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ABSTRACT 

 

In the past decade, the study of geophysical anisotropy has gained increasing attention due 

to its significance in unconventional rock characterization and production. Anisotropy can be 

characterized as (a) intrinsic anisotropy, such as thin laminations, clay layers, and organic matter, 

and (b) extrinsic anisotropy, such as induced microfractures due to coring. The spatial distribution 

of such features is an essential mechanism affecting stress- and direction-dependency of elastic 

and fluid transport properties. Accurately measuring seismic anisotropy and its relationships with 

petrophysical properties while investigating rock fabric evolution using high-resolution textural 

images under reservoir stress conditions is essential to enhance the reservoir development of 

unconventional rocks.  

In this thesis, cores from multiple formations of the Bakken Petroleum System (BPS) were 

analyzed in the laboratory as examples of strongly and weakly anisotropic rocks. First, mineral 

compositions and total organic carbon of the rock samples were acquired. The next step was 

visually analyzing the rock texture using high-resolution images from micro-computed 

tomography scans and backscattered electrons images. Following these analyses, ultrasonic 

velocities (P- and S-wave) of tight rocks were obtained in multiple directions, that is, 0°, 45°, and 

90° with respect to the bedding plane, under elevated confining stress. Finally, the findings were 

correlated to stress-dependent porosity and permeability to monitor pore structure deformation and 

the evolution of elastic and transport fluid properties during stress change. 

The results indicate that the primary driving mechanism dictating the stress dependency of 

velocity and permeability is the compaction of the pore space and compression of aligned 

compliant components, such as clay, kerogen, and microcracks that are deposited in the bedding-

parallel direction. Furthermore, the multiphysics measurements performed in this thesis suggest 



 

iv 
 

that anisotropy and stress-dependent elastic properties, especially in organic-rich mudrocks, 

cannot be neglected. Using isotropic model for anisotropic rocks may affect the accuracy of the 

mechanical earth model and horizontal stress calculations. 

Obtaining anisotropic elastic properties from the lab are, however, time- and resource-

consuming and complicated. On the other hand, seismic and wireline log data of the independent 

elastic parameters of the rock are rare. Furthermore, due to low resolution, geophysical borehole 

tools do not always capture anisotropic features in thinly laminated organic-rich mudrocks. 

Consequently, the prediction of in situ anisotropic seismic parameters is associated with significant 

uncertainties. Therefore, an anisotropy template was developed to assess and estimate the expected 

anisotropy or a specific elastic modulus from readily available elastic wave data. 

The anisotropy template was constructed by integrating several rock physics models, such 

as the Backus averaging, Hudsonôs crack model, and linear slip theory, which consider crack- and 

layer-induced anisotropy in the effective medium. Wireline log and lab-measured elastic data from 

the Berea, Bakken, Three Forks, and Mancos formations were analyzed using the anisotropy 

template. The anisotropy template allows the user to (a) understand the causal mechanisms for 

seismic anisotropy, (b) understand the occurrence of non-uniform deformation due to change in 

stress, (c) narrow the range of anisotropic parameters for known mineralogy and texture, and (d) 

predict the texture of the rock with known stress-dependent moduli changes.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 Introduction  

The study of geophysical anisotropy ï a prominent feature in unconventional rocks ï has 

gained increasing importance in the past decade. Anisotropy is the direction dependence of any 

physical rock properties, such as elastic stiffnesses, Youngôs modulus, Poissonôs ratio, and 

permeability. Anisotropy can be found in tight organic-rich mudrocks at multiple scales, including 

seismic, well logs, cores, or thin section images. Intrinsic and extrinsic factors are known to 

contribute to rock anisotropy significantly. An example of extrinsic anisotropy is the presence of 

induced fractures due to coring processes, dryness, or air exposure (Wang 2002; Holt et al. 2004). 

Examples of intrinsic anisotropy are bedding sequences, clay laminations, layered organic matter, 

and pore structures along the foliation plane (Vernik and Nur 1992; Sayers 1999; Hornby 1998; 

Ou and Prasad 2016).  

The spatial distribution of the anisotropic features mentioned above plays a significant role 

in the stress- and direction-dependence of rock physical properties. The geophysical parameters of 

a particular formation in a specific direction may differ when in situ reservoir net pressure changes. 

