carbonate 

samples. 

 

3.1.2 Middle Eastern Carbonate Samples 

 These samples and the dataset collected from them formed the core of this thesis 

research. The dataset (core plugs samples, well logs and seismic) was obtained from a prolific 

Middle East reservoir. Located on the eastern shelf of the Arabian platform, the field is Lower 

Cretaceous in age, and covers an aerial extent of 1500 km2. The area has undergone greater 

subsidence than the adjoining region resulting in the accumulation of thick, primarily carbonate 

sediments. Relatively gentle folding (less than 5°), faulting, and salt movements were induced by 

periodic tectonic activity (Alsharhan 1985). Deep-seated faulting and salt flow initiated and 

perpetuated structural growth in the region. Most of the structural growth took place during the 

period from early Late Cretaceous through middle Miocene. Regional tilting toward the 

northeast occurred during late Miocene (Alsharhan 1985).  



 

31 
 

The main reservoir formations encountered in the Middle Eastern carbonate field field 

belong to the Upper Thamama Group of Lower Cretaceous age (Alsharhan 1993; Groetsch et al. 

1998; Strohmenger et al. 2007, Borgoano et al. 2008). The Upper Thamama Group contains the 

Kharaib and Shuaiba reservoir formations separated by dense zones. The reservoir zone in 

Shuaiba formation consists of Zone A0 (upper) and Zone A (lower) while the Kharaib formation 

is subdivided into reservoir Zones B and C. The main reservoir is highly fractured. There is no 

evidence of effective vertical communication between any of the Thamama reservoir zones. 

However, lateral communication may occur within Kharaib Zone B as a result of faulting. With 

high volumes of oil still in the reservoir, this field presents the perfect opportunity to use 

laboratory and modeling methods to characterize the formation and to help identify seismic 

signatures of the zones with bypassed oil. In this thesis, three zones, Shuaiba Zone A, Dense 

Zone A and Kharaib Zone B, were the main focus of experimental work on petrographic, 

perophysical and acoustic characterization. Three main data types were available for this study: 

core plugs, well logs and seismic data. These data are described in the following. 

Core Plugs 

 Optical images of the samples from the Middle Eastern reservoir field showing 

heterogeneity typical of carbonate reservoirs are presented in Figure 3.2. Varying degrees of 

dissolution created fair to good secondary porosity in the form of vugs and cracks. The samples 

belong to Zone A of the Shuaiba Formation and Zones B and C of the Kharaiba formation 

encountered in three different wells (Table 3.) 

 

Seismic Data 

 A time-lapse (4D) seismic pilot study was conducted in a small area (140 km2) of the 

Middle Eastern reservoir field. The time-lapse seismic survey was acquired at a gap of five years 

(1998 and 2003). The acquisition and processing of both 3D seismic surveys were kept similar as 

possible. Figure 3.3 shows the site of time-lapse survey and locations of the wells used in this 

study (El Husseiny 2010). 

 Time-lapse investigations have been helpful in finding bypassed oil and to plan future 

seismic and drilling activities by comparing the base and the monitor impedance volumes. The 

seismic data from the field has previously been used twice by El Husseiny (2010) and the 
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operator company (Data Processing Report 2005, Internal Document) for calculating inverted 

impedance volume. The results of the inverted impedance volume were well within the range 

noise level (Figure 3.4 and 3.5) hence it was not considered fit for carrying out any further 

inversion work. 

 

Figure 3.2 Optical images of the samples from three different formations encountered in three 
onshore wells in the giant PI oil field. The sample exhibit expected range heterogeneity typical of 
carbonate reservoirs. 
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Table 3.2 Core plug inventory and call names of the Middle East Carbonate samples used in this 
thesis 

 

 

Well Logs 

 The well logs used in this study came from wells located in green circles and were 

numbered as Well 1, Well 2, and Well 3 (Figure 3.3). The data from Well 2 were used 

extensively for the rock characterization programs in this study.  The well logs were primarily 

used to perform seismic feasibility investigations by replacing the 100% insitu fluid with brine 

and gas and observing the time-lapse change in elastic properties and the possible AVO class 

that it may reflect. Typical well logs, namely gamma ray (GR), effective porosity (PHIE) and 

permeability data, are presented in Figure 3.6. Zone A exhibit more homogeneous texture in low 

to mid porosity range (8-15%) with marginal clay.  
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Figure 3.3 Field location of time lapse seismic data (shaded green) on the left side. The panel on 
the right side shows the wells that we have in and around the time lapse survey area. I used the 
wells marked in green circles. (From El Husseiny 2010). 
 

 

Figure 3.4 Inverted Impedance sections for legacy (left) and monitor (right) seismic surveys in 
the pilot area. The white arrow shows the changes in seismic properties in the zones of interest 
(Modified from El Husseiny 2010). 
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Figure 3.5 The top panel show the simulated changes in the reservoir over the time period 
between the two seismic survey (Figure 3.4). The bottom panel is the time slice of the inverted 
impedance volume showing subtle but definite changes in the seismic properties in the oil 
containing crest of the reservoir. (From Soroca et al. 2005). 
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Figure 3.6 Generalized composite curves for gamma ray (GR) and effective porosity (PHIE). 
Also shown are the lithofacies divisions within each reservoir Zone A, B and C and the 
permeability variation in these divisions. Zone B and Zone C exhibit more of a heterogeneous 
fabric texture and support mid to high porosity range (16-32%). (Modified from Ghani and 
Strohmenger 2007) 
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3.1.3 Chalk Data 

 Chalk reservoirs form majors oil and gas reservoirs around the world. Chalk is formed 

from the lime mud consisting of microscopic plankton skeletons that rain down on the sea floor 

from the overlying waters. Coccolithopores are the most important chalk-forming plankton 

group. Most chalks reservoirs formed during the Cretaceous period between 100 and 66 Ma 

years. Chalk formations are known for very high porosity but poor permeability (Fabricius 

2007).  

Two of the most prolific chalk reservoirs are the Ekofisk field in the North Sea and the 

Austin Chalk that was deposited during multiple depositional settings in the United States. The 

North Sea chalk reservoirs were discovered in 1969 and are still prolific producers in the area. 

These are highly fractured reservoirs and have a seismically obscured area (SOA) at the crest of 

the reservoir (Figure 3.7). These chalk reservoirs have experienced considerable subsidence 

problems immediately after sea water was introduced in the reservoir for pressure maintenance. 

Although the pressure was maintained, the production behavior of the reservoir became erratic 

over time and required a new approach for monitoring the pressure and saturation changes over 

time (Gennaro et al. 2013). Figure 3.8 shows saturation change maps in the Ekofisk and the Tor 

formations over a period of 11 years. Also interestingly Figure 3.9 shows that minor dense zones 

that developed locally as also showing up in the new acquired density and gamma logs, had no 

correlation to the seismic impedance data (acquired earlier). Thus, sea water appeared to be 

related to the geomechanical strengthening and weakening (subsidence) in the North Sea Chalk 

reservoirs that became prominent upon saturation.  

 

3.2 Experimental Methods  

The samples were characterized for microstructure, petrophysical and laboratory 

controlled seismic properties. The methods are broadly divided into three categories, namely; 1) 

texture characterization, 2) mineralogy quantification, and 3) control of texture on seismic rock 

properties. Various microscope techniques were used to characterize fabric texture. Since the 

qualitative microscopic textural investigations are standard techniques, only basic descriptions 

are provided here. Whereas the methods used for mineralogy quantification, pore space  
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Figure 3.7  Top Ekofisk Formation map of the Ekofisk field showing location of the wells, 
correlation lines and faults and the seismically obscured area (SOA). (From  Gennaro et al. 2013) 
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Figure 3.8 Water breakthrough monitoring of well 2/4-C11A from December 1994 to October 
2005 indicating gradual increase in water in EL and EM zones that are notable for presence of 
abundant dense zones (Figure 3.9).  Orange color indicates porosity and the blue is water that 
occupies indicated part of the porosity (From Gennaro et al. 2013). 

 

 

Figure 3.9  Acoustic impedance shows clear response to the major dense zones (DZ ) and the EE 
unit but it lacks a clear response for the locally developed dense zones (Minor dense zone 
intervals) as a result of saturation (From Gennaro et al. 2003). 
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determination, and seismic rock property determination are detailed appropriately in the 

following text. 

 

3.2.1 Microscopic Characterization: Texture and Mineralogy 

 Modern microscopes are highly complex and equipped with advanced technologies and 

components. The main functionality is however achieved from the same design as introduced in 

the 1600’s, with a set of lenses, mirrors and apertures, lights and beams. Factors that can make 

difference in the acquired image are 

 

i) the preparation of the samples (e.g. the blue haze of the epoxy in the sample), 
ii)  moisture content of the sample (e.g. to decide between gold versus carbon coating 

on the samples), and   
iii)  limitation of the tool to pick the transition between pore and mineral boundaries 
 

When applied to sedimentary rocks, this technique highlights microscale porosity, 

texture, mineralogy, structures, biogenic components and the extent of bioturbation. Thin section 

analysis is critical to supplement observations made on the macro-scale as well as those made on 

micro-scales (e.g. QEMSCAN®). Particularly in this thesis, I have used the investigations of 

fabric textural properties (e.g. porosity, pore size and types and their aspect ratio) in a 

qualitatively manner to understand and infer results elastic property measurement in dry and 

saturated carbonate samples.  

 

3.2.1.1 ESEM (Environmental Scanning Electron Microscope) 

 The ESEM allows us to acquire sample images at very high magnification even when the 

sample might contain some moisture. To avoid the charging of sample that would appear as 

bright white areas on the sample image, the samples were coated with gold or carbon. Figure 

3.10 shows magnified (550x and 1050x) sample images. The heterogeneity in the fabric texture 

is evident from such images. Masalmeh and Jing (2004) and Sharma et al. (2013) show the 

practical application of such microscopic images by correlating the amount of irreducible water 

to the heterogeneity in pore size distribution. I acquired ESEM images on most of the cores since 

it provided a fast method to characterize texture with minimal sample preparation. In addition to 



 

41 
 

the high magnification images, EDAX (energy dispersive x-ray) was used to determine and trace 

mineral types. 

 

 

Figure 3.10 SEM Backscatter Images of sample (a) D-Heterogeneous, (b) J-Homogeneous. Dual 
porosity systems and poor grain sorting is evident from the images (From Sharma et al. 2013) 
  

 

3.2.1.2 Optical Microscopy (OM) Using Thin Sections 

Thin sections are an all-time favorite method of geoscientist to characterize rock type and 

fabric. Polished thin sections are used to perform both a basic petrographic analyses, such as 

point counting minerals and more advanced techniques involving quantitative mineralogical 

comparisons to other measured data. The point count method used on thin-section is known to 

give indicative porosity, mineralogy and density which could be great help for calibration of logs 

in absence of the results from a detailed core characterization program. However, the trickiest 

part could be the preparations of the sample using the well-known blue epoxy and the range of 

porosity heterogeneity in the sample 

Jobe (2013) suggest that due to low resolution to resolve micropores, the changing focus 

on microporsity quantification leads to loss of the “blue-haze” under magnification. Therefore a 

estimation of properties like texture (micro-structure), mineral properties, and porosity are only 

qualitative using this method. In this thesis, OM was not used to quantify porosity and mineral 

properties. 

J-Homogeneous

D- Heterogeneous
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Figure 3.11 shows optical photomicrographs of carbonate samples from Middle East 

reservoir (Adam 2008). These samples exhibit variable amount of blue epoxy penetration in 

porosity type ranging from micritic to fracture to moldic, typical of carbonate reservoirs. 

Whereas in moldic porosity (Fig. 3.11e) with big pores, the blue haze appears to be uniform, one 

does not have the same feeling in tighter sample with micritic porosity (Fig. 3.11a & b). 

 

 

Figure 3.11 Optical photomicrographs of samples from typical carbonate formation as studied in 
this thesis. The micrographs show that in samples with microporosity (Slides b and d), optical 
microscopy may not be the preferred method (From Adam 2008). 

. 

 

3.2.1.3 QEMSCAN (Quantitative Evaluation of Mineral by Scanning Electron Microscope) 

 QEMSCAN® is a Scanning Electron Microscope (SEM) system with automated 

petrography determination. Energy dispersive X-ray spectroscopy detectors are used to produce 

high resolution (1.5mm to 1um) mineral maps and to determine the mineral fractions and 

chemical stratigraphy of the samples. QEMSCAN can also produce quantitative estimates of 

grain and pore size distributions and porosity structure (Ayling et al., 2012).   
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QEMSCAN scans are specified in terms of field and resolution. A field is usually defined 

as a 1.5mm square section that can be scanned at various scales from coarse (1.5 mm) to fine (1 

m). Coarse resolution scans are useful for bulk porosity and mineralogy determination while 

higher resolution scans provide information on morphology, grain boundaries and pore to 

mineral transitions (Figure 3.12). In this thesis, I used two resolutions, 10m and 2m, to 

understand the variation of porosity and pore types distribution and to account for heterogeneity 

in the fabric texture.  

  

 

Figure 3.12 Image of QEMSCAN instrument with essential acquisition components. This figure 
shows main chamber and how the Electron Beam Column, the EDS and BSE detectors and the 
sample stage is oriented with respect to each other (Department of Geological Engineering, 
CSM) 

 

QEMSCAN® results are complementary to and generally compared with XRD and 

petrographic techniques (Figure 3.13).  In addition to providing major mineral constituents, 
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QEMSCAN® analyses have an added advantage in that they also map mineral distributions and 

association of the minerals and pores in the rock.  

 

 

Figure 3.13 Comparison of porosity of the same area in samples from Natih Formation between 
OM photomicrographs (A, C and E) with QEMSCAN – BSE  (B,D, and F). Scale bars = 1mm.  
Porosity estimates from computer aided optical methods as well as from the QEMSCAN®  -BSE 
maps are shown below each photo.  Note the increase in porosity estimated by the QEMSCAN® 
-BSE maps, particularly in the samples with very low optically resolvable porosity (E). (From 
Birdsall 2010). 
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 QEMSCAN® methodology has successfully been used to identify pore size and shape 

distribution in the sample. The distribution not only tells the dominant pore size but also the 

shape of these pores and their aspect ratios. It is particularly important for elastic characterization 

to understand the distribution and amount of compliant versus sorted pores in a rock type 

(Shapiro et al. 2015). Figure 3.14 presents a typical distribution of pore types in the carbonate 

rocks of the Lower Shuaiba formations (Jobe 2013).  

 

 

Figure 3.14 Pore size and shape distributions of digitally extracted pore spaces from sample F4, 
Lower Shuaiba Formation. The larger pore spaces have larger aspect ratios because of the 
irregular shape, while the smaller pore spaces have smaller aspect ratios as they approach 
roundness. (From Jobe 2013) 

 

 

3.2.2 Heterogeneity Characterization 

 In this thesis, I have used common scanning methods to understand the overall packing of 

grains, mineral and multiple porosity distribution. I used the CT scans (resolution 400m) and 

micro () CT scans on the whole plugs and I used autocorrelation (ACF) approach on the SEM 
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photomicrographs. Whereas CT scan were capable of only showing the mineral packing and 

distribution with any major discontinuity (cracks and vugs), CT and ACF were able to look at 

the textural heterogeneities on a much resolved scale. The high resolution heterogeneity is 

important in order to understand the possible nature of the fluid flow through the micron level 

pore heterogeneities in the cores. Figure 3.15 presents optical image, CT scans image, and CT 

number distribution in carbonate plug (H) from the CSM sample set. The CT scan image (Figure 

3.15b) for a large part has homogeneous distribution of mineral with packing density changing 

from dark (brick red) to light (yellow). This is very similar in texture variation to its optical 

image on the left. The bright white color patch in Figure 3.15b is the pyrite mineral. The CT 

number distribution when compared between different samples not only can tell packing density 

difference of the grains and minerals between the samples but also the variation of minerals and 

their packing within the sample. The wider the distribution of CT numbers, the higher the 

heterogeneity in sample. This however was still limited to a qualitative understanding of the 

texture. I used the CT number to calculate a Heterogeneity Number (HN) for each sample by 

using the central difference method shown in Equation 3.1. I used 5% cut-off on both sides of the 

CT number spread considering it has less than 5% contribution cumulative percentage and is 

more of an outlier with reference to dominant texture of the sample 

 

 

Figure 3.15 Fabric heterogeneity in CSM sample H displayed in terms of (a) Optical image, (b) 
CT Scan image, and (c) CT number (in Houndsfield Unit, HU) representing the density 
distribution in the sample. The spread of the color in the CT scan image varies from black 
(pores) to very bright yellow (dense calcite mineral) 
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 (3.1) 

  

where, Heterogeneity Number is a unitless number and a measure of textural heterogeneity 

sample with respect to the dominant type texture in the sample. 

The second method I used to map the texture in carbonates was micro CT (CT) 

imaging. This technique has been a main stay of the medical sciences but in recently has become 

a regular investigation tool in geoscience exploration and development particularly for the 

unconventional resources. Not only is the resolution of the technique higher than the CT scan 

method, it gives much detailed 3D information about the morphology of the rock samples. For 

carbonates, this technique proved very useful in deriving petrophysical parameters (Knackstedt 

et al. 2008), to quantifying and prediction 3D pore network evolution (Boever et al. 2012), to 

mapping residual saturation in cores (Knackstedt et al. 2012), and to monitor the active 

dissolution surfaces for carbon sequestration under reservoir conditions (Menke et al. 2015).  

Figure 3.16 shows the CT of one Zone A sample with huge secondary and tertiary porosity.  

The detailed morphology of the sample clearly suggests that this high porosity and high perm 

sample will have a very different response in saturation distribution in comparison to a sample 

with no secondary porosity and hence a different elastic response. We present results of the 

elastic property measurement on such samples in Chapter 5. The results of (CT) have mostly 

been discussed from the viewpoint of how the heterogeneous patches of complaint pores might 

have resulted in elastic property distribution in the sample.  

 The last of the method as mentioned above is the auto-correlation (ACF) method as 

initially proposed by (Mukerji & Prasad 2005). It is a statistical method to quantify heterogeneity 

using autocorrelation function on textural images of high quality. Prasad et al. (2009) estimated 

the ACF on organic rich shale (ORS) and showed very distinct ACF signatures in samples with 

varying textural heterogeneity. Figure 3.17 from Prasad et al. (2009) presents the ACF results in 

organic rich shale samples along with color coded textural anisotropy and Correlation Length 

(CL) calculations. The ACF was calculated in radial profiles along azimuths varying from 0–80o. 

The CL, which is the value of the lag when the ACF drops to 1/e of its value at zero-lag, was 
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estimated at each azimuth. The ratio of the maximum to minimum CL values was termed as the 

Anisotropy Ratio (AR).  

 

 

Figure 3.16 Micro (CT photomicrograph of a sample from Zone A. The sample shows huge 
amount of secondary and a little tertiary porosity as well. It shows thin pyrite vein which is 
mostly noncontiguous. 
 

 

Figure 3.17 (a) Autocorrelation function (ACF) of the inset images. The image with a coarser 
texture shows a larger lag value in comparison to the lag value of a finely textured image. (b) 
Textural anisotropy in a sample in colour code with black lines indicating any two azimuthal 
directions. (c) The ACF calculated along azimuths from 0–180o. The CL’s are picked as lag 
values of amax  and amin. The AR is calculated as the ratio of amax and amin. (From Prasad et 
al. 2009). 
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3.2.3 Petrophysical Characterization 

 Petrophysical properties, such as porosity, permeability, capillary pressure, and 

saturation measured in the laboratory can be upscaled to a field scale by using the statistical 

mean of the measured distributions. However, in heterogeneous rock such as carbonates, the 

petrophysical properties may change significantly with changes in fabric heterogeneity. 

Geological classifications of porosity and pore types in carbonates discussed in Chapter 2 fail to 

account for the variabilities in static and dynamic petrophysical and elastic property 

distributions. Using diverse measurements methods  such as Mercury Induced Capillary Pressure 

(MICP), Nitrogen Gas adsorption, QEMSCAN and NMR can be successful in closing the scale 

related gap between static and dynamic petrophysical characters.  

 

I have used standard and special tools to measure porosity, pore size distribution and 

permeability in the core plugs. Pressure Decay Profile Permeameter (PDPK) was used to 

measure unstressed permeability, Core Measurement System (CMS) -300 was used to measure 

the porosity and permeability under stressed state, and Nitrogen Gas Adsorption Techniques was 

used to understand the distribution of surface areas and porosity and pore size distribution in 

carbonate plugs. Whereas, PDPK and CMS-300 are pretty standard techniques, Nitrogen 

adsorption technique is capable of deciphering small size pore distribution in the rocks in range 

lower than 50nm. Such small size of pores however is not of much significance for storage and 

flow in carbonates but may influence the elastic properties by storing even a small amount of 

volatile or moisture in the pores.  

 

Figure 3.18 present different pore characterization tools and their resolution limits 

relative to each other. Most of the methods do have common regions of agreement for 

micropores and macropores but mesopores which are considered critical for showing hysteresis 

effect in the in assessment of total porosity is the region of most disagreement. This same class 

of pores is believed to have most attenuation in heterogeneous media particularly for frequencies 

below 1kHz (Müller and Gurevich 2005a; Müller and Gurevich 2005b). 
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Figure 3.18   Pore size classifications found in literature.  Classifications are presented and 
modified from Loucks et al. 2012, Ahr et al. 2005, Clerke et al. 2008 and Barnett et al. 2010. The 
IUPAC (International Union of Pure and Applied Chemistry) classification from Sing, 1985 is 
also presented, as this is the referred classification used by physical and materials scientists.  For 
reference the analytical techniques used in this study and their investigative resolutions are also 
shown. (From Jobe 2013) 
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3.2.4 Seismic Rock Property Characterization 

 In rocks with linear elastic behavior, the strain is instantaneous and linearly proportional 

to stress within elastic strain limits (strain below 10-7) (Nowick and Berry 1972, Spencer 1981, 

Batzle et al., 2006). The stress generated by a propagating low-frequency seismic wave produces 

strains within this linear elastic domain. Natural rocks, however are known to exhibit anelastic or 

viscoelastic behavior (for example, Toksöz and Johnston, 1981; Winkler, 1991), where the 

stress-strain relation is not instantaneous nor is it linear. As a result, seismic energy is dissipated; 

the amount of energy dissipation is quantified as attenuation, or its inverse measure, the quality 

factor (Q). Attenuation is the intrinsic property of the rock and is coupled to elastic property 

dispersion in the rocks (White 1965 and 1982; Johnston et al.. 1979; Winkler and Nur 1979 and 

1982). In the following, I describe the basic wave propagation equations that are used in this 

thesis. 

A general form of stress-strain relationship representing full anisotropic tensor is given 

by Hooke’s law (Equation 3.2).  

 � = ∆ + �          (3.2) 

 

where ij is the stress tensor,  is dilatation and is the sum of all the longitudinal strains (11, 22, 

33),  and  (also termed G in engineering terminology) are elastic constants, so-called Lame’s 

parameters, ij is the strain tensor, and , the Kroneker delta,  = 1 if i = j and 0 if i ≠ j.  

 

For hydrostatic stress, the stresses in all three directions are equal and we can estimate 

rock compressibility as in Equation 3.3.  

 � = + �/ = / − �         (3.3) 

 

where, K is the bulk modulus, a measure of incompressibility of the medium under the applied 

stress. 
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Figure 3.19   Schematics of a stress-strain behavior of visco-elastic material showing residual 
strain. Also marked is the linear-elastic limit of the material for small amount of stresses. 
(Adapted from Das 2010) 
 
  

Small stresses such as generated by forced periodic oscillations in seismic wave 

propagations produce periodic strains that travel with a velocity given by Equations 3.4 and 3.5. 

 � = √�+�           (3.4) 

� = √�           (3.5) 

 

These compressive and shear wave velocity solutions are obtained using 3D general wave 

equation. Derivations of Equations 3.2 to 3.5 are shown in Appendix C.  

In rock physics investigations, velocities are measured and modeled for seismic 

exploration. Since most laboratory measurements are made at ultrasonic, generally 1 MHz, 

frequencies while exploration data are collected at seismic, generally 10s of Hz, frequencies, 

adaptation of laboratory data to seismic frequencies requires correlations across this wide 
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frequency range. To bridge this gap, I made velocity measurements at ultrasonic (0.8MHz) 

frequency and at low frequency (2 – 2000 Hz).  

 

3.2.4.1 Ultrasonic Measurements  

Benchtop experiments allow flexibility to make multiple acoustic and rock property 

measurements for detailed characterization as compared to the experiments at simulated 

reservoir conditions. I measured ultrasonic travel times of compressive and shear-waves 

propagating through the samples. Velocities were calculated from known sample lengths using 

the Equation 3.6 

L L
V

T T




            (3.6) 

where, V is the velocity, L is the sample length and L is change in sample length with 

increasing pressure. T is the recorded travel time through sample and T is the correction of 

circuit delays. In my experiments, I used 0.8 MHz piezoelectric crystal in both single and stacked 

(Figure 3.20) configurations to measure travel times through the samples. Stacked transducers 

save time and are relatively free from errors due to coupling, location and arrangement of each 

crystal with respect to the sample.  

 Figure 3.20 show a typical benchtop assembly used for making ultrasonic measurements. 

Figure 3.20a shows the predetermined planes along which benchtop shear-wave velocity was 

measured to assess the impact of fabric heterogeneity and texture on velocity anisotropy in the 

carbonate samples. Compressive-wave and shear-wave (slow and fast) travel times from point-1 

to point-5 were recorded. It is assumed that the samples in the benchtop condition did not change 

in length during the experiment and therefore L was neglected in calculations. Elastic properties 

of the rocks were calculated by rearranging Equation 3.4 and 3.5 

 M y o  = ρ y o  VP y o        (3.7) G y o  = ρ y o  VS y o        (3.8) 
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where, M is the effective compressive (M = K + 4G/3), K is bulk modulus, G is the shear 

modulus, and ρ is the bulk density of the rock. 

 

(a)                                                                      (b) 

Figure 3.20 (a) Sample divided into eight equal sections indicated by black solid lines. Shear-
wave velocities were measured along the black lines and were averaged to be compared for wave 
patterns and travel time differences. (b) Ultrasonic acquisition on samples with P and S-wave 
crystal on both ends along with other peripherals. Dotted lines on the sample depict the wave 
propagation through the sample. Dashed line on S-wave crystal shows the polarized plane that is 
matched with the solid black lines on the sample end for measuring velocity along that plane. 
(From Sharma et al. 2013) 
 

 

3.2.4.2 Low Frequency Measurements  

The low frequency measurement system at Colorado School of Mines uses forced 

periodic oscillation by applying a weak sinusoidal stress to the sample gages in the seismic range 

(2Hz – 2000 Hz) (Spencer, 1981). The sinusoidal strains are measured using highly sensitive 

semi-conductor or foil gauges. Ultrasonic (800 kHz) velocities were also measured at each 

pressure step. Figure 3.21 present a schematic and a circuit diagram of the low frequency system, 

along with an example of the vertical strain amplitudes recorded for an aluminum sample used as 
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reference. Also shown in Figure 3.21 are strain amplitude recorded for a rock sample with a 

vertical gage, also termed as the Young’s gage and a horizontal gage, also called the Poisson’s 

gage. The aluminum reference sample with known elastic properties is used to calculate applied 

stress amplitudes. This calculated stress together with the measured vertical strain in the sample 

allows us to calculate Young’s modulus. The ratio of the horizontal strains to the vertical strains 

in the sample allows us to calculate Poisson’s ratio. A low and high frequency limit of the 

moduli and velocities can be obtained using Equations 3.9 to 3.15 as follows: 

 

   (3.9) 

 

      (3.10) 

 

       (3.11) 

       (3.12) 

      (3.13) 

       (3.14) 

    (3.15)  
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Figure 3.21 Low frequency measurement system details showing, a) sample stage and shaker 
assembly with details of strain gages and other fittings (adapted from Hoffman, 2006), b) 
electronic circuitry (modified from Batzle et al. 2006a), and c) waveforms of relative amplitudes 
of strain gages shown on the sample. (From Batzle et al. 2006a)  
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3.2.4.3 Fluid Properties and Sample Saturation 

 Fluids play crucial role in effective elastic properties of the reservoir. Pressure and 

temperature dependent may not only change the properties of fluid but also controls reaction 

mechanisms between fluids and the host matrix.  Temperature of my experiments varied in the 

range of 18oC to 22oC (temperature fluctuation in the lab) therefore making pressure as the major 

driver for physical properties of the fluids.  Figure 3.22 shows pressure and temperature 

dependence of the fluid density for brine, butane, and CO2. Butane was introduced in the samples 

above 50 psi (n-butane @ 50psi behaves as liquid) and fluid pressure for CO2 was always above 

1000 psi to keep it in supercritical phase. Two different concentrations (50000 ppm and 160000 

ppm) of brine were used in my experiments. Figure 3.22c shows the variation in density of the 

two brines as a function of pressure. 

Measurements of dry and saturated velocities were made at two conditions, 1) Benchtop 

and 2) Reservoir.  For the benchtop measurements, the samples were vacuumed at 25 m Hg and 

saturated by natural imbibition with 50000 ppm NaCl brine.  Further saturation was achieved by 

forced imbibition in a pressure vessel at 1000 psi pressure. For the measurements at reservoir 

conditions, the samples underwent a rigorous sample preparation as described in Appendix B to 

prevent a leak between the confining and the pore fluids. The samples were mounted on the 

shaker unit and vacuumed at 25 m Hg inside the pressure vessel. The samples were then 

saturated by letting fluids flow in from the bottom. The fluids used were, in sequence of 

measurement, butane, brine and CO2. Butane was injected in the liquid phase above 50 psi 

pressure while CO2 was injected at 1000 psi to keep it in the supercritical state. The brine was 

prepared similar to reservoir conditions and had NaCl concentration of 160000 ppm. The dry and 

saturated samples were subjected to confining pressures ranging from 500 – 6000 psi (4 – 40 

MPa) and pore pressures of 500, 1000, 1500 and 2000 psi (3.45 6.9, 13.8 MPa). After a pressure 

cycle with one fluid, the next fluid was replaced while leaving the sample inside the pressure 

vessel. Slow constant flow rates for injection of fluids into the samples were maintained using 

high accuracy ISCO® pumps. Sufficient time was allowed for each sample after initial saturation 

and subsequent fluid replacement to equilibrate with the preset confining and pore pressure and 

for the pump to go almost no flow condition. For the system pump to be at no flow condition, it 

was assumed that the sample has achieved full saturation. 
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Figure 3.22 Density of butane, brine, CO2 as a function of pressure at two temperatures in oC. 
Whereas butane has same trend except the first few hundreds of psi, the brine at different salinity 
concentration shows no sensitivity for the temperature fluctuation.  CO2 shows negligible 
changes at the three different temperatures. (1g/cm3 = 62.4 lb/ft3)  
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3.2.4.4 Attenuations and Dispersion 

Most laboratory investigations of attenuation and dispersion are performed at ultrasonic 

frequencies using the spectral ratio method (Johnston et al.1979; Winkler 1985; Matheney et al. 

1995; Assefa et al. 1999). Investigations at low frequency suffer from a lack of proper 

calibration, complex electronics, and high random errors in such measurements (Adam, 2009), 

but they are steadily improving (Yao and Han, 2013; Quintal et al., 2014; Tisato et al., 2014; 

Madonna et al., 2014).  In the low frequency measurements, the stress-strain relation in a 

viscoelastic media, is a function of the complex modulus (M), and is calculated from direct 

measurements of the resulting strain amplitude and the phase shift between applied cyclic stress 

and the resulting strain cycles (Figure 3.23).  