For example, during the production period of a reservoir populated with natural horizontal 

fractures, the dynamic interactions between overburden stress and pore pressure may cause 

deformation of the rock fabric as well as elastic and fluid transport properties dominantly in the 

vertical direction. Accurately measuring rock physical properties and seismic anisotropy with 

respect to stress is essential because it can improve subsurface seismic imaging, 3D reservoir geo-

model, fracturing design, and production forecasting. 
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Ultrasonic velocity is the most common technique to obtain the anisotropy of the rock in 

the laboratory. Various studies have reported stress- and direction-dependent acoustic 

measurements of several organic-rich unconventional rocks, such as on Bakken shales (Vernik and 

Nur 1992; Sayers and Dasgupta 2014; Firdaus et al. 2022) and middle Bakken (Ma and Zoback 

2016; Firdaus et al. 2022) from North Dakota, Millboro and Braillier shales member of the 

Devonian-Mississippian Chattanooga Formation (Johnston and Christensen, 1995), Bazhenov 

(western Siberia); Monterey (California); and North Sea (Vernik and Liu 1997), Jurassic and 

Kimmeridge Clay shales (North Sea) (Hornby 1998), North Sea shale (Domnesteanu et al., 2002), 

Muderong shale (Australia) (Dewhurst and Siggins 2006), Haynesville (Sondergeld and Rai 2011; 

Woodruff et al. 2015), Niobrara (New Mexico) (Panfiloff and Prasad 2016; Ou and Prasad 2018; 

Kamruzzaman et al. 2019), Mancos shale (Colorado) (Zhou and Ghassemi 2019; Suarez et al. 

2020), and Eagle Ford chalk (Texas) (Ou 2018).  

The results from the studies mentioned above suggest that anisotropy and stress-dependent 

elastic properties, especially in organic-rich mudrocks, cannot be neglected. Processing seismic 

data of anisotropic formations using isotropic assumptions can lead to inaccurate results. For 

example, geophysicists can find errors in normal moveout correction, dip moveout correction, and 

amplitude versus offset analysis. In addition, geomechanical and reservoir engineers can 

potentially miscalculate the directional permeability, Youngôs modulus, and Poissonôs ratio, which 

eventually may impact the accuracy of the mechanical earth model, horizontal stress calculations, 

and reservoir simulations.  

To improve our understanding of anisotropy in transverse isotropy (TI) rocks, such as 

organic-rich mudrocks, we must perform a multi-scale characterization using laboratory 

measurement techniques. In this thesis, I conducted an integrative and cohesive experimental 
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approach to reveal the significance of stress-dependent anisotropic rock physical properties of 

rocks from the Bakken Petroleum System (BPS). To attain a comprehensive characterization, I 

analyzed various layers in the BPS, which include Lodgepole (LLP), upper Bakken shale (UBS), 

MB, lower Bakken shale (LBS), and the Three Forks (TF) formation under in situ reservoir 

conditions. 

Furthermore, I developed a novel rock physics template that can be used to assess elastic 

moduli changes due to stress and investigate possible textures of the rock. I constructed the 

template by integrating the Backus averaging method (Backus 1962) with crack compliance 

models (Hudson 1981; Schoenberg and Sayers 1995).  The template application can also help users 

to understand the relevance of crack density and orientation and improve seismic anisotropy 

characterization in sedimentary rocks. 

1.2 Research Objectives 

The main objectives of this research are to: 

¶ Characterize stress- and direction-dependent rock physical properties of cores from 

multiple formations in the Bakken Petroleum System (BPS). Such characterization is a 

means to reveal the driving mechanisms that can impact pore structure and anisotropy 

evolution. In addition, the investigated characteristics can be related to fluid flow and 

production optimization in fractured tight reservoirs. The properties under investigation 

include: 

a) Geological attributes, such as mineralogy and total organic carbon (TOC), 

b) Textural anisotropy of the rock fabric, such as the presence of microcracks, 

preferentially aligned clay platelets, kerogen veins, and the structure of stiff 

minerals, 
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c) Stress- and direction-dependent elastic properties, such as P- and S-wave elastic 

stiffnesses and Thomsenôs anisotropy parameters, and 

d) Petrophysical properties, such as porosity and permeability.  

¶ Construct a novel rock physics anisotropy template for an improved interpretation of elastic 

anisotropy data and better characterization of anisotropic behavior in unconventional 

rocks. 