 

 

Figure 3.23 Schematics of stress-strain phase lag in visco-elastic material. (Modified from Lakes 

2009) 

The attenuation parameters are derived in Appendix C based on White (1965, 1983) and 

Toksӧz and Johnston (1981).  Briefly, the complex modulus (M) is the sum of stored and 

dissipated energy (M = MR + iMIm), whereas the ratio of imaginary (MIm) to real part of modulus 

real (MR) is the intrinsic attenuation in of the medium (1/Q = MIm/ MR = tan (∆Φ)).  We use the 
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phase difference between the reference aluminum and the vertical strain of the sample (tan (Φref 

– Φvert)) to derive the extensional attenuation (1/QE) and Equation 3.19 to estimate shear-wave 

attenuation (1/QS) (from White (1965) 

 = � − � ��+�          (3.16) 

 

where,  is the Poisson’s ratio and Φν is the phase angle between the vertical and the horizontal 

strain on the sample. In isotropic materials, compressional wave attenuation (1/QP) and bulk 

attenuation (1/QK) can be estimated from the following relations (Winkler and Nur, 1979, 1982) 

 −� − � = +�� − � −�
        (3.17) 

 − �� = � − �+
        (3.18) 

 

The Poisson’s ratio (ν) is calculated as the ratio of the horizontal to the vertical strains 

(Equation 3.11). At low frequencies, the Poisson’s ratio has been reported to be higher than 

values of 0.25 (Adam, 2009) probably due to bulging of short length samples. Adam (2009) 

suggested correcting the higher Poisson’s ratio measured at seismic frequencies by using 

Poisson’s ratio data from ultrasonic velocity measurements of Domenico (1984), Mavko et al. 

(1998), Assefa (2003), and Han (2004) as: 

 

 ν= � − �� −�           (3.19) 

 

 Note that in rocks with full and partial saturations, the attenuation modes would follow 

Equation 3.20 and 3.21 respectively (Winkler and Nur, 1982) 

 

  − > �− > − > −         (3.20) 

  − > − > �− > −         (3.21) 



 

61 
 

3.3 Rock Physics Modeling 

Attenuation and dispersion effects are observed in partially and fully saturated rocks 

(Tisato and Madonna 2012; Madonna and Tisato 2013). I focused on fully saturated carbonate 

rocks at reservoir conditions in my research. In addition to frequency, factors such as 

permeability, fluid compressibility, fluid viscosity, and the boundary conditions of drained and 

undrained state, influence transport and elastic properties (Figure 2.19). Given the large number 

of influences on seismic properties, a Cole-Cole relation (Cole and Cole 1941) is used to 

describe the relaxation phenomena without assuming any particular loss mechanism. This 

relation describes frequency-dependent modulus and attenuation as:  

 � � = � � + �� � = � ∞ + − ∞+ � −�     (3.22) 

 

where,  is the time constant and describes the peak location, α describes is the spread factor (0 ≤ 

α ≤ 1), M0 is the zero or low frequency modulus and M∞ is the modulus at infinite or high 

frequency estimated over the range of frequencies used in the measurements. I used this Cole-

Cole relation to model the modulus dispersion and attenuation measured in the laboratory. 

 I also used two fluid substitution models, the Gassmann (Gasmann 1951) and the Brie 

(Brie et al., 1995) models to account for fluid saturation effects on elastic properties. I modeled 

the bounds on the elastic properties of an effective medium using the Hashin-Shtrikman Bounds 

model (Hashin & Shtrikman 1963; Mavko et al. 2009) the Differential Effective Medium model 

(Berryman et al. 2002). 

 

3.3.1 Fluid Substitution Models 

 The Gassmann model (Gassmann 1951) is used to predict elastic moduli of porous rocks 

saturated with a given fluid if the dry rock moduli are known. Thus, bulk (K) and shear (G) 

moduli are expressed as: 
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� = � + ( − � �� � � )�� + −�� � � − � �� � �
      (3.23) 

 � = �           (3.24) 

Where, Ksat  Bulk modulus of saturated rock 

Kframe  Bulk modulus of dry rock frame 

Kmatrix  Bulk modulus of the mineral making the matrix 

Kf  Bulk modulus of the fluid 

Gdry  Shear modulus of the dry rock 

  Porosity of the rock 

This model assumes that in a porous system: 1) The rock frame is mono-mineralic, 2) The 

fluid in the pores is always at equilibrium or relaxed with respect to the passing wave; it models 

a low frequency response, 3) all pores are connected; the pore-fluid is non-viscous; and the pore-

filling is homogeneous, 4) the system is in an undrained state, and 5) the pore fluid does not 

chemically react with the solid frame. 

 Gassmann fluid substitution theory was used to model the response of carbonate rocks 

with different fluid saturations both for drained and undrained cases. Gassmann theory however 

was unable to handle situation where the saturation in the reservoir could patchy because of the 

combination of the fluids (gas trapped in liquid) or of the processes (depletion production) meted 

out to the reservoir. In such situation the saturation no more remains uniform (Cadoret et al. 

1992). Brie et al. (1995), while working in the gas saturated sands proposed new mixing law for 

the fluids (Equation 3.25)  � = (� − � ) ∗ ( − � ) + �     (3.25) 

Where, Kfluid is the bulk modulus of the fluid mixture 

 Kliquid is the bulk modulus of the liquid component in the formation 

 Kgas is the gas bulk modulus 

 Sgas is the saturation of gas 
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 e describes the fluid mixing and ranges from 1 to 40; e = 1 implies that the fluids are mixed in 

series (uniform) whereas e = 40 is used for mixing fluids in parallel (patchy). 

 

3.3.2 Hashin-Shtrikman Model 

Often the natural rocks are non-ideal and therefore the input parameters may not satisfy 

the assumption of simpler point prediction methods such as Gassmann model. In such scenarios, 

being able to predict within the physical bounds of the composite material is the next best thing. 

The Hashin-Shtrikman bounds provide the narrowest possible range of moduli without 

specifying the geometries of the constituents (Hashin & Shtrikman 1963). Equations 3.26 and 

3.27 give the bulk and shear moduli, respectively of a medium composed of a stiff mineral (f1) 

and a soft (f2) material, (pore-fluid). Figure 3.24 shows results for this theoretical model for a 

system composed of calcite and water. It also displays the transition between an upper (stiffer) 

and the lower (softer) bound of the moduli for a 100% change in the volume fraction (porosity) 

of the individual component. The maximum bulk modulus value this composite can achieve is 

that of the pure calcite (75 GPa) for a 0% porosity; whereas, the bulk modulus of the water (2.25 

GPa) is the lowest value this composite can achieve for 100% porosity. 

 � ± = � + − − + + −      (3.26) 

 � ± = � + − − + � +� +      (3.27) 

 

Where,  

K1, K2 are bulk moduli of the individual phases 

G1, G2 are shear moduli of the individual phases 

f1, volume fraction of the stiffer component 

f2, volume fraction of the softer component 
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Figure 3.24 Schematics of Hashin-Shtrikman bounds for the calcite-water system showing, a) the 
bound on bulk modulus and b) bounds on shear modulus. The transition between the upper 
(stiffer) and the lower (softer) bound is dependent on the proportion of stiffer (f1) versus softer 
(f2) material in a rock. 
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CHAPTER 4 

RESULTS: HETEROGENEITY QUANTIFICATION USING PETROGRAPHIC AND 

PETROPHYSICAL PROPERTIES 

Carbonate rocks of biochemical origin can readily undergo diagenetic alterations such as 

dissolution and recrystallization. Therefore, these rocks can exhibit a large range of textures. The 

range of fabric heterogeneity in carbonates makes it difficult to derive relationships between 

various rock properties, such as porosity, permeability, capillary pressure, connate water 

saturation, rock-fluid sensitivity, rigidity, and elastic response, to the original depositional 

settings. Many classification schemes describe the evolution of texture and the diagenetic 

controls on distribution of porosity in carbonate rocks (Folk 1959, 1962; Dunham 1962; 

Choquette and Pray 1970; Kendell 2005). Other classification schemes use porosity and other 

rock properties, such as permeability and capillary pressure to integrate textural evolution with 

well log data, and ultimately with production behavior (Archie 1951; Lucia 1983; 1995; Lonoy 

2006; Ahr 2008). In this study, I use petrophysical and textural information to classify seismic 

response in carbonate rocks from various environments. The heterogeneity definition consists of 

mostly visual but its independent verification also came from measurements such as; Density 

distribution from CT scan, Pore size and shape distribution from QEMSCAN. 

Acoustic velocities are often presented in relation to porosity (Wyllie et al. 1956; Raymer 

et al. 1980; Nur et al. 1995; Røgen et al. 2005) and permeability (Prasad 2003). However, in 

most cases the impact of pore types, pore size distributions and pore topology on acoustic 

properties is missing. Compliant and stiff pores may have very different control on the measured 

acoustic properties (Shapiro 2015). Even though compliant porosity may contribute to only a 

small fraction of the total porosity, it plays an important role in the measured and modeled elastic 

properties with an exponential dependence of elastic properties on pressure rather than the linear 

dependence typical for stiff pores (Shapiro 2015). Since this thesis deals with carbonate rocks of 

varying texture, the presence of complaint pores and their impact on elastic properties needs 

careful scrutiny. In this chapter, I present micrographs and images from each of the three  zones, 

Homogenous A, Dense A, and Heterogeneous B that allow us to link the textural variation to the 

petrophyscial and elastic properties measured on the same cores. I used multiple instruments at 

multiple resolutions to distinguish between these zones. 
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Environmental Scanning Electron Microscope (ESEM) 

 Environmental Scanning Electron Microscope is an effective instrument to look at the 

materials texture with possibility of some moisture content. A coat of conducting material, gold 

in this case, allows texture examination without any surface charging in the material. Figures 4.1, 

4.2, and 4.3 present multi-scale resolution photomicrographs of the homogeneous Zone A, Dense 

Zone A, and the heterogeneous Zone B, respectively. I present resolution of 1mm, 100 um, and 5 

um in the three zones. I present two samples from each zone for the check of repeatability of the 

texture. The texture of both samples from Zone A appears very uniform at all resolutions (Figure 

4.1). Grain packing is very tight and uniform and the porosity is inter-crystalline except for some 

fossil pores. In Figure 4.2 of the Dense Zone A, the two samples show very different 

characteristics. Sample w2s7 in the upper panel shows lot of solution activity and secondary 

porosity; whereas sample w2s9 in the lower panel is much more homogeneous with tight grain 

packing resulting in low porosity. The samples from the heterogeneous Zone B (Figure 4.3) are 

texturally more heterogeneous in comparison to the previous two zones. They have inter-

crystalline nodular type and vuggy porosity which is more than the previous two zones. 

However, in Figure 4.3 a similar texture can be observed at all image resolutions. Thus, the 

textural heterogeneity determined at any resolution can be taken as representative regardless of 

scale.  

Optical Microscopy  

Optical microscopy is the oldest and most-established method to examine thin sections 

for pores, crystals, fossils. Porosity can be estimated using the point count method. Figure 4.4 

shows thin section micrographs at 500 um resolution of samples from the three different 

formations encountered in a well in the Middle Eastern carbonate reservoir field. The samples 

are markedly different for porosity and permeability limits. In Figure 4.4a from the 

homogeneous Zone A, the porosity is interparticle with random pore types all over the place. 

Figure 4.4b is from the Dense Zone A with porosity reaching below 1% and permeability 0.057 

mD. The formation has a significant number of micro cracks and vugs due to solution activity. 

The overall sample is tight and the pores could not be impregnated with epoxy. Figure 4.3c is 

from a heterogeneous Zone B, which exhibit higher porosity and is one of best producing 

formations. Primary porosity is interparticle with vugs are randomly distributed.  
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Figure 4.1 SEM BSE images showing textural variation within the homogeneous Zone A at three 
magnification (left-50x, middle-500x, right-10000x) shown for sample w2s1 in the top panel and 
sample w2s3 in the panel below. Texture is uniform through different magnifications. 

 

 

Figure 4.2. SEM BSE images showing textural variation in transition Zone A and in Dense Zone 
A at three magnifications (left-50x, middle-500x, right-10000x), top panel: sample w2s7 lower 
panel: sample w2s9. Sample w2s7 forms part of the transition zone between homogeneous Zone 
A and Dense A. It shows solution cavities and regrowth of crystals. Note the difference in texture 
between the two at all magnifications.  
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Figure 4.3 SEM BSE images showing textural variation within Zone B at three magnification 
(left-50x, middle-500x, right-10000x) shown for sample w2s13 in the top panel and sample 
w2s16 in the panel below. Texture is more heterogeneous than Zone A with some vugs and 
leaching but is consistent within Zone B at different magnifications 

 

 

Figure 4.4 Optical Microscopy photomicrographs at 500 um resolution from a) homogeneous 
Zone A, b) homogeneous Dense Zone A, and c) heterogeneous Zone B. It is clear that fabric 
heterogeneity increases as we go from Zone A to Zone B. Most porosity is interparticle to 
intercrystalline but vugs are associated with Zone B as micro cracks are with Dense Zone A. 
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Micro CT Scans 

 I used Micro CT to delineate 3D morphology of the rocks. Figure 4.5 shows CT 

photomicrographs of two samples, one from homogeneous Zone A and a second one from 

heterogeneous Zone B at 50 um resolution. The porosity of both samples is comparable at 16% 

and 17%, respectively. The image is composed of four quadrants. The first three quadrants show 

a 2D CT image slice of the sample in three different directions; the fourth quadrant is a 

reconstructed image of the sample by combining the all the acquired 2D CT image slices. The 

2D images show the range of pore and grain sizes as well as their alignments while the 3D image 

is an effective visualization of pores and grain connectivity. For example, Figure 4.5a of the 

homogeneous Zone A sample shows uniform grain size and pore size distributions with the 

exception of a pore contained in a fossil. Porosity varies from interparticle to intercrystaline with 

a few isolated vugs. Pores in general have good connectivity as seen in the reconstructed image 

of the sample in 4th quadrant. On the other hand, Figure 4.5b of the sample from heterogeneous 

Zone B shows a variety of grain sizes with a minor amount of sparsely distributed dense 

minerals. The sample clearly exhibits intercrystalline and vuggy porosity. The reconstructed 

image indicates presence of connected pores, although they are not as uniformly distributed as in 

the homogenous zone sample. Such differences in distribution and connectivity of the pores have 

implications on the effective flow and elastic properties of the samples. 

 

Macro CT Scans 

 A macroscale CT scan allowed us to characterize heterogeneity in the carbonate samples, 

both qualitatively and quantitatively. 2D CT image slices of the CSM samples with resolutions 

of about 300 um are shown in Figure 4.6b. A visual comparison of the optical images (Figure 

4.6a) with the 2D CT image slices confirms the textural heterogeneity with a more varied color 

distribution in the scan images. Using Equation 3.1 and panels in Figure 4.6c, I calculated 

Heterogeneity Number (HN) for all three samples. For each sample, the spread of the CT 

Number histogram increases corresponding to an increase in distribution of color heterogeneity. 

This HN can be considered as a direct indicator of the amount of textural and diagenetic 

alterations in these samples. Table 4.1 shows the petrophyscial parameters of these three samples 

along with their heterogeneity quantification estimates as described in next section. 
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Figure 4.5 Micro CT images of sample from a) homogenous Zone A and b) heterogeneous Zone 
B. The resolution of scan is 50 um. The images clearly show a big difference in the distribution 
of mineral, inclusions (pores and other mineral grains) 

 
 
Figure 4.6 Sample heterogeneity characterization using a) optical images along with porosity (ϕ) 
and permeability (k) values, b) CT scan images and c) CT number distribution. Sample images 
are arranged with increasing heterogeneity from bottom to top. 

a) b) 

a) c) b) 
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Auto Correlation Function (ACF) 

 Figure 4.7 presents the ACF results in terms of correlation lengths (CL) in all the azimuthal 

directions and the resultant anisotropy ratio (AR) based on the maximum and minimum 

correlation lengths. It can be seen from Figure 4.7ii panels that the textural anisotropy (light blue 

shade indicated along the black line in Heterogeneous sample) decreases with decrease in 

textural heterogeneity in the samples. For Homogeneous case in Figure 4.7ii, the directional 

dependence is almost absent due to more uniformity in the texture distribution in this sample. 

Figure 4.7iv panels show correlation length (CL) of the samples as a function of lag for different 

azimuths (0o to 180o) in terms of difference between the maximum lag (amax) and the minimum 

lag (amin) values. These lag values are measured at 1/e of the ACF’s maximum value at zero lag. 

The lag values as can be seen are larger for more heterogeneous sample. The anisotropy ratio 

(AR) is between the maximum and the minimum correlation lengths. 

 

A synopsis of the calculated parameters used for quantifying heterogeneity is presented in Table 

4.1. Note that the Heterogeneous and the Intermediate samples that are similar in textural 

distribution have more closely related petrophysical properties than the Homogeneous sample 

that has distinct textural as well as petrophysical property values. 

 

Table 4.1 CT scan image derived Heterogeneity Number (HN), Anisotropic Ratio (AR), and 
Correlation Length (CL). 
 

Property Homogeneous Intermediate Heterogeneous 

Porosity (%) 20 30 29 
Permeability (mD) 2.6 15.1 23.4 
Heterogeneity Number (%) 17 34 44 
Correlation Length (CL) 3.39 8.3 11.0 
Anisotropy Ratio (AR) 1.3 1.2 1.4 

 

Both methods of heterogeneity quantification, HN using CT density histograms and AR 

and CL using ACF, suggest a positive correlation between independent assessments of the 

heterogeneity from parameters such as Heterogeneity Number (HN), Correlation Length (CL), 

and Anisotropy Ratio (AR). Increasing Heterogeneity Number shows increasing Correlation 

Length and increasing Anisotropy Ratio in the samples.  
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Figure 4.7 Textural heterogeneity quantification using autocorrelation of CT scan images. The 
columns a), b), and c) show the analysis for the Heterogeneous, Intermediate and Homogeneous 
samples, respectively. Each row from i)–iv) shows the steps in the textural quantification. i) Raw 
CT images, ii) autocorrelation function (ACF) image of the raw CT image, iii) pixel ACF versus 
correlation length (CL) in the x and y directions and iv) ACF calculated along azimuths ranging 
from 0–80o. The correlation length is measured at 1/e of the ACF’s maximum value at zero-lag. 
The AR is between the maximum and minimum correlation lengths (From Sharma et al. 2013).  
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Porosity and Permeability 

 I measured porosity and permeability in all samples using CMS-300 pseudo steady 

state system. The values for the Middle East Carbonate sample (Table 4.2 and Figure 4.8) show 

three separate groups that conform to the three zones encountered in this well 2. Table 4.2 

porosity and permeability in this well clearly identifies three rock types with heterogeneous Zone 

B being the best rock with superior storage and flow capacity.  

 

Table 4.2 Porosity, permeability values for Middle East Carbonate samples. 
 

 
 

 
 
 As discussed in Chapters 2 and 3, to understand dispersion in elastic properties, the scale 

of investigation is equally important as the frequency at which the experiments are conducted. 

Since the core argument of this thesis is the impact of heterogeneity, it was necessary to identify 

and quantify the scale of the samples that were used for my experiments. To test an appropriate 
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Figure 4.8 CMS-300 (a pseudo steady state system) values for a) porosity and b) permeability. 
The available trend shows that the three zones have quite different values and can easily be 
grouped for flow zones in the reservoir. A comparison between QEMSCAN porosity and helium 
porosity shows a good match at all porosity values 

 
 
 

sample size needed to capture formation heterogeneity, I used porosity determined from multiple 

techniques such as, bulk and mineral density, CMS-300, and QEMSCAN. Figure 4.9 presents the 

comparative analysis of porosity measured with the three techniques on samples from three wells 

of the Middle East Carbonates reservoirs. While CMS-300 and the density method involved the 

whole core (about 2.5inch length and 1.5inch diameter), I used two resolutions, 10 m and 2 m 

for the QEMSCAN analysis in order to understand the variation of porosity with image 

resolution. Figure 4.9 shows that 2 m resolution invariably gave lower values of porosity in 

comparison to the 10 m resolution and as well with other porosity measuring methods. I found 

that at low (< 10%) and at high (>20%) porosities, the porosity values from 10 m scale image 

almost always converged with core measurement. This similarity in porosity values across four 

orders of scale variation ensured that the heterogeneity in the core sample used for pressure 

measurements was adequately represented. 

a) b) 
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Figure 4.9 A comparison of porosity calculation using different scales of investigation. Most of the samples show good repeatability 
between Density method and CMS-300 but with QEMSCAN®, there is mismatch for porosity values that are in medium to high range. 
Phenomenon called Porosity-Mineral-Transition (PMT) as detailed in Jobe (2013) is a likely factor that can account for under 
assessment of porosity. 
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Pore Size and Pore Shape Characterization 

 In addition to porosity, pore size and shape (aspect ratio) also control flow and elastic 

properties. Since the focus of this thesis lies on elastic properties, flow discussions will be used 

only as they might affect elastic properties.  The QEMSCAN images (Figures 4.10, 4.11, and 

4.12) allow us to visualize the pore size and shape distributions in each sample. The images were 

acquired at 2 m resolutions and represent a 1 cm2 area. This high resolution is required not only 

to identify the mineral components it is also helpful to estimate microporosity in the samples. In 

Figure 4.10, the pore sizes range from less than 5 m to 50 m. The small pores appear to be 

inaccessible by fluids (Sharma et al. 2013) while the high-aspect ratio micro crack and pores are 

known to be pressure sensitive. A similar observation was found for the Dense Zone A sample in 

Figure 4.11 and Zone B sample in Figure 4.12. However, in w2s9, the density of high-aspect 

ratio pores increases significantly. Thus, this sample even with lower porosity is expected to 

show compliance under pressure. 

 

Figure 4.10 QEMSCAN® analysis (resolution ~ 2 um) of the sample w2s1 show appreciable 
amount of microporosity. Most of the large pores also have very low aspect ratio and therefore 
will have compliance under the pressure. 
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Figure 4.11 QEMSCAN® analysis (resolution ~ 2 um) of the sample w2s9 show very less 
amount of microporosity. Most large size pores are of very low aspect ratios therefore lot of 
compliance under pressure 

 

 
 
 

Figure 4.12 QEMSCAN® analysis (resolution ~ 2 um) of the sample w2s13 shows appreciable 
amount microporosity in the sample w2s13. Most large pores still have low aspect ratio therefore 
will show compliance under pressure. 
 



 

78 
 

CHAPTER 5 

RESULTS: SEISMIC PROPERTY CHARACTERIZATION USING LABORATORY 

MEASUREMENTS 

Seismic surveys have been backbone of wide scale oil and gas exploration activities. 

They have been very successful in providing necessary diagnostics for identification of 

hydrocarbon bearing reservoirs. With increasing challenges of detection and delineation in 

exploration and field development, such as small stratigraphic traps and 4D studies for fluid 

displacement, respectively, seismic data are often augmented by high resolution sonic logs and 

ultrasonic core velocity measurements. However, these different frequencies of investigation 

lead to dispersion in the seismic properties. In this chapter, I present the results of laboratory 

measurements of elastic and anelastic properties on carbonate samples as functions of pressure, 

fluids, and frequency. Matrix and fluids exert equally important effects on the seismic properties 

of effective media. The results are also examined for the impact of textural heterogeneity on 

elastic and viscoelastic properties of carbonates under similar test variables.  

Elastic properties, such as Young’s Modulus (E), Bulk Modulus (K), Shear Modulus (G), 

Poisson’s Ratio (PR), velocities (VP and VS) and attenuation (1/Q) are measured in rocks as 

functions of environment (temperature, stress), rock matrix (density), and fluids (density and 

viscosity). Elastic properties are commonly obtained from sonic logs at kHz frequency or from 

laboratory measurements ultrasonic at MHz frequency on dry or saturated cores. The low 

frequency (LFQ) quasi-static experiments allow us to make measurements in the seismic 

frequency range (2 – 2000 Hz) and provide elastic property estimates by simulating seismic 

strains (<10-6) in the rocks (Spencer 1981). These LFQ experiments are difficult to make and 

require careful and tedious sample preparation. The sample preparation is complex and the 

samples are almost always not reusable (Appendix B details the low frequency sample 

preparation and data reduction).  

 

Ultrasonic Measurements 

In ultrasonic experiments, pulse transmission is used to measure acoustic velocities in the 

rocks. In Figure 5.1, I present ultrasonic velocities measured on two samples; one from the 

Dense Zone A (sample w2s9) and another from the Heterogeneous Zone B (sample w2s17). I 
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compare the compressional and shear wave velocities (Vp, Vs, respectively) in these two 

samples with increasing differential pressure and varying saturants, (butane, brine, CO2). The 

petrographic and petrophysical measurements detailed in Chapter 4, showed that sample w2s9 

from Dense Zone A has a homogenous texture and porosity of <1%.  This low porosity leads to 

higher VP and VS in the dry sample as compared to the higher porosity sample (w2s17). The clay 

concentrations along the micro crack or other linear features do not appear to affect the overall 

stiffness of the rock. In comparison, sample from Zone B has a heterogeneous texture and 

porosity of 24% and no clay traces. Consequently, the dry VP is 50% lower than Vp in the 

sample from the Dense Zone A at all pressures. This difference in velocities stayed about the 

same in saturated state of these samples as well. Figures 5.1a and 5.1b show the sensitivity of 

compressive-wave velocity (Vp, Km/s) for sample w2s9 and w2s17, respectively with respect to 

differential pressure for varying fluids. The increase in velocity with effective pressure is 

minimal in the Dense Zone A sample. The Heterogeneous sample, on the other hand, shows 

higher pressure sensitivity with velocity changing with pressure by ~18% for the dry state and 

~17% for the brine saturated state. The difference in velocities between dry and brine saturated 

cases is around ~7% at the maximum pressures. Velocities in butane and CO2 saturated rocks lay 

between the values measured in dry and in brine saturated rocks.  

Figure 5.2a and 5.2b shows VS for the Dense Zone A (sample w2s9) and the 

Heterogeneous Zone B (sample w2s17), respectively as a function of differential pressure for 

various saturants, butane, brine, and CO2. As for Vp, Vs also shows a negligible increase in the 

Dense Zone sample but in the heterogeneous Zone sample, Vs increases by ~20% for the dry 

state and by ~10% for the brine saturated case.  

Vs decreases after saturation with polar fluids, brine and CO2. No change in Vs is 

observed after saturation with the non-polar butane.  The Dense Zone sample with lower porosity 

shows a larger decrease in Vs as compared to the high porosity heterogeneous Zone sample on 

saturations with brine. On the other hand, after saturation with CO2, Vs decrease is much lower 

for the Dense Zone sample (5%) as compared to the Vs decrease in the heterogeneous Zone 

sample (33%). Since this decrease cannot be accounted to higher fluid density, the shear modulus 

in the rock must have decreased appreciably. The fluid effects on Vs are significant.  
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Figure 5.1 Sensitivity of compressive-wave velocity with respect to differential stress and with 
different fluid substitution in, (a) w2s9, and (b) w2s17. The velocity shows a consistent increase 
with increasing density of the substituting fluid. (1 km/s = 3280.84 ft /s) 

ϕ ≈ 1% 

ϕ = 24% 
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Figure 5.2 Sensitivity of shear-wave velocity with respect to differential stress and with different 
fluid substitution in, (a) w2s9, and (b) w2s17. The velocity values show a consistent weakening 
with polar fluids such as brine and CO2. (1 km/s = 3280.84 ft /s) 

ϕ ≈ 1% 

ϕ = 24% 
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While shear weakening in carbonate rocks has been observed by numerous authors (for 

example, Assefa 2003; Eberli et al. 2003; Baechle et al. 2005; Sharma et al. 2006; Adam et al. 

2009), my results show two different effects: a fluid-rock interaction with polar fluids that 

appears insensitive to porosity and a mineral dissolution effect that is porosity dependent. 

These results of Vp and Vs suggest that substituting the formation fluid with polar fluids 

would lead to significant changes in moduli values particularly for the stiffer Dense Zone A. The 

reduction in Vs indicates that shear modulus reduces after saturation. At the same time, since Vp 

increases, the bulk modulus must increase substantially to compensate for the shear modulus 

reduction.  

 
 
Effective Pressure Sensitivity 

The impact of saturants changes on the rock physics properties have often been well 

described (Gassmann 1951; Mavko 1975; Batzle et al. 2006; Kumar 2005; Hofmann 2005; 

Adam 2009). However; the impact of fluid pressure changes on velocities are less well 

documented (Todd and Simmons 1971). Although differential pressure (Equation 5.1) is 

commonly used to describe the stress state of the rock frame (Terzaghi 1936), the effective 

pressure (Equation 5.2) has been demonstrated to be a more realistic description for consolidated 

rocks (Biot and Willis, 1957; Christensen and Wang, 1985; Prasad and Manghnani 1997; 

Hofmann et al., 2005). Thus, the contribution of pore pressure to the overall stress state on the 

rock frame is governed by the coefficient ‘n’, also called the Biot or the effective pressure 

coefficient (Equation 5.3).  � �  , = −       (5.1) 

 �  , = −        (5.2) 

 

σur and Byerlee (1971) demonstrated that ‘n’ can theoretically be defined as  

 � ′  � � , = − � �      (5.3) 
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Figure 5.3 show the impact of changing pore pressure on shear-wave velocity as function 

of confining pressure. The impact in these two samples is distinct because of the varying degree 

of initial grain consolidation and the added complexity due to the subsequent shear weakening 

upon saturation in carbonate rocks. The Dense Zone A sample (Figures 5.3 a, c, and e) shows 

minor sensitivity pore pressures at lower pore pressures of 500 and 1000 psi. However, the 

differences reduce with increasing confining pressure. On the other hand, the Heterogeneous 

Zone B (Figures 5.3 b, d, and f) shows larger sensitivity to pore pressures as well as confining 

pressures. These differences suggest that the effective pressure coefficient ‘n’ must be larger for 

the high porosity Heterogeneous Zone than for the Dense Zone.  

Theoretical and empirical models have been proposed (Mindlin 1949; Ebhart-Phillip et 

al. 1989; Mavko, 2004) to estimate the effects of pressure changes on rock properties. The model 

predictions and their discrepancies are discussed in Macbeth et al. (2004). Todd and Simmons 

(1972) derived the following equation to determine the effective stress coefficient: 

� ′  � � , = − ( �� )
( �� )      (5.4) 

where nQ is the effective stress coefficient for the property Q, the numerator on the right hand 

side denotes values of Q at constant differential pressure, and the denominator denotes values of 

Q at constant pore pressure.  A schematic diagram of Equation 5.4 for Vp is shown in Figure 5.4. 