To achieve these objectives, I completed the following tasks:  

¶ Perform laboratory measurements to obtain the following: 

a) Mineralogy, by using the Quantitative Evaluation of Minerals by Scanning Electron 

Microscopy (QEMSCAN), 

b) TOC, by using the Source Rock Analyzer (SRA), 

c) High-resolution rock images, by using micro Computed Tomography (CT) and 

Scanning Electron Microscopy (SEM), 

d) Multi -directional ultrasonic measurement, by using the single-core anisotropic 

dynamic acquisition technique, and 

e) Porosity and permeability, by using the core measurement system CMS-300 

equipment. 

¶ Integrate various rock physics models that consider crack- and layer-induced anisotropy in 

the effective medium, and 

¶ Perform well log analysis to obtain: 

a) Mineralogy using QuantiElan module in Techlog logging suite software, 

b) P- and S-wave elastic stiffnesses, and 

c) P- and S-wave anisotropy parameters. 
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The details of the experimental equipment and core samples are explained in Chapter 2. 

The thesis chapter contents are described below. 

1.3 Thesis Overview 

This thesis is comprised of six chapters. Chapter 1 is an introduction to the study, which 

elaborates on the motivation and background, research objectives, thesis overview, and my list of 

publications. In Chapter 2, I discuss the geological background of the BPS and the laboratory 

measurements used to characterize the anisotropic features. To the best of my knowledge, multi-

physics measurements, such as mineralogy, image analysis, porosity, permeability, and P- and S-

wave velocities to characterize the BPS as a whole, have never been done.  

Chapter 3 presents the results of the stress-dependent measurements of elastic moduli and 

petrophysical properties (i.e., porosity and permeability). High-resolution rock images are also 

shown to explain the controlling factors of the anisotropic evolution of various formations in BPS. 

This chapter has been published in Geophysics.  

In Chapter 4, I show the construction and features of a novel anisotropy template that can 

assess rock anisotropy, texture, and deformation behavior based on mineralogy and acoustic data. 

This chapter has been submitted for publication in Nature Scientific Reports.  

Chapter 5 elaborates on the application of the anisotropy template, where elastic stiffnesses 

from the well logs and laboratory measurements of the Bakken shale formations are compared. 

The anisotropy template can be valuable for geoscientists and engineers to help determine the 

symmetry of the rock, identify locations for high crack density, and improve horizontal stress 

calculations. This chapter will be submitted for publication in Interpretation. Finally, chapter 6 

presents the conclusions and proposal for future studies. 
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In Appendix A, I present lab-measured data of the P- and S-wave velocity of the core 

samples as functions of pressure and direction. Appendix B presents porosity and permeability 

measurement results at elevated confining stresses. Finally, in Appendix C, the mineral 

compositions of the rock samples are shown. 

1.4 List of Publications 

Below is a list of my manuscripts that were submitted to peer-reviewed journals and 

conference proceedings. I also published my dataset in PANGAEA, which is a data publisher for 

earth and environmental science. 

1.4.1 Published in or Submitted to Peer-Reviewed Journals: 

¶ Firdaus,  G., Behura, J.,  and  Prasad, M. 2022. Pressure-dependent  elastic  anisotropy:  A 

Bakken petroleum system case study. Geophysics 87 (3): MR139ïMR150. 

https://doi.org/10.1190/geo2021-0350.1. 

¶ Firdaus,  G., Behura, J.,  and  Prasad, M. 2023. A Novel Anisotropy Template for an 

Improved Interpretation of Elastic Anisotropy Data (Submitted to Nature Scientific 

Reports). 

1.4.2 In Preparation for Peer-Reviewed Journal: 

¶ Firdaus,  G., Behura, J.,  and  Prasad, M. Field and Laboratory Data Interpretation using 

the Anisotropy Template (will be submitted to Interpretation). 

1.4.3 Conference Proceedings and Abstracts: 

¶ Firdaus, G., Kalbekov, A., Behura, J., and Prasad, M. 2022. Anisotropy Template for 

Vertical Transverse Isotropy Rocks. SEG Technical Program Expanded Abstracts 2022. 

Presented at IMAGE 2022, Houston, Texas, USA, 28 Aug - 2 Sep 2022. 

https://doi.org/10.1190/image2022-3752041.1.   