 

Figure 5.5 shows Vp data for three pore pressure and five differential pressure values 

along with the dry Vp data.  This figure shows the collective response of the varying confining, 

pore, and differential pressure on the compressive-wave velocity with butane and brine in Figure 

5.5a and 5.5b respectively. To a large extent, Vp in butane and brine saturated rocks appears to 

have similar slopes. The main difference between the two rocks lies in the fact that Vp is lower 

in butane saturated samples than in brine saturated samples. In Figure 5.5, the lines for constant 

differential pressures are more or less flat and do not change with confining pressure. This 

implies that effective pressure coefficient is almost one. Using Equation 5.4, I obtain a value of 

0.4 for the Biot’s coefficient at a Pd= 1000 psi Pp=500 psi. This Biot coefficient needs a detailed 

study in any heterogeneous formation through laboratory measurements.   
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Figure 5.3 Changes in shear-wave velocity when fluid is substituted at different pore pressures 
(500psi, 1000psi, 2000psi). The effects in sample w2s9 are shown in a) butane, b) brine, and c) 
CO2. Similarly, b) butane, d) brine, and f) CO2 shows the fluid effect at varying pore pressure for 
sample w2s17. The heterogeneous sample w2s17 is clearly more sensitive to change in pore 
pressure and also with confining pressure unlike the homogeneous sample w2s9. (1 km/s = 
3280.84 ft /s)  

Butane 

Butane 

Brine 

Brine 

CO2 

CO2 
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Figure 5.4 Schematic behavior of compressive-wave velocity as a function of compressive 
pressure. (From, Hofmann et al., 2005) 
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Figure 5.5 Combined effect of differential and confining pressure on compressive-wave velocity 
in sample w2s17. Whereas the substitution with butane (top panel) shows that the velocity 
getting saturated around 3.4 km/s, with brine (bottom panel) the velocities are showing upward 
trend. Red circle shows an outlier. 
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Low Frequency Measurements 

Ultrasonic measurement averages the rock property between source and receiver. To 

characterize inhomogeneity, the elastic and visco-elastic behavior of the rock needs to be studied 

at seismic frequencies.  The ultrasonic measurements were still made alongside the low 

frequency to serve as reference for QC of the low frequency data because of the lack of proper 

calibration and complex electronics, high random errors in the low-frequency measurements are 

common (Adam 2009).  

Low frequency system calibrations were carried out using a soft epoxy sample with a 

large number of strain gages placed inside and on the outer surface (Figure 5.6). Gages were 

placed in all orientation to understand the overall impact of recorded phase difference to test and 

calibrate the system and also verify the functioning of Wheatstone bridge connection and other 

electronics, and to document that the K-20® epoxy used to glue the strain gages to the surface of 

the sample had no effects on the measured strain and hence on the other estimated rock 

properties. Appendix B deals in detail with sample preparation, data reduction and error 

estimation using low frequency investigations. 

 

 
 

Figure 5.6 Photograph of an epoxy sample with strain gage as casted and glued inside and on the 
surface of the sample. The epoxy sample is very homogeneous and devoid of any visible 
discontinuities.   
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I measured seismic properties in the frequency range of 2Hz to 2000Hz. Starting with the 

calibration plug, Figure 5.7 shows the recorded strain values in the epoxy sample at two 

differential pressures i.e., Pd=0 psi (Figure 5.8a) and Pd=3000 psi (Figure 5.8b).  The vertical 

axis shows strain increasing from bottom to top and the frequency of investigation increases 

from left to right on the horizontal axis. As discussed in Figure 3.21c, the vertical gage, also 

called the Young’s gage, on the epoxy sample records maximum strain values, followed by the 

horizontal (Poisson’s) gage, and reference vertical gage on aluminum.  Changing Pd from 0 psi to 

3000 psi, only the sample vertical gage shows some visible change with slightly lower strains at 

higher differential pressures. Figure 5.8a also shows an operational limitation of the low-

frequency system in red color. The sudden fluctuations in the strain values around 2000 Hz is 

due to the resonance effect in the low-frequency system and therefore the measured strain data 

around this frequency has not been used. 

It is evident from Figure 5.8 that a softer rock will generate more strain as compared to a 

stiffer rock under the same applied stress. For nearly elastic material, strains will be independent 

of the frequency and therefore will lie more or less parallel to the horizontal axis. On the other 

hand, for a viscoelastic material, the response of the material to the applied stress will change 

with frequency. Figure 5.8 presents comparison of soft epoxy sample and the one from the 

Middle East Carbonate field. Figure 5.8a shows six strain measurements, two from each pair, for 

a differential pressure of 3000 psi in the epoxy sample. Figure 5.8b shows twelve strain 

measurements –two sets of three pairs each- at pressures of 0 and 3000 psi. On comparison of 

strain values for the 3000 psi step, the soft epoxy sample recorded 70% higher strains than the 

sample from heterogeneous Zone B for both Young’s and Poisson’s gage; whereas, aluminum 

being standard, records similar strain values. In a way, it verified that our low frequency system 

was working properly and sensitive to rocks of different character. 

The measured strain data was used to calculate Young’s modulus, Poisson’s ratio, bulk 

modulus, shear modulus, compressive-wave velocity (Vp) and shear-wave velocity (Vs). Figure 

5.9a and 5.9b shows the calculated modulus and velocity in the epoxy sample. This modulus and 

velocity is the average value of the two pair of gages placed diametrically perpendicular to each 

other. With ultrasonic moduli and velocity measurements plotted alongside the seismic 

frequencies measurements, it is clear that there is no dispersion in modui or velocity values.  
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Figure 5.7 Strains measured on epoxy sample at different pressures, a) at zero confining pressure 
and b) at 3000psi confining pressure. The maximum strains are recorded in Changes in 
horizontal and aluminum strain gages were negligible.  
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Figure 5.8 Comparison of strain values in (a) epoxy sample, and (b) sample w2s17. The 
comparison is made at 3000 psi differential pressure. Aluminum being a standard material 
records equal amount of strains.  

 
 



 

91 
 

 

 
 

 
 
Figure 5.9 Calculated, (a) moduli (Young’s, Bulk, and Shear) and Poisson’s ratio, and (b) 
velocities (VP and VS) at a differential pressure of 3000 psi. No dispersion observed for moduli 
or velocity for this homogeneous sample. 
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Considering this data as a benchmark for homogeneous, isotropic, dry samples, I 

examined a similar data set for the actual samples from the Middle East Carbonate field. The aim 

was to understand and examine the dispersion trend in these samples with varying textural 

heterogeneities. 

Multiple views exist on state of sample and the related attenuation mechanisms. For 

example, Tittmann et al. (1980), Kumar (2005); Batzle et al. (2006) and Hoffmann (2006) show 

that a dry rock will not show attenuation. However, a minimal amount of volatile content may 

cause appreciable loss (Clark et al. 1981). On the other hand, Tisato and Quintal (2014) mention 

that experimental studies of attenuation in dry rocks (Gordon and Davis 1968; Winkler et al. 

1979)  is sensitive to strains and the responsible mechanisms include intrinsic anelasticity, 

friction at grain boundaries and cracks, and thermoelastic effects (Walsh, 1966; Nowick and 

Berry, 1972; Jonhston et al., 1979; Kjartansson, 1980).  

In Figures 5.10a, b and c, I first plot moduli and Poisson’s ratio at a differential pressure 

of 3000 psi in samples from Dense Zone A (homogeneous), Zone A (homogeneous), and Zone B 

(heterogeneous), respectively. The moduli are plotted in log scale on y axis. It can be seen in 

these figures that there is insignificant increase in value of moduli in going from very low 

frequency of 10 Hz to around 2000 Hz. But as we move to ultrasonic frequency the jump is 

slightly prominent particularly in the samples with homogeneous texture. To understand if the 

smaller discontinuities are contributing or not to the observed dispersion, I plotted the same set 

of data in the same sample at a differential pressure of 500 psi (Figure 5.10c, d, and e).  Not only 

that the values of the moduli has decreased at the lower differential pressure but the dispersion 

has become more prominent even for the heterogeneous sample whereas it was absent at Pd = 

3000 psi. Therefore, it is concluded that dispersion in moduli value is more visible at lower 

differential pressure in samples that have low aspect ratio compliant pores or microporosity as 

supported by most Dense Zone A and Zone B (Chapter 4) or it could be the residual moisture in 

the sample particularly for cases like homogeneous Zone A sample which showed mild 

dispersive trends at both differential pressures.  
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Figure 5.10 Elastic moduli and Poisson’s ratio at a differential pressure of 3000 psi in (a) Dense Zone A, (b) Zone A, and (c) Zone B 
and at 500 psi in (d) Dense Zone A, (e) Zone A, and (f) Zone B. The data suggests that the measured moduli has dispersion that 
becomes more prominent at lower differential pressure probably for the reason that compliant pores and microporosity in these 
samples are experiencing phenomena that are sensitive to strains or that the samples might a some residual moisture in them.  

 

 

a) b) c) 

d) e) f) 
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It is clear from the Figure 5.10 that there is some dispersion in the moduli in the three dry 

samples particularly at the higher frequency ends. Hence the important question, whether it is the 

textural heterogeneity or the presence of moisture or a combination of both or the dominance of 

one over the other that is contributing to attenuation and dispersion in seismic rock properties in 

these samples? Because I made sure those samples were completely dry to begin with, the simple 

answer for the above dispersive behavior in these samples should be due to the heterogeneity of 

texture in these samples.  

Figure 5.11a and 5.11b shows shear modulus in sample w2s17 (heterogeneous) and w2s9 

(homogeneous) respectively. Each panel contains two sets of data i.e., dry and brine saturated. 

Both dry and brine saturated sets are plotted at differential pressure of 0 psi and 3500 psi (@ 

PP=500 psi). Three main observations were made based on this figure. The first one is that there 

is significant pressure sensitivity in the heterogeneous zone resulting in 50% gain in the value of 

shear modulus at low frequency end compared to a 25% jump in the homogeneous sample. At 

the higher frequency, the gain in the shear modulus value is even more in the brine saturated case 

but only for the heterogeneous sample. The simple explanation is the local squirt mechanism at 

the ultrasonic frequency becomes active between the patches of heterogeneous pore distribution. 

The second observation is that there is a decrease in shear modulus upon brine saturation 

although it increases with increasing effective pressure.  

In this study, it is clear that the shear modulus decrease is significantly more in the 

heterogeneous facie than in the dense zone homogeneous facie. The decrease is approximately 

16% at the higher differential pressure and 10% at the lower differential pressure in the 

heterogeneous samples whereas, it negligible for the dense homogeneous sample. The last of the 

observation in this figure is the reasonable dispersive trends for the shear modulus value in the 

heterogeneous sample. The homogeneous sample does quantifiable dispersion in the modulus 

values.  

Figure 5.12a shows the shear modulus at higher pore pressure (1000 psi) with multiple 

confining pressures and multiple fluid substitutions in the heterogeneous sample. With increasing 

confining pressure to achieve the same differential pressure as in Figure 5.11a, it was observed 

that overall values of the shear modulus have not changed much. The shear modulus weakening
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Figure 5.11 Shear modulus dispersion for sample w2s17 at a) pore pressure of 500 psi and b) pore pressure of 1000 psi. With increase 
in pore pressure, the dispersion in shear modulus reduces by little marginCO2 saturated plugs shows higher dispersion than brine 
saturated at a 1000 psi pore pressure.  
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is still persistent and is significant also. However, the most astonishing observation was the 

substitution of CO2 and its impact on carbonate formation. The immediate and prominent impact 

was the reduction in shear modulus by more than 100% in comparison to the shear modulus 

value at similar differential pressure with brine saturation in this sample. The measured 

properties are dispersive and more so with CO2 substitution. This observation is in stark contrast 

to the assumption that fluids do not react with host rock, and in some cases it happens within 

short period of time as in chalks (Gennaro et al., 2003). Therefore, for the carbonate reservoir 

operating for many decades and undergoing multiple flooding regimes, it is an implication that 

the changes in the host rock will happen rather quick and therefore the forecasting tools need to 

accommodate the changing rock matrix and associated elastic properties before making any 

production forecasting.  

In terms of guidance for the detection of displaced fluid using rock physics tools, the 

calculated VP in Figure 5.12b shows that in no way the ultrasonic frequency estimate would have 

been close to reality. In other words, the dispersion is huge around 100% for the seismic 

predicted VP versus the ultrasonic VP. The butane and brine substituted VP does not show much 

dispersion. In summary, shear modulus decreases even at seismic frequencies when saturated 

with polar fluids like; brine and CO2. This can be a challenge to interpret from field observations 

only. In the absence of forward model using experimental data as in this thesis, wrong 

information may be used in detecting subtle seismic anomalies due to presence of bypass oils in 

the reservoir. Both dispersion and attenuations are large for CO2 substituted samples and less for 

brine substituted ones.  

Finally, the Cole-Cole model was used to fit the measured data and provide dispersion 

correlations in these formations. This information is of great benefit to model and predict data at 

a different frequency using measurements at another frequency. Figure 5.13a shows Young’s 

modulus data for brine and CO2 saturated heterogeneous zone.  The measured data clearly shows 

that both brine and CO2 cause dispersion and its magnitude decreases with increasing differential 

pressure. In the CO2 saturated sample, over 100% increase in Young’s modulus values at the 

highest differential pressure of 2000 psi. One plausible explanation is the recrystallization 

followed after early dissolution and reprecipitation in the carbonate formations after prolonged 

exposure to polar fluids such as CO2. If indeed this is the case, then carbonate reservoir need a 
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Figure 5.12 Fluid substitution and shear modulus dispersion for sample w2s17 at a) pore 1000 
psi pore pressure and multiple confining pressure, and b) resultant compressive wave velocity at 
1000 psi pore pressure.  
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much closer look before providing inputs to reservoir simulations based on the simplified 

assumption of standard reservoir mechanism where fluid does not play a part in altering the host 

rock. Figure 5.13b shows the estimated extensional attenuation (1/QE). The data clearly shows 

that CO2 saturated formation are more attenuative that the brine saturated one and therefore the 

dispersive. Attenuation decreases with increasing effective pressure. In summary, carbonates 

formation are sensitive to the polarity of the fluid it is saturated with. More polar (acidic) fluid 

results in higher attenuation and dispersion in the data and therefore needs thorough analysis and 

understanding in terms of effective elastic properties at the investigating frequency.  
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Figure 5.13 Young’s modulus variation with frequency in substitution with brine and Cτ2 to show, a) dispersion and b) attenuation.  
Attenuation and dispersion are more for CO2 than for brine. Both attenuation and dispersion decreases with increasing effective 
pressure.  
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CHAPTER 6 

DISCUSSIONS: SEISMIC PROPERTY MODELING OF MEASURED AND 

FIELD DATA 

 The aim of this chapter was to understand the applicability of laboratory measurements 

and their analysis to model the elastic properties in carbonate reservoirs. Previous chapters have 

emphasized that a combination of laboratory data and an appropriate rock physics model can be 

used to interpret the field seismic signature for Direct Hydrocarbon Identification (DHI). In this 

chapter, I have used two case studies, wherein I first define the problem and then logically build 

up the algorithm to model the saturated rock properties in these reservoirs. The data for the first 

case study was obtained on the CSM Carbonate samples in the laboratory at CSM. For the 

second case study, I used published data on North Sea Chalks  

 

6.1 Modeling Ultrasonic Measurements Using Gassmann 

 I modeled the ultrasonic velocity data for samples D, J, K from the CSM Carbonate 

sample set using Gassmann relation (Equation 3.26).  Instead of assuming the fluid to be only 

Reuss type as with most uniform saturation in siliciclastic, I also used the Fluid Mixing model 

(Equation 5.5) from Brie et al. (1995) to address the patchy saturation if any in my experiments.  