¶ Firdaus, G., Suarez, V., Livo, K. et al. 2020. Anisotropic Assessment of Middle and Lower 

Bakken Formations using Multi-Physics Measurements. Presented at Unconventional 

Resources Technology Conference held in Austin, Texas, USA, 20-22 July 2020. URTEC-

2020-3215-MS. https://doi.org/10.15530/urtec-2020-3215. 

¶ Suarez, V., Firdaus, G., and Prasad, M. 2020. Experimental evaluation of anisotropy in 

Mancos Shale. Presented at SEG Technical Program Expanded Abstracts 2020 (pp. 161-
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165). Society of Exploration Geophysicists. https://doi.org/10.1190/segam2020-

3428279.1. 

1.4.4 Published Data Set 

¶ Firdaus, G., and M. Prasad. 2021. Mineralogical, geophysical, and petrophysical 

characterization of cores from bakken petroleum system: PANGAEA 

https://doi.pangaea.de/10.1594/PANGAEA.933121. 
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CHAPTER 2 

SAMPLE CHARACTERIZATION AND LABORATORY MEASUREMENTS 

 

This chapter provides the characteristics of the samples studied, which include the origin 

of the rock samples, mineralogy, textural anisotropy, and stress-dependent petrophysical and 

elastic properties. The cores measured in this research originate from various formations in the 

Bakken Petroleum System (BPS). I categorized the samples into two groups: (a) the non-shale 

group, which includes Lodgepole (LLP), Middle Bakken (MB), and Three Forks (TF), and (b) the 

shale group, which includes Upper Bakken Shale (UBS) and Lower Bakken Shale (LBS). All 

samples were obtained from a vertical well in McKenzie County, North Dakota.  

This chapter also describes various measurement methods, laboratory equipment, and 

experimental setup used in this research. The laboratory measurements include mineral content 

analysis, micro Computed Tomography (CT), Scanning Electron Microscope (SEM), porosity, 

permeability, and ultrasonic. 

2.1 Bakken Petroleum System History 

The BPS is one of the most prolific tight oil plays in the United States and Canada (LeFever 

and Helms 2006). The discovery started in 1953 by Stanolind Oil and Gas Corporation, and other 

companies began developing more in the 1970s (LeFever 1991). In the late 1980s, BPS producers 

started using the horizontal drilling technique. Since then, field discovery and production have 

been continuously increasing. Deans et al. (1991) showed how horizontal wells increased the 

production rates significantly in the Bakken formation and were responsible for the October 1990 

production of more than 23 million barrels of oil from the Montana and North Dakota area (Hansen 

and Long 1991). In 2007, the multi-stage hydraulic fracturing stimulation technique was 
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implemented in Parshall Field (Nordeng and Lefever 2011). As a result, oil production increased 

substantially from less than 600,000 barrels per day (BPD) in 2012 to 1,500,000 BPD in 2019 

(EIA 2023). 

Recently, Theloy et al. (2019) predicted that the P95 recoverable reserves from the Bakken 

Petroleum System in North Dakota are approximately 2 billion bbl oil and 2.5 tcf gas for a high 

porosity scenario. In the same study, Theloy et al. (2019) predicted that the P50 recoverable oil 

reserves from the Middle Bakken, Pronghorn, and Three Forks formations are 3.4 billion bbl, while 

the gas reserve is approximately 2.6 tcf of gas. In the most recent assessment by USGS (2021), the 

oil and gas estimates are 4.3 billion bbl oil and 4.9 tcf gas from the Bakken and Three Forks 

formations. Despite its very low permeability values, potentially as low as 0.001 micro darcies 

(Burrus et al. 1996), BPS is considered a world-class unconventional resource due to the high 

TOC, ranging from 8 to 20 wt% (Schmoker and Hester 1983). To economically tap the potential, 

producers rely heavily upon utilizing hydraulic fracturing (Phillips et al. 2007). 

In 2016, 6800 horizontal wells were drilled through the MB formation and 3600 in the TF 

formation (Lolon et al. 2016). Due to their high TOC, the industry has increased interest in drilling 

and producing shale members. However, the micropore fabric and organic texture complexity in 

the BPS often cause difficulties characterizing physical rock properties. In addition, these rocks 

demonstrate stress-dependent anisotropic features that may affect the evolution of elastic 

properties and directional permeability during the pressure depletion period. 

To refine our understanding of the characteristics of tight unconventional formations, such 

as the BPS, we need to conduct measurements of rock physical properties and seismic anisotropy 

under in situ reservoir conditions while investigating mineral compositions and rock texture. Rock 

sample description and characterization methods are described in the following sections. 
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2.2 Sample Description 

The BPS is deposited in the Devonian - Mississippian chronostratigraphic boundary (Table 

2.1). The following subsections elaborate on the geological attributes of LLP, UBS, MB, LBS, and 

TF formations. 

Table 2.1: Lithology description of the Bakken Petroleum System, based on Meissner (1984). 

  Formation Description 

M
is

s
is

s
ip

p
ia

n 

Lodgepole 
Limestone, medium gray, amorphous, cherty, with light gray to 

brown shale partings. 

Upper Bakken 

Shale 
Shale, black, fissile, slightly calcareous. 

Middle Bakken 
Mixed carbonate-siliciclastic, very fine-grained, muddy 

calcareous, interbedded with minor cryptocrystalline limestone. 

D
e
v
o

n
ia

n 

Lower Bakken 

Shale 
Shale, black, fissile, very slightly calcareous. 

Three Forks 

Dolomite, brown and gray, very finely crystalline, interbedded 

with green silty claystone and micropeloidal 

dolopack/grainstone 

 

2.2.1 Lodgepole Formation 

The available LLP samples in this research can be sub-grouped into the clay-poor and clay-

rich samples. For the clay-poor LLP samples, carbonates dominate the mineral content (above 80 

vol%), where calcite takes more than 90% of the quantity (Figure 2.1). The rock fabric of the clay-

poor LLP samples is shown in the upper row of Figure 2.2, where grain sizes are very fine and 

homogeneous, and clay is hard to see. These features match the findings of Webster (1984), where 

Lodgepole formation is described as tight, consolidated, and homogeneous, which dominantly 

consists of calcite. On the other hand, the mineralogy of clay-rich LLP samples is composed 

chiefly of quartz, feldspar, plagioclase, illite, and calcite (Figure 2.1). In addition, the grain sizes 

are observed to be bigger than the clay-poor sample, with interbedded clay layers (Figure 2.2, 
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lower row). Such features are often associated with the False Bakken interval, where thin black 

shale and clay-rich limestone occur several feet above the Upper Bakken Shale member (Kume 

1963).   

 

Figure 2.1: Modal mineralogy (vol%) of each sample from the Bakken dataset obtained from 

Quantitative Evaluation of Minerals by SCANning electron microscopy (QEMSCAN) equipment, 

courtesy of Whiting. LLP, UBS, MB, LBS, and TF stand for Lodgepole, Upper Bakken Shale, 

Middle Bakken, Lower Bakken Shale, and Three Forks, respectively. 

2.2.2 Upper and Lower Bakken Shale Formations 

The mineralogy of Upper and Lower Bakken Shale cores is similar, where quartz, feldspar, 

and pyrite dominate (Figure 2.1). The carbonate volume is low, ranging from 1.7 to 9.5 vol%. A 

prominent feature of these shales is their organic richness, with TOC ranging from 16 to 20 vol%. 

Figure 2.3 shows textural variations of the UBS sample (upper row) and LBS sample (lower row).
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Figure 2.2: High-resolution images of Lodgepole samples at multiple scales. The upper row shows 

a micro-CT image, SEM image at 0.2 mm scale, and SEM image at 0.05 mm scale of the clay-

poor Lodgepole sample. The lower row shows SEM images of the clay-rich Lodgepole sample at 

the 0.2 mm scale and 0.05 mm scale. SEM images courtesy of Rocky Mountain Imaging. 
 

The micro-CT images reveal an intermediate amount of fracturing, possibly induced during 

the coring process, with heavy mineral deposits along the bedding planes and intermediate 

amounts of homogenously distributed heavy mineral content. From the SEM images in Figure 2.3, 

both UBS and LBS show a continuous network of lenticular clay (grey), layers of kerogen veins 

(dark grey), and randomly distributed pyrite framboids that contain intra-particle pores (bright 

white). Inter-particle pore structure in the organic matter network is not observable at the 0.05 mm 

scale. The result of the Hydrogen Index (HI) and the Oxygen Index (OI) from source rock analysis 

plotted in a modified Van Krevelen diagram (Figure 2.4) indicate the Bakken shales to be within 

Type II marine oil-prone region.   