Kfluid = (Kliquid – Kgas)*(1-Sgas)
e + Kgas       (6.1) 

Where, Kfluid is the bulk modulus of the fluid mixture 

 Kliquid is the bulk modulus of the liquid component in the formation 

 Kgas is the gas bulk modulus 

 Sgas is the saturation of gas 

 ‘e’ describes the fluid mixing and ranges from 1 to 40; e = 1 implies that the fluids are mixed in 

series whereas e = 40 is used for mixing fluids in parallel. In the prediction exercise, I varied e 

values from 1 to 3 to fit the measured compressional velocity data. With decreasing ‘e = 1’, the 

predicted velocity becomes faster and plots like Voigt response for velocity, whereas for the ‘e = 

40’ the prediction imitates the Gassmann behavior as the blue line in Figure 6.1a, b & c. 
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Patchy saturations are very common in carbonates owing to the heterogeneity in texture 

in these rocks. Patchy saturation could also be a process driven phenomenon achieved, for 

example during depletion or desaturation in a formation (Cadoret et al. 1992). Since the 

Gassmann model assumes uniform saturation, any deviation between measured and modeled 

velocities can give us some insight about saturation patterns. The Fluid Mixing model (Brie et 

al., 1995) provides variations in saturation patterns between uniform and patchy to mimic the 

variations in our samples for spontaneous and forced imbibition. Table 6.1 presents the list of 

constants (Mavko et al. 2009) used in our calculations. 

 Figure 6.1 a, b &c shows measured compressional velocity data plotted as a function of 

brine saturation (porosity). Since compression velocity is positively correlated with Kdry, a 

measure of the stiffness of the rock, it is amply clear that the samples were not of same stiffness 

to begin with. Stiffness in turn checks the influence of fluid substitution on effective elastic 

property of the saturated rock. Hence, elastic property variations upon saturation will be less 

when Kdry is high and vice a versa. For example, the heterogeneous and the intermediate sample 

have similar porosity. However, since the intermediate sample has lower Kdry, it has a larger 

variation in Ksat.  

 

Table 6.1 List of constants used in calculation of modeling parameters (from ‘Handbook of Rock 
Physics’ Mavko et al., 2008) 

 

  

 Figure 6.1 shows measured and modeled velocities as functions of saturation. As 

discussed earlier (Winkler 1986, Eberli et al. 2003, Assefa et al. 2003), the Gassmann model 

underpredicts measured velocity values for the heterogeneous and the intermediate texture 

samples (Sharma et al. 2013). For the homogeneous sample, the Gassmann model prediction is 

about the same as measured values indicating homogeneous saturation. The Fluid Mixing model 

Bulk Modulus Shear Modulus Density

GPa GPa Kg/m3

Calcite 75 31 2710

Clay 21 7 2600

Brine 2.5 0 1100

Air 0.000147 0 1.25

Property

/Mineral
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approaches measured bulk moduli only for e = 1 in the heterogeneous and the intermediate 

samples indicating extreme patchiness in saturation. The mismatch between ultrasonic velocity 

data and the Gassmann model in saturated carbonates is due to two main reasons: 1) Partial and 

patchy saturations are prevalent in carbonate rocks, whereas Gassmann model is valid for 

uniform saturations (Sengupta and Mavko 2003), and 2) Squirt or other or local flow 

mechanisms at higher frequency may influence measured velocities whereas Gassmann model is 

a low frequency approximation (Mavko and Jizba 1991). The difference between the Gassmann 

low frequency approximation and Biot’s high frequency approximation was shown to be 

minimal when compared with measured ultrasonic velocity (Fabricius et al. 2010). We therefore 

infer that patchiness in saturation due to textural heterogeneity is the dominant factor controlling 

velocities as compared the local flow mechanism.  

We also found that saturation in these samples has affected the shear strength of the 

samples (Figure 6.1 b, d, f). The modeled VS values presented in bold blue line incorporate fluid 

density effects on the dry state shear modulus of the samples. At the FIMB state, the rigidity of 

the homogeneous rock with the softest of the rock frame is most affected by the saturation 

whereas in the heterogeneous rock with the stiffest of the rock frames, saturation has a smaller 

effect on shear strength of the rock. The reasons for such reduction in shear strength upon 

saturation have been detailed in Khazanehdari and Sothcott (2003). The most common of them is 

the changes in surface energy due to fluid-solid interactions (Tutuncu et al. 1998) or reduction in 

activation energy due to weakening of solid-solid bonds (Martin 1972). The fluid-solid 

interactions responsible for weakening the shear strength occurs for the reasons that in most of 

the cases the imbibed fluid is not similar to the formation fluid and hence is not in equilibrium 

with the host rock as the original formation water would be. In reactive rocks like carbonates, 

such difference in salinity/pH of the imbibed fluid will more readily initiate geochemical 

reactions between the host rock and the imbibed fluid. Similar was the difference in salinity of 

the imbibed (8000 ppm-Low Salinity Brine) fluid and the original formation (160000 ppm) fluid 

in my samples. This could easily become potential reason for initiating geochemical reaction 

responsible for weakening solid-solid bonds and thus shear strength of the rocks. Also our results 

shows that a weaker rock frame (homogeneous rock) will have more shear weakening effects 

than a stiffer rock frame (heterogeneous rock) when treated with similar salinity fluid. This  
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Figure 6.1 Predicting saturated acoustic velocities using Gassmann (blue line) uniform saturation and Brie et al. 1995 (red line using 
e=1, green line using e=3) patchy saturation models in samples with varying degree of textural heterogeneity. Top panels show the 
compressive-wave velocity in (a) heterogeneous, (b) intermediate, and (c) homogeneous sample. Bottom panels show the shear-wave 
velocity in (d) heterogeneous, (e) intermediate, and f) homogeneous samples. Shear weakening is observed in all the samples and 
therefore Gassmann model overestimates velocities in carbonates. This over estimation could be larger if the sample are only partial 
saturated. 
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This weakening in shear strength has greater time-lapse implication for geomechanical 

application in these reservoirs. Our results have implications for reservoir characterization in 

carbonate formations that involve integration of various data types such as, petrophysical, rock 

physics, and seismic data, as well as reservoir simulations to obtain realistic flow and elastic 

property variations with time. Often analogs and models are used to predict reservoir properties 

and changes therein due to production or secondary recovery processes. However, although 

saturations might be uniform in the initial phase of a reservoir development, textural 

heterogeneity and resulting anisotropy can lead to patchy depletion during production or during 

flooding treatments. These changes can be either masked or accentuated in 4D seismic maps and 

potentially lead to errors in estimates of by-passed zones. 

 

6.2 Modeling ∆Pressure and ∆Saturation Impact on Time-Lapse Elastic Properties  

Understanding both pressure and saturation changes over the life of a reservoir is 

essential for a successful exploitation of the reservoirs. 4D feasibility investigations, a 

geophysical exploration technique, takes into account both pressure and saturation effects and 

the effects of the rock-fluid interaction on effective elastic properties of the formation to help 

delineate displacement of fluids inside the reservoir. The laboratory measurements in Chapter 5 

have shown that elastic properties in carbonates rocks are sensitive to changes in saturants and 

saturation and to a lesser extent on pressure particularly in the stiffer samples. In the following 

section, I use the above insights as the basis for understanding and modeling the elastic response 

of chalk reservoirs in the Ekofisk field for a 4D feasibility scenrio. 

 The Ekofisk field in the Norwegian Continental Shelf is a giant hydrocarbon field with 

fractured chalk as one of the main reservoir lithology and with calcite as the dominant 

mineralogy. These formations have high porosity (25-40%) but low permeability (0.1 – 10 mD) 

(Fabricius 2007). The field was originally developed by pressure depletion with a recovery factor 

of about 17%. A large scale water injection program in 1987 increased the recover factor to 50% 

(Gennaro et al. 2013). Although the water injection increased the oil production, it triggered 

formation weakening (water weakening) of the chalk and caused substantial reservoir 

compaction, causing the seabed to subside by up to 9m (Folstad, 2010). The compaction-induced 

geomechanical changes in the overburden resulted in large 4D seismic effects, measured as 
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changes in two-way travel-time differences between the surface and the top of reservoir. 

Multiple vintage of seismic data have been used extensively in reservoir monitoring and in the 

planning of new Ekofisk wells (Folstad 2010). However, due to a fractured crest, a large part of 

the field is seismically obscured. Subtle amplitude changes are noisy and challenging to interpret 

reliably from streamer 4D seismic data (Gennaro et al. 2013). In this work, I use literature 

examples to discuss any similar real reservoir situation and present a work flow for estimating 

and analyzing time-lapse elastic properties that both pressure and saturation changes and may go 

through matrix property alteration due to flooding related phenomena. Before going ahead with 

the rock physics modeling to predict saturated rock behavior in chalks, it is essential to 

understand chalks and how they store and distribute fluid inside the fabric and how these fabrics 

are sensitive to the fluid inside the pore in changing from a prolific producer to a no show. 

 

Origin, Deposition and Diagenesis in Chalks 

Chalks are pelagic sediments made of calcareous oozes. Deposited on the sea floor from 

the sunlit water, microscopic skeletal materials (coccolithopores) are the main constituents 

(Figure 6.2). 

 

 

Figure 6.2 Scanning electron micrographs of chalk of Maastrichtian age. (A) Partially or fully 
broken coccoliths (Stevens chalk) with a porosity of 50%. The thin rods are modern organic 
remains (Fabricius 2007). (B) Coccolithopores species Emiliania huxleyi (Tyrrel and Merico 
2004). 
 

Compositional, depositional, and diagenetical history of Chalks has been well catalogued 

(Scholle 1977; Mavial and Dickson 1992; Lindgreen et al. 2002, 2008, 2010; Tyrrel and Merico 
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2004; Fabricius 2007; Madsen 2010). The initial porosity in chalks is estimated at 70-80%. 

Processes like dewatering followed by mechanical and chemical compaction can reduce the 

porosity up to 15% (Scholle 1977; D’Heur 1984). Factors like presence of clay between the grain 

and lack of early cementation could render higher sediment consolidation due to greater 

mechanical and chemical compaction (Surlyk et al. 2003). On the other hand creation of rigid 

framework due to early cementation, overpressure due to rapid subsidence, and early 

hydrocarbon charge could lead to preservation of high porosities. Figure 6.3 presents a sequence 

of deposition and burial diagenesis in chalks, which is typical of a carbonate reservoir. The log 

curve on the left panel shows the increase in compressive-wave velocity with gradual alteration 

in the matrix properties by recrystallization and pore-filling cementation (Fabricius 2003) 

   

 

Figure 6.3 Recrystallization and cement growth at grain contacts and in pores is typical of 
chalks. (Fabricius, 2003) 
 

Problem Formulation and Solution  

 Since it is difficult to obtain time-lapse open hole logs in deep water settings as North 

Sea, I used example from Gennaro et al. (2013) to explain the process and the problem it leads to 

in the carbonate reservoir for predicting time-lapse changes when the reservoirs is exposed to 

water flooding. Figure 6.4 shows time-lapse fluid saturation log over a period of eleven years 

(1994 to 2005) in Ekofisk and Tor formations. The well-logs clearly show that with time the 
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water gradually started replacing the original in-place hydrocarbon. This is typical of any 

reservoir under secondary recovery scheme. In this case, the maximum encroachment was 

noticed in zones EL and EM (subdivisions of Ekofisk Fm.). Zones EL and EM were also well 

known for the notable presence of the dense zone that had a corresponding match with the 

acoustic impedance (Figure 6.5). Interestingly, the author pointed out presence of minor dense 

zones that developed locally as also showing up in the new acquired density and gamma logs, 

had no correlation to the seismic impedance data (acquired earlier). Thus, the sea water flooding 

was at work in strengthening the localized areas by precipitating salts or the dissolved calcite in 

the pores or at grain contacts. Such flooding related dynamic scenarios are not built in any 

simulator or rock physics forward model to be able to make a forecast about future liquid 

production or estimate effective elastic properties.  

 For this work, making saturation forecast was out of the scope. However, modeling the 

rock physics response of such a rock is extremely desirable in order to be able to distinguish 

areas of replaced hydrocarbons or to understand the impact of change in fluid distribution due to 

the altering matrix (Figure 6.3). The main logs required for this work are the gamma ray log, 

density/porosity log, shear-sonic log and the interpreted saturation log. Advance information of 

mineralogy, fluids and salinity is an added advantage.  

 

Figure 6.4 Water breakthrough monitoring of well 2/4-C11A from December 1994 to October 
2005 indicating gradual increase in water in EL and EM zones that are notable for presence of 
abundant dense zones. Orange color indicates porosity and the blue is water that occupies 
indicated part of the porosity (From Gennaro et al. 2013). 
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Figure 6.5  Acoustic impedance shows clear response to the major dense zones (DZ ) and the EE 
unit but it lacks a clear response for the locally developed dense zones (Minor dense zone 
intervals) as a result of saturation (From Gennaro et al. 2003). 

 
 

As discussed above, chalks are fine grained high porosity formations with a definite grain 

to grain contact. Elastic moduli in such formation at time t=0 and after a certain pressure is built 

up, can be predicted using Hertz and Mindlin (1949) contact theory model. Figure 6.6a shows 

schematic presentation of the effect of pore filling (non-contact) cement versus the contact 

cementation after the original sediment has been deposited. Definitely, the impact on measured 

elastic properties would be much more for cements at the contact. Elastic  moduli  and velocity 

as  a  function  of  porosity  were  calculated  using  a  Modified Hashin Shtrikman Bound 

method based iso-frame model (Fabricius 2003), and the critical porosity estimates suggested by  

Nur et al. (1995). Figure 6.6b shows iso-frame modeling, and the critical porosity estimates in 

chalks to be ϕc = 0.64. This is based on the assumption that being granular in deposition and 

characters, chalks have interparticle (void ratio, ϕvoid) and intraparticle (intrinsic, ϕgrain), both 

around 0.4. The iso-frame model presents lines of equi-fraction matrix constituents. The lowest 
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bound is the Reuss bound presenting suspension moduli (softer component is continuous). This 

is also analogous to a pore filling cement where only the porosity reduces as the cement 

increases inside the pores without reinforcing the framework. Starting with well logs from two 

different times, steps for calculating the saturated time-lapse properties are shown in Figure 6.7. 

First the dry rock properties are calculated using Equation 6.1 (Zhu and McMechan 1990), 

 

� = � �� � �� + −� − � ��� � �� + � �� � � − −�       (6.1) 

 

Effective dry moduli values at new effective pressures were estimated using Hertz-

Mindlin (Mindlin 1949) contact theory. The theory requires KHM and GHM values at critical 

porosity (Kc, Gc) that can be estimated using the Hasin-Shtrikman-Lower-Bound approach 

(Equation 6.2 and 6.3) given by Smith and Brown (2005). The effective dry moduli were then 

used in the simple transfer equations (Smith et al. 2004) to estimating pressure changes on 

seismic properties (Equation 6.4 and 6.5). 

 � = [ ��+ + − ��+ ] − �        (6.2) 

 � = [ + +�� + + − �� + ] −       (6.3) 

Where, = +6 +        

 � = �   � � �
       (6.4) 

 � = �   � � �
       (6.5) 
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where, Knew and Gnew are the pressure corrected dry moduli and α is the Hertz-Mindlin coefficient 

suggested to be 1/3 for spherical grain in random dense packing. The best way is to use core data 

of compressional shear velocity measurement at varying effective pressures (Smith et al. 2004). 

Alternatively, the values of α=1/5 is also available in literature given by Landro and Kvam 

(2002) for the σorth Sea sandstone. After the pressure effects are calculated, use the Gassmann’s 

relation (Equation 3.26) to calculate added effect of saturation in these chalk formations. This 

saturation could be uniform or patchy depending on the exposure of these chalk reservoirs over 

the years as they are flooded with sea water to maintain pressure in the reservoir. Brine 

saturation (particularly the low salinity) in limestone formations has been known to carry out 

active dissolution and subsequent recrystallization (Tutuncu and Sharma 1992; Assefa, 2003; 

Eberli et al. 2003; Baechle et al. 2005; Sharma et al. 2006; Adam et al. 2009). Appendix A 

shows a detailed study on dissolution of calcite cement in the Brushy Canyon sandstone and 

impact on compressive and shear wave velocities in the formation.  The newly calculated elastic 

parameters for both the pressure and the saturation effects can be plotted using Hashin-

Shtrikman bounds (Fabricius 2003).  