Clay layers.

Clay-poor 

Lodgepole

Clay-rich 

Lodgepole

5 mm 0.2 mm

0.2 mm 0.05 mm

0.05 mm



 

15 
 

 

Figure 2.3: High-resolution images of the Bakken shale members at multiple scales. The upper 

row shows a micro-CT image, SEM image at 0.2 mm scale, and SEM image at 0.05 mm scale of 

the Upper Bakken Shale (upper row) and Lower Bakken Shale (lower row) samples. SEM images 

courtesy of Rocky Mountain Imaging. 

2.2.3 Middle Bakken Formation 

The mineralogy of the MB formation is dominated by quartz, feldspar, calcite, and 

dolomite. The mineral compositions of MB in Figure 2.1 are similar to that shown by LeFever 

(1991). All, except one of the five MB samples analyzed in this study, contain moderate amounts 

of clay, between 5.3 and 7.5 vol%. One sample categorized as clay-poor has total clay <3 vol%. A 

set of high-resolution images in Figure 2.5 show textural variations in MB formation. The micro-

CT image shows small amounts of homogeneously distributed heavy minerals and no fracturing. 

The SEM image at 0.05 mm scale shows fine-grained quartz, thin illite/smectite laminations, and 

randomly oriented inter-particle pores that reside in the grain, which may indicate heterogeneity 

but weak anisotropy. 
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Figure 2.4: Modified van Krevelen diagram of UBS and LBS samples measured in this research, 

including additional data from the same well, courtesy of Whiting. 

 

 

Figure 2.5: High-resolution images of Middle Bakken sample at multiple scales. The left, middle, 

and right images are micro-CT image, SEM image at 0.2 mm scale, and SEM image at 0.05 mm, 

respectively. SEM images courtesy of Rocky Mountain Imaging. 
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2.2.4 Three Forks Formation 

Three Forks (TF) samples studied here are generally clay-rich (> 19 vol%), except for one 

sample with a clay content of 8.8 vol% (Figure 2.1). Carbonate mineral content varies widely from 

less than 30 to 68 vol%. Micro-CT image (a typical image displayed in Figure 2.6, left) shows 

induced fractures along the bedding plane and dispersed pyrite nodules. The interlaminated texture 

of TF samples with clay minerals interbedded horizontally with dolomitic beds is observed in SEM 

image at 0.5 mm scale (Figure 2.6, middle), which may indicate strong anisotropy. Finally, widely 

varying grain sizes and angular-shaped intercrystalline pores, as shown in the SEM image at 0.05 

mm scale (Figure 2.6, right), provide prominent heterogeneity to the TF formation rocks.  

 

Figure 2.6: High-resolution images of Three Forks sample at multiple scales. The left, middle, and 

right images are micro-CT image, SEM image at 0.5 mm scale, and SEM image at 0.05 mm, 

respectively. SEM images courtesy of Rocky Mountain Imaging. 

2.3 Laboratory Measurements 

Here I elaborate on the methods to perform rock sample characterization. Mineralogy was 

obtained from the Quantitative Evaluation of Minerals by SCANning electron microscopy 

(QEMSCAN) and Total Organic Carbon (TOC) data. Rock sample heterogeneity and textural 

anisotropy are obtained from micro-CT and SEM images. Stress-dependent measurements include 

porosity, permeability, and ultrasonic. 
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2.3.1 Mineralogy 

Quantitative mineral compositions of the rock samples were obtained using QEMSCAN 

equipment by FEI. Before performing mineral analysis, the rock samples were trimmed to 1-inch 

plugs, dried, and embedded in epoxy. The epoxy plugs were then polished using a 3-micron 

diamond suspension and carbon-coated for SEM imaging. The QEMSCAN was operated using an 

accelerating voltage of 20 keV and a beam current of 5 nA. Mineralogy was determined using the 

FEI Quanta 650 with FEI NanoMin software. Figure 2.1 presents the distribution of minerals 

(vol%) for each sample. TOC of Upper and Lower Bakken Shale samples was obtained using a 

pyrolysis technique in a source rock analyzer. I integrated the mineral data (wt%) from 

QEMSCAN with TOC values (wt%) from source rock analysis, then normalized them to vol%. 

Finally, I categorized the samples based on their total clay content as clay-poor (< 3 vol%), 

moderate clay (3-10 vol%), and clay-rich (> 10 vol%). Samples with TOC > 15 vol% are classified 

as organic-rich. 

2.3.2 Textural Characterization 

Multi -scale textural characterization of the cores was made using microscale X-ray 

Computed Tomography (micro-CT) and back-scattered Scanning Electron Microscope (SEM) 

imaging. The micro-CT images provided information on the internal structure, presence and 

orientation of cracks, apparent inclination of the foliation plane, and qualitative assessment of 

heavy mineral presence. The micro-CT images were acquired with an XRadia MicroXCT-400 on 

selected samples from each formation with an image resolution of 25 microns and scans taken 

every 0.1°. 

Back-scattered SEM images generated information about the micropore structure, spatial 

distribution of minerals, interconnected clay layers, and preferential alignment of kerogen veins 
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and microcracks. Images were acquired at five resolutions: 1 mm, 0.5 mm, 0.2 mm, 0.1 mm, and 

0.05 mm. Representative micro-CT and SEM images from each formation in the BPS are presented 

in Figures 2.2, 2.3, 2.5, and 2.6. 

2.3.3 Stress-dependent Porosity and Permeability 

During the production cycle, the pore pressure in the reservoir decreases, leading to an 

increase in net stress. This increase in net stress can significantly affect the petrophysical 

properties, such as porosity and permeability, thus, impacting hydrocarbon recovery (Cipolla et al. 

2010; An et al. 2017). To simulate in situ stress changes and investigate the evolution of reservoir 

rock properties, I performed porosity and permeability measurements under elevated stress on 

cylindrical cores originating from multiple formations in the Bakken Petroleum System.  

In total, there were 17 core samples measured from various formations: four cores from 

LLP formation, one core from UBS formation, five cores from MB formation, two cores from LBS 

formation, and five cores from TF formation. The cylinder plugs were in an unpreserved condition, 

hereinafter called ñas-receivedò. In preparation for porosity and permeability measurements, the 

as-received cores were trimmed to approximately 1.5 inches in diameter and 1.9 inches in length 

under dry conditions using a carbide blade attached to a rotary saw. During the core trimming 

process, tap water was used to cool the blade. I assume that the water will not affect the saturation 

of the samples due to their very low permeability. 

After trimming the cores to size, the end sides were leveled using 40-grit and 100-grit 

sandpaper. The sandpaper improved the flatness and smoothness of the end sides of the core 

samples. The trimmed cores are shown in Figure 2.7. Note that solvent cleaning was not performed 

on the samples to avoid alteration of the chemical integrity of the clay and organic matter (Zargari 

et al. 2016). 
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Figure 2.7: Trimmed core samples from the Bakken Petroleum System formations, provided by 

Whiting. LLP, UBS, MB, LBS, and TF stand for Lodgepole, Upper Bakken Shale, Middle Bakken, 

Lower Bakken Shale, and Three Forks, respectively. 

 

Figure 2.8 shows the permeameter and porosimeter, Core Measurement System (CMS-

300), which was used to obtain the porosity and permeability of the as-received cores at multiple 

confining stresses (Keelan 1986). CMS-300 uses an unsteady-state pressure decay approach, 

where the upstream pressure is approximately 1.7 MPa, and the downstream pressure is 

atmospheric. CMS-300 was chosen because it has the ability to apply confining stress and perform 

measurements on intact, cylindrical, and low permeability cores (from >15 Darcies to <0.05 

microdarcies). This equipment has three tanks of known volumes at known pressures of helium 

LLP UBS MB MB
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and nitrogen gas. The equipment then automatically activates the dual-gas mode to choose between 

helium or nitrogen usage for the measurement gas, depending on sample permeability. Nitrogen is 

selected for permeability less than 0.01 microdarcies. As the gas flows into the core sample, the 

equipment records the pressure and flow rate change as functions of time. Finally, the pressure 

decay curve with respect to time is used to derive sample permeability.  

 

Figure 2.8: CMS-300 equipment used to measure porosity and very low permeability at multiple 

confining pressures. 