The main objective of most of the “time-lapse”, or 4D seismic, analysis is for improved 

understanding of reservoir depletion zones and injected water expansion fronts within the 

reservoir interval, thereby reducing the drilling and production risks. In absence of any direct 

measurement, geophysical exploration tools such as rock physics modeling provides answers that 

are physically realizable and geologically explainable. In both the discussions above, we have 

shown that texture leading to saturation in carbonate rocks can cause wide range of changes in 

rock and in saturation distribution leading to complex changes in seismic rock properties. Except 

for saturation related changes in homogeneous texture rock that can still be addressed using the 

simple Gassmann model, saturation related changes in the more complex textures can be 

effectively handled by using combination of rock physics models. 
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Figure 6.6 Schematics of (a) fresh sand deposition and elastic property dependence on 
cementation (Mavko 2000) and (b) concepts of iso-frame modelling and critical porosity 
estimates in chalks. (Modified from Fabricius 2003) 
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Figure 6.7: Flowchart for calculating brine saturated response of the chalk formations after the 
change in pressure is accounted for. Contact theory model is considered reasonable approach as 
chalks are fine grained material supporting grain to grain contact (Nur et al 1998). 
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CHAPTER 7 

CONCLUSIONS 

This thesis had two main parts: (1) an experimental study to investigate fabric and fluid 

effects on the seismic properties in carbonate rocks, and (2) to demonstrate applicability of rock 

physics models to predict the fluid effects on seismic properties as derived from field 

measurements.   

My experimental work shows that texture heterogeneity plays a significant role in fluid 

distribution, and in turn, on seismic properties in carbonate reservoirs. I have shown that 

1. Texture heterogeneity leads to larger seismic wave attenuation and therefore larger 

dispersion in seismic properties.   

2. Saturation of carbonate rocks with polar fluids, such as brine and CO2 lead to higher 

seismic wave attenuation than non-polar fluids such as butane. 

3. Saturating carbonate rocks with fresh water or low salinity brines leads to significant 

shear modulus weakening as compared to shear modulus of dry rocks or saturated 

with high salinity (160k ppm) brines. 

4. Similarly, significant shear modulus weakening is observed in carbonate rocks after 

saturation with CO2.  

These insights from the laboratory data generated in this thesis, helped develop an 

effective workflow for predicting; pressure, saturation, lithology related changes on seismic 

properties in carbonate reservoirs. The developed workflows show that 

1. Fluid saturation changes in texturally homogeneous carbonate rocks can be modeled 

using Gassmann model. 

2. Gassmann model should not be  used in complex textures 

3. All models must comply with Hashin-Shtrikman bounds to be geologically realistic 

and to reduce ambiguity in the material property estimates. 

 

In summary, the data and models generated in this study can be used to model and predict 

4D seismic response in producing carbonate reservoirs subjected to water flooding. 
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APPENDIX A 

IMPACT OF CALCITE DISSOLUTION ON ROCK PROPERTIES 

 Calcite dissolution is a well-known fact and many studies talk about its impact on the 

petrophysical and rock physical properties (Eberli et al. 2003; Baechle et al. 2005) of the host 

rock. Most calcite dissolution studies however are concentrated on the CO2 sequestration and its 

implication for the rock frame integrity (Pimienta et al. 2014; Eide 2012). Carbonate rocks being 

chemical in nature are very prone to ionic exchange of Ca2+ if the injected fluid is has the 

capacity to form acid (H2CO3) or anion (HCO3
-) as reactions below: 

 

 

 

 

where, CaCl2 is a hygroscopic substance dissolvable in water and can get reprecipitated.as pore 

filling substance.  

 In this study, the objective was to provide experimental evidence of the calcite 

dissolution and to understand its impact on associated petrophysical and rock physical properties. 

For this work, I drilled core plugs from an outcrop sample of deepwater deposits of the Brushy 

Canyon Formation. These formations display a range of deepwater channel architecture from 

confined slope channels to larger aspect ratio distributary channels. The sandstone stratigraphy 

involves lenticular form to submarine fan complexes and associated channels deposited by 

turbidites or other gravity-induced currents. Many of these turbidites sequences are infiltrated 

with dissolved calcite either from the distant source or from the site of deposition itself. This 

calcite cement is understood to have destroyed the natural pore matrix of the Brushy sandstone 

and is therefore considered a permeability barrier. Such problems are not uncommon in other 

similar sandstone reservoirs or carbonate reservoirs with low/unconnected permeability. In this 

work, I carried out acid dissolution of calcite cement and measured its petrophysical and rock 

physical properties. I recorded the ESEM and EDX signature of calcite dissolution  
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A.1 Sample Preparation 

This outcrop sample was divided into three parts (as called formation in the following 

text) depending on the surface depositional features. The top most formation (4” deep) had a 

progradational cum laminar deposition which is clearly separated from the second formation (3” 

deep) showing laminar deposition only, which is then separated from the lower most formation 

(3.25” deep) showing massive deposition with no distinctive features (Figure A.1).  

 

I drilled a pair of plugs in all three formations from the 2” vertical and horizontal cores 

(Figure A.2). I used the following nomenclature identification of plugs and formations 

HC_1(4): Vertical plug no.1 from Horizontal core in 4” formation 

HC_1(3): Vertical plug no.1 from Horizontal core in 3” formation 

HC_1(3.25): Vertical plug no.1 from Horizontal core in 3.25” formation 

VC1_1(4): Horizontal plug no.1 from Vertical core no.1 in 4” formation    

VC1_1(3): Horizontal plug no.1 from Vertical core no.1 in 3” formation    

VC1_1(3.25): Horizontal plug no.1 from Vertical core no.1 in 3.25” formation    

VC2_1(4): Horizontal plug no.1 from Vertical core no.2 in 4” formation    

VC2_1(3): Horizontal plug no.1 from Vertical core no.2 in 3” formation    

VC2_1(3.25): Horizontal plug no.1 from Vertical core no.2 in 3.25” formation  

 

A.2 Acid Dissolution and Analysis 

The dissolution exercise was carried out in two parts. In the first, we made pallets out of 

one of the end cutting of the 1” plugs and in the second case we crushed the other end cutting 

into powder. We treated both the pallets and the powder with 10% by volume of hydrochloric 

acid. The samples were left in the acid for 12 hrs. After 12 hrs, the samples were washed with 

fresh water to remove the hygroscopic compounds like Calcium Chloride (CaCl2) and 

Magnesium Chloride (MgCl2) from the solution. In some of the samples the dissolved calcite or 

dolomite was precipitated on the pallets. Samples were then dried and weighed and then again 

treated with 10% by volume of HCl to see if more rock mass can be dissolved. 10% by volume 

of HCl acid was still able to show the dissolution effects. The low concentration of the acid was 

chosen for not to affect the matrix forming calcite and thereby tried to restore the original matrix 

by only  
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Figure A.1 Brushy Canyon outcrops sample in the inset. 2” wide horizontal and vertical core 
were drilled in the three different looking depositional patterns.  

 

 

Figure A.2 Another set of cores vertical and horizontal plugs measuring 1.5”x1.0” were drilled 
out from the main 2” cores.  

Vertical Cores 

Horizontal Cores 

4” Formation 

3” Formation 

3.25” Formation 
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dissolving the cement part out of the rock. The process was repeated for the third time with no 

more weight change in the sample. At this point it was concluded that 10% by volume of acid 

would not dissolve any further calcite cement from the rock. On comparing the dissolved weight 

percent between the pallets and the powder, I found that pellets registered a 10% reduction 

(Table A.1a) whereas the powder samples experienced a 25% reduction in the rock mass (Table 

A.1b). 

 

ESEM and EDX  

Independent confirmation of the calcite dissolution was obtained by analyzing the pre- 

and post-acidized samples using ESEM (Environmental Scanning Electron Microscope) and 

EDX. Attributes such as; grain size, grain sorting, pore size, and pore connectivity were analyzed 

for pre- and post-acidized samples. The typical grain size is 20-30um. The pore size in the 

unacidized sample ranges from 5-10um. With acidization the pores are enlarged and the new 

pores and interconnectivity is created. Presence of both K and Al suggests the presence of K-

Feldspar. ESEM and EDX signatures for a horizontal and vertical sample are displayed in Figure 

A.3 & A.4, respectively. Images from ESEM for the horizontal sample HC-(1)4 shows clear 

difference between the unacidized and acidized sample and a corresponding full frame EDX 

analysis for pre- and post-acidization shows removal of calcite from the sample (Figure A.3). 

Similarly, in vertical sample VC2_1(4), the acidized sample shows porosity creation with more 

pore interconnectivity. 

It is clearly observed in these figures that acidization caused dissolution of calcite from 

the original rock without damaging much of the matrix. Important to note that the sample used 

for acidization were small in volume so the dissolution was uniform all around the sample. The 

large volume samples however will need more skilled preparation for acid to reach all parts of 

the sample. In some instances we see presence of chloride compounds of calcium and 

magnesium due to over exposure of the sample to the dissolved calcium and magnesium chloride 

in which case it suspends back on the sample.     
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Table A.1a Change in weight percent 10% by volume HCl acid treatment on the pallets  

(Pallets)   
Wt. Before 
Acidizing 

1st-wt. After 
Acidizing    

2nd-wt. After 
Acidizing     

Sample Crucible 
Sample 
Wt.(gm) Crucible+Sample Crucible+Sample 

Loss in 
Wt. 

% loss in 
weight Crucible + Sample 

Loss in 
Wt. 

% loss in 
weight 

Total loss 
in % 

HC_1(4) 28.48 3.14 31.62 31.42 0.2 6.369 31.34 0.08 2.548 8.917 

HC_1(3) 25.76 2.13 27.89 27.72 0.17 7.981 27.71 0.01 0.469 8.451 

HC_1(3.25) 23.16 2.92 26.08 25.88 0.2 6.849 25.87 0.01 0.342 7.192 

VC1_1(4) 24.86 4.51 29.37 29.16 0.21 4.656 29.14 0.02 0.443 5.100 

VC1_1(3) 28.65 1.64 30.29 30.16 0.13 7.927 30.14 0.02 1.220 9.146 

VC1_1(3.25) 25.89 4.44 30.33 30.09 0.24 5.405 30.04 0.05 1.126 6.532 

VC2_1(4) 25.16 3.48 28.64 28.4 0.24 6.897 28.4 0 0.000 6.897 

VC2_1(3) 29.28 3.59 32.87 32.64 0.23 6.407 32.64 0 0.000 6.407 

VC2_1(3.25) 28.95 4.14 33.09 32.86 0.23 5.556 32.86 0 0.000 5.556 

 

 

 

 

Table A.1b Change in weight percent after 10% by volume HCl acid treatment on the powder  

(Powder)   
Wt. Before 
Acidizing 

1st-wt. After 
Acidizing    

2nd-wt. After 
Acidizing     

Sample Crucible 
Sample 
Wt.(gm) Crucible+Sample Crucible+Sample 

Loss in 
Wt. 

% loss in 
weight 

Crucible + 
Sample 

Loss in 
Wt. 

% loss in 
weight 

Total loss 
in % 

HC_1(4) 28.48 1.69 30.17 29.8 0.37 21.893 29.76 0.04 2.367 24.260 

HC_1(3) 25.76 1.48 27.24 26.91 0.33 22.297 26.87 0.04 2.703 25.000 

HC_1(3.25) 23.16 1.79 24.95 24.53 0.42 23.464 24.48 0.05 2.793 26.257 

VC1_1(4) 24.86 2.64 27.5 26.8 0.7 26.515 26.56 0.24 9.091 35.606 

VC1_1(3) 28.65 1.51 30.16 29.84 0.32 21.192 29.8 0.04 2.649 23.841 

VC1_1(3.25) 25.89 1.79 27.68 27.27 0.41 22.905 27.21 0.06 3.352 26.257 

VC2_1(4) 25.16 1.81 26.97 26.52 0.45 24.862 26.42 0.1 5.525 30.387 

VC2_1(3) 29.28 1.73 31.01 30.65 0.36 20.809 30.58 0.07 4.046 24.855 

VC2_1(3.25) 28.95 2.19 31.14 30.66 0.48 21.918 30.51 0.15 6.849 28.767 
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Figure A.3 ESEM photomicrographs for plug HC_(1)4 show, a) unacidized, and b) acidized pallets. Evidently the texture has changed 
due to acidization process. Similarly, c) and d) respectively shows the EDX spectra for the presence and removal of calcium and 
magnesium from the sample in pre- and post-acidization state.  

HC_1(4)_BSE / Unacidized HC_1(4)_BSE  / Acidized 

a) b) 

c) d) 
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Figure A.4 ESEM photomicrographs for plug VC2_(1)4 show, a) unacidized, and b) acidized pallets. Evidently the texture has 
changed due to acidization process. Similarly, c) and d) respectively shows the EDX spectra for the presence and removal of calcium 
and magnesium from the sample in pre- and post-acidization state.  

VC2_1(4)_BSE / Unacidized VC2_1(4)_BSE  / Acidized 

a) b) 

c) d) 
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4.5. Rock Property Measurements  

I measured both petrophysical and acoustic property and analyzed the inter-correlation of 

these properties w.r.t the percentage of calcite present in the samples. Measured and modeled 

rock properties are presented in Table A.2a & b.  

 

Table A.2a Measured porosity and permeability in Brushy Canyon samples 

 

 

Table A.2b Measured compressive and shear wave velocity in Brushy Canyon samples 

 

 

Petrophysical Properties 

I used Pycnometer and Pressure Decay Profile Permeameter (PDPK) to measure porosity 

and permeability, respectively in the samples. Pycnometer measured grain volume and then 

using bulk volume of the sample, I calculated porosity in each sample. PDPK measured 

permeability in the sample by pushing a flux of gas while maintaining a pressure difference on 

the surface of the sample. Figure A.5 presents porosity and permeability data in the samples in 

reference to the percentage of calcite. Porosity values are shown for both unacidized and 

acidized samples. It is evident from the figure that porosity and permeability have direct bearing 

on the amount of calcite present in the sample. With more calcite, both the porosity and the 

Sample Avg. Length Diameter Bulk Vol. Grain Vol. Weight Bulk Den. Grain Density Porosity (Pycn) Kair Kliquid

cm cm cc cc gm gm/cc gm/cc frac md md

HC1(4) 3.803 2.495 18.591 17.000 47.19 2.5383 2.7759 0.0856 0.0185 0.0038

HC1(3) 3.845 2.495 18.795 17.100 47.31 2.5171 2.7667 0.0902 0.0444 0.0139

HC1(3.25) 3.885 2.500 19.067 18.600 49.43 2.5925 2.6575 0.0245 0.0148 0.0030

VC1-1(4) 3.750 2.510 18.552 17.150 46.44 2.5033 2.7079 0.0756 0.0570 0.0192

VC1-1(3) 3.800 2.500 18.650 17.550 47.22 2.5319 2.6906 0.0590 0.0376 0.0109

VC1-1(3.25) 3.840 2.500 18.846 18.440 49.53 2.6281 2.6860 0.0215 0.0205 0.0047

VC2-1(4) 3.888 2.510 19.236 17.500 48.25 2.5083 2.7571 0.0903 0.0591 0.0216

VC2-1(3) 3.825 2.505 18.848 17.810 47.78 2.5351 2.6828 0.0550 0.0349 0.0099

VC2-1(3.25) 3.895 2.505 19.192 18.650 49.36 2.5718 2.6466 0.0283 0.0218 0.0051

VC2-2(4) 3.845 2.510 19.022 18.000 48.48 2.5487 2.6933 0.0537 0.0282 0.0073

VC2-2(3) 3.865 2.510 19.121 17.720 47.37 2.4774 2.6733 0.0733 0.0542 0.0165

VC2-2(3.25) 3.810 2.505 18.774 18.520 49.45 2.6340 2.6701 0.0135 0.0154 0.0031

Sample Avg. Length DeltaT_P DeltaT_S Velocity (Vp) Velocity (Vs) Bulk Mod (K)Shear Mod (G) Poisson's P-Anisotropy S-Anisotropy

cm (us) (us) (m/s) (m/s) GPa GPa Vh/Vv Vh/Vv

HC1(4) 3.803 6.844 10.940 5557.50 3476.54 37.49 30.68 0.18

HC1(3) 3.845 6.854 10.820 5610.19 3553.60 36.84 31.79 0.16

HC1(3.25) 3.885 6.834 10.640 5685.14 3651.32 37.71 34.56 0.15

VC1-1(4) 3.750 6.834 11.000 5487.59 3409.09 36.59 29.09 0.19 1.01 1.02

VC1-1(3) 3.800 6.844 10.830 5552.63 3508.77 36.50 31.17 0.17 1.01 1.01

VC1-1(3.25) 3.840 6.794 10.600 5652.38 3622.64 37.98 34.49 0.15 1.01 1.01

VC2-1(4) 3.888 6.834 11.260 5690.02 3453.23 41.33 29.91 0.21 0.98 1.01

VC2-1(3) 3.825 6.854 11.090 5581.01 3449.05 38.75 30.16 0.19 1.01 1.03

VC2-1(3.25) 3.895 6.854 10.910 5683.14 3570.12 39.36 32.78 0.17 1.00 1.02

VC2-2(4) 3.845 6.834 11.120 5626.61 3457.73 40.06 30.47 0.20 0.99 1.01

VC2-2(3) 3.865 6.844 11.200 5647.61 3450.89 39.68 29.50 0.20 0.99 1.03

VC2-2(3.25) 3.810 6.424 10.430 5931.25 3652.92 45.80 35.15 0.19 0.94 0.95
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permeability show increase in value, supporting the observation that acidizing formation with 

calcite cements will help improve the production in these reservoirs.  

 

 
 
Figure A.5 Porosity and permeability variation as a function of calcite % in the rock. Formation 
4” has the most calcite in it and therefore maximum gain in porosity and permeability. 

 

 

Acoustic Measurements 

I used ultrasonic (0.8 MHz) pulse propagation method to measure compressive and shear 

wave velocities. I measured travel time for compressive and shear wave propagation and 

calculated the velocities using initial sample lengths. Compressive wave velocity ranged from 

5487.6 m/s to 5931.25 m/s and the shear velocity ranged from 3409.1 m/s to 3652.9 m/s, 

respectively. Figure A.6 shows VP-VS relation in the three formations with no significant 

anisotropy. Velocity in general increased with depth with formation 3.25” recording the highest 

values which also coincides with increase in calcite percentage except for one sample (VC1-

1(4)). Though the trend line has a lower regression coefficient but we still find the velocity 

values staying within +/- 2% of the trend line. 
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Figure A.6 Positive Vp-VS correlation with most value falling within 2% of the trend line. 
Increase in velocity also confirms with increase in calcite percentage for most samples.  

 

Similarly, the velocity and moduli in general decreased with increase in porosity and 

permeability. The shear-wave velocity decreased two folds compared to the compressive-wave 

velocity with increase in porosity (Figure A.7). The velocity calculated from the measured travel 

times (∆tP and ∆tS) can be expressed as Equation A.1 and A.2. From these equations and the 

above argument, it is clear that for VP to show a large change, both the bulk modulus (K) and the 

shear modulus (G) need to be positively correlated or bulk modulus need to appreciate by a large 

amount to compensate any decrease in the shear modulus.  

 � = √ + /�            (3.4) 

� = √�            (3.5) 



 

138 
 

 

Figure A.7 Variation of compressive- and shear-wave velocity w.r.t porosity. Shear-wave 
velocity records larger decrease with increase in porosity.  

 

Figure A.8 shows that the bulk modulus in the sample increased with increasing calcite 

percentage and had no correlation with the porosity. On the other hand, shear modulus in general 

decreased with increase in porosity and had less to do with the calcite percentage in the sample. 

This behavior has two important inferences. Most of the calcite in the samples is pore filling 

where it affects the bulk modulus but has no effect on the rock rigidity. The appreciable decrease 

in shear modulus compensates the increase in bulk modulus and therefore negligible change in 

compressive-wave velocity with porosity as in Figure A.7. Lastly, I plotted the Klinkenberg 

corrected permeability (Kl, md) with velocity (m/s).  With the exception of one sample, the 

velocity in general decreased with increase in permeability but more in agreement with the 

amount of calcite percentage in these samples (Figure A.9).  

 

 In summary, I found that the formation (4”) with most calcite percentage showed 

maximum porosity and permeability upon dissolution whereas the deeper formation (3.25”) 

showed the least values for porosity and permeability. However, this trend reversed for the 

elastic velocity and moduli in these formations. Most of the dissolved cement pore filling and has 

larger influence on the bulk modulus  than on the shear modulus in these formations.  



 

139 
 

 

Figure A.8 Variation of bulk and shear modulus with respect to porosity. Shear modulus records 
larger decrease with increase in porosity whereas bulk modulus has no trend with porosity. 

 

 

Figure A.9 Variation of compressive- and shear-wave velocity with respect to porosity. Shear-
wave velocity records larger decrease with increase in porosity.  
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APPENDIX B 

ULTRASONIC AND LOW FREQUENCY DATA MEASUREMENT AND REDUCTION 

 Acoustic data was measured at two conditions: at benchtop and at reservoir conditions. 

Whereas seismic moduli and velocities were measured under reservoir conditions using stress-

strain methods, ultrasonic data was measured at benchtop and at reservoir conditions. I first 

explain the sample preparation required for measuring moduli and velocities at seismic 

frequencies. 

Low Frequency Setup 

 There are certain requirements that the sample needs to meet before it can be measured 

using the low frequency setup at Colorado School of Mines. To begin with, the sample should be 

circular with the diameter measuring up to 1.5 inches. The low frequency system (Figure B.1), 

includes a shaker assembly at the bottom and a bulk-head at the top: connected to the shaker 

assembly through support rods. These support rods are specially fabricated for this setup 

therefore variation in the length is usually not an option.  Also fabricated in the bulk-head are the 

pore fluid lines that circulate fluid through the sample when it is inside the pressure vessel. The 

excitation and drop in voltage across strain gages placed in the Wheatstone half bridge 

configuration is carried out through an electrical strip with a minimum of 24 pins (4 pin per 

channels, at least six channel for reliable and redundant data), tied to one of the support rods. 

With the existing specification of the measurement setup, sample length is usually kept between 

2.5 to 3 times the diameter. The workflow for a low frequency sample preparation is detailed in 

the following section. 

Low Frequency Sample Preparation 

Steps involved in preparation of a low frequency sample are subjective as well as 

situation dependent. Most common steps are the following: 

1. Physically inspect the sample for flatness of the ends and mark the most homogeneous 

locations on the curved surface of the sample. These locations will be used for putting strain 

gages on the sample in a quadrant fashions to obtain average seismic properties of the rock. The 

ends of the sample are grooved for uniform distribution of fluids particularly crucial for samples 

with low permeability (Figure B.2a). Some tight samples may need a saturation mesh as well 



 

141 
 

along the sides of the sample for wider and quicker pore fluid saturation control. At this time, it 

is a good idea to secure the flat ends and groove edges. In common practice, a precisely flattened 

quarter-inch thick aluminum disc is glued to the sample ends (Figure B.2b). 

 

2. Prepare two aluminum transducers, each with one P-wave and one S-wave piezoelectric 

crystals. These are 1 MHz crystals for ultrasonic pulse propagation. After securing the crystals 

with silver epoxy, measure the circuit (transmission) delay time for head-to-head P- and S- 

signals. If aluminum discs are to be glued on-to the sample ends (as explained in Pt.1) before the 

transducers, make sure the delay time is measured with the discs in between the transducers. This 

time needs to be subtracted from the time measured through the sample. Make sure the 

aluminum transducers and the discs are very smooth (not to cause any travel time discrepancies). 

Use K-20 Easyepoxy® to put the aluminum discs on the sample ends. Put the assembly under 

pressure while the glue is not yet dried. Clear aluminum discs and transducers for any plugging 

in the pore lines.  

 
3. Prepare the polyamide film Kapton® to be glued on the curved surface of the sample 

using Easyepoxy® K-20. The standard procedure is to glue this film in three parts. First, an 

approximately three-centimeter length in the middle of the sample is covered with Kapton®. 

Efforts should be made to remove any bulge or bubble from the locations selected for gluing 

strain gages. Once secured in place, the remaining parts of samples on either ends should be 

covered with Kapton®. These end pieces of Kapton® should ideally overlap the central 

Kapton® and overlap at least half a centimeter over the aluminum ends (discs or transducers).  

The primary benefits of Kapton® are the following: 

 
i. It provides smooth surfaces for gluing the strain gages 

ii.  It prevents the leakage of confining fluid (nitrogen gas) into the sample 

iii.  It prevents the pore fluids from leaking through the sample surface 
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Figure B.1 Low frequency sample mounting assembly. It also shows other important components 
such as shaker assembly, Wheatstone bridge, sample stage, and pressure seal. 

 
 

 
Figure B.2 (a) Schematics of sample with grooves and (b) sample under preparation with 
Kapton® in the middle section and aluminum discs at the ends. It also shows the pore fluid lines 
created using grooves for uniform fluid distribution.  
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4. Once the Kapton@ film is secured, strain gages are glued on predetermined smooth 

locations. In the lab, two main kinds of strain gages were used: semi-conductor and the foil gage. 

Semiconductor gages are much localized, very sensitive (more precise but less accurate) and 

have a gage factor of 155 @ 75oF; whereas, foil gages cover more area on the sample but are less 

sensitive (less precise but accurate) and has a gage factor of 2.11 @ 75oF. In this work, I used 

only the semiconductor gages with electric resistance of 1000  0.05%. Figure A.3a shows the 

semi-conductor gages in their typical configuration. Four such sets are glued on the sample. The 

diametrically opposite gages make one complete channel on the Wheatstone bridge. After the 

gages are secured, the sample is encased in a flexible epoxy jacket (Figure B.3b). The jacket is 

thus able to transmit the applied confining stress to the sample/gages and record realistic change 

in voltage on the Wheatstone bridge. The recorded voltage data is then reduced to useful seismic 

rock properties. 

 

 

Figure B.3 Showing a real sample at stages, (a) finished with Kapton® job, gluing of semi-
conductor gages on aluminum and sample and (b) encased with flexible epoxy ready to be 
measured in the pressure vessel.   
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Low Frequency Data Reduction 

 The applied bridge voltage, the recorded voltage, the gage factor, and the applied gain are 

together used in Equation A.1 to calculate both vertical and horizontal strain in our samples. 

 

    (B.1) 

  

Assuming the sample to be linearly elastic over short distances of the sample, the same 

applied vertical stress will be experienced by the vertical gage on aluminum and that on the 

sample. If �  is the applied vertical stress then, � = ∗ � = ∗ �         (B.2) 

As the Young’s modulus of aluminum is well catalogued in literature as 70 GPa, the 

remaining elastic variables can be calculated using following relations: 

      (B.3) 

       (B.4) 

       (B.5) 

       (B.6) 

       (B.7) 

     (B.8) 
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Ultrasonic Data Reduction 

 The pulse (0.8 MHz) propagation method was used to record compressive and shear-

wave travel time through the rock both at benchtop and under reservoir (Low Frequency setup) 

conditions. The assumptions for velocity calculation are the same as explained in Section 3.2.4.1. 

Therefore, � � / = −−           (B.9) 

where, L is the sample length in milimeters and T is the recorded travel time in microseconds. δL 

is small and therefore ignored. T0 is the travel time through non-rock material recorded for head-

to-head P- and S- transducers (explained as circuit delay under sample preparation). From the 

measured travel time, first the velocities were calculated using Equation B.9. The compressive 

and shear-wave velocities are presented as Eq. B.7 and B.8 and threfore the moduli can be 

calculated as follows: 

 � , = � , ∗ � ,         (B.10) � , = � , ∗ � ,  − � ,      (B.11)  � , = � , + � ,         (B.12) ρ = φ ∗ � + − � ∗ �        (B.13) ρ = C ∗ ρ  + C  ∗ ρ + ⋯        (B.14) ρ i = � ∗ ρ + S ∗ ρ + ⋯       (B.15)  

 

where, G is the shear modulus, K is the bulk modulus, M is the dynamic elastic modulus, ρbulk is 

the bulk density,  ρgr is the grain density, ρfl is density of the fluid inside the rock, C is the 

volume fraction of individual  mineral component, SF is saturation fraction of individual fluid 

component. 
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APPENDIX C 

ATTENUATION ESTIMATION 

 For an attenuative medium, as shown in Figure 3.23, there is time/phase shift between the 

applied stress and recorded strain for any set of strain gage. Such viscoelastic medium supports a 

complex modulus (M) written as M = MR + iMI,   where the ratio of imaginary (MI) to real part 

of modulus real (MR) is known as the intrinsic attenuation of the medium and is given as 

Equation C.1. Schematics of real and imaginary strain components are shown in Figure C.1 with 

the correlation angle θ. Where θ is phase difference between the aluminum and the sample strain 

gages. = = tan ∆�         (C.1) 

 

 

Figure C.1 Schematics showing real and imaginary strain axis and correlation angle between 
them. ɛR is the real component of the strain and ɛI is the imaginary component of the strain. The 
two strains are connected as ɛI = ɛR tanθ.  
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From correlation B.3, Young’s modulus in a viscoelastic medium can be calculated as, 

 = �� ∗ �          (C.2) 

Where, , and  are the complex Young’s modulus and Young’s strain of the sample and ,  are the Young’s modulus and Young’s strain of aluminum. Therefore Equation C.1 can 

be written as; 

 = �� ∗ �+          (C.3) = �� ∗ � ∗ −+         (C.4) 

 
using correlation between ɛR and ɛI from Figure C.1, Equation C.2 can be written as 
 + � = �� ∗ � ∗  − � + �       (C.5) 

splitting the real and imaginary terms, = �� ∗ � ∗   + �         (C.6) = �� ∗ � ∗  − � + �         (C.7) 

for small angle θ, tan2θ ≈ 0. Using Equation C.6 and C.7 in Equation C.1, 

� = �� = tan θ         (C.8) 

where, θ is the phase lag. Equation C.8 calculates the extensional attenuation from the measured 

phase in radians. 

Similarly, for Poisson’s ratio ( ), the equation can be written as � = �          (C.9) 
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Where,  and � are the complex strains of horizontal and vertical sample gage, respectively. 

Expanding the complex symbols, � = +�+ �          (C.10) 

Solving for complex fraction, C.10 can be written as, � = +�+ � ∗ �− ��− �       (C.11) � = + ∗ �− ��+ �        (C.12)  

 
expanding, rearranging and using correlation between ɛR and ɛI from Figure C.1, Equation C.12 
can be written as, 
 
 � = � + � �� + � � − ��� + ��    (C.13)  

 � = � + � �� + � − ��+ ��     (C.14)  

 � + �� = � [ + � ��+ �� ] + � � [ � − ��+ �� ]  (C.15) 

Using Equation C.1, 

 � = �� = tan θ − ��        (C.16) 

After calculating the two main attenuations in Equation C.8 and C.16, the remaining attenuation 

can be calculated using simple correlation of elasticity as below � = �+�           (C.17) 

� = �− �          (C.18) 

� = � + �         (C.19) 
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where, G, K, and M are the shear, the bulk, and P-wave modulus respectively. Changing elastic 

parameters in the LHS and RHS with their complex substitute in Equation C.17,  C.18, and C.19 

and reducing them further, the following expression can be obtained = � − � ��+�          (C.20) 

 − �� = � − �+
         (C.21) 

 −� − � = +�� − � −�
        (C.22) 

where, 1/QS, 1/QK, and 1/QP are the shear, the bulk, and the compressional attenuation of the 
medium. 

 

 