To measure porosity, CMS-300 uses the gas expansion method or Boyleôs law. At any 

confining pressure point, helium gas is set to expand from a known chamber into a core sample 

that was initially filled with helium at atmospheric pressure. The pore volume or porosity of the 

core is obtained by measuring grain volume at atmospheric pressure and the known chamber 

volume at indicated confining pressure. 

Porosity and permeability were measured at pressure steps of 3.4 MPa, 6.9 MPa, 10.3 MPa, 

13.8 MPa, 17.2 MPa, 20.7 MPa, 24.1 MPa, and 27.6 MPa.  These pressure steps captured the 

evolution of porosity and permeability upon hydrostatic load, which can be associated with pore 
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structure deformation and increasing contact of the grain interfaces. Detailed results and analysis 

of the porosity and permeability measurements of the BPS samples are presented in Chapter 3 

along with the driving mechanisms causing the evolution of fluid transport properties. 

2.3.4 Ultrasonic Acquisition System 

  Ultrasonic velocity measurements are commonly used to assess the elastic properties of 

anisotropic rocks in the laboratory. The following subsections describe the design of the core jacket 

and the experimental setup used in this study. Detailed results and analysis of the multi-directional 

ultrasonic measurements of the BPS samples are available in Chapter 3. 

2.3.4.1 Core Jacket Design 

  I performed ultrasonic velocity measurements (P and S) using an in-house developed 

anisotropic core jacket, modified from Ou (2018). The core jacket can fit a 1.5ò diameter and 1.9ò 

length core sample (Figure 2.9) and can record P- and S-wave velocities at elevated confining 

stresses. As shown in Figure 2.10, the ultrasonic transducers are 1 MHz Lead Zirconate Titanate 

(PZT) gold-plated piezoelectric crystals that transmit and receive acoustic waves. Both P and S 

transducers are attached radially on the outside wall of the core jacket, positioned at 0º (parallel to 

the bedding plane), 45º, and 90º (perpendicular to the bedding plane). The core jacket's primary 

material is polyethylene terephthalate (PET), whereas the end caps are made of stainless steel. The 

current electrodes that are attached to the end caps and potential electrodes that are attached to the 

core jacket can be used to measure the complex conductivity (real and imaginary) of the rock 

samples. However, this research does not discuss the results from the complex conductivity 

measurements due to the varying fluid content of the as-received cores.  
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Figure 2.9: The schematic and parts of the in-house developed single-core anisotropy core jacket, 

modified from Ou (2018), for ultrasonic velocity measurements at elevated confining pressures. 

 

Detailed steps to install the ultrasonic transducers are presented in Ou (2018). The core 

jacket used in this thesis (Figure 2.10) is an improved version of Ou (2018). The core jacket is 

significantly more durable in this latest design and can withstand more than ten pressure cycles. 

The acoustic wave signal for all transducers is also generally stronger. In addition, the wires are 

less likely to snap, and fluid leaks rarely occur. To achieve this state, several substantial procedures 

need to be performed when making the core jacket: 

1. Before attaching the transducers, clean the core jacket thoroughly from oil and fingerprints 

2. When attaching the transducers to the core jacket, use a clamp after applying silver epoxy 

and leave it overnight (Figure 2.11). This step must be done on each crystal to ensure good 

attachment and avoid air pockets between the crystal and the jacket 

3. Use thermal-resistant and flexible wires 

4. After attaching and waiting overnight, each transducer must be covered with soft epoxy 

(Figure 2.12). The epoxy cover of each transducer must not touch its neighboring 

transducer (Figure 2.10). The main advantage of using soft epoxy, as opposed to hard 
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epoxy or K-20 epoxy, is the durability, flexibility upon pressurization, and ease of peel 

when needed. 

 

 

Figure 2.10: P- and S-wave crystals (covered by epoxy) are attached to the core jacket in the 

direction of 0º (parallel to the bedding plane), 45º, and 90º (perpendicular to the bedding plane). 
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Figure 2.11: Clamping the transducers to the core jacket to achieve optimum attachment upon 

installation. 

 

 

Figure 2.12: EP1121 Clear soft epoxy from Resinlab. 

 



 

26 
 

2.3.4.2 Acquisition System 

The ultrasonic wave data acquisition system is shown in Figure 2.13. For the acoustic 

measurements, the ultrasonic wave transmitter triggers a pulse signal to the P and S source 

transducers. The generated waves travel through the core and are recorded by the corresponding P 

and S receiver transducers at the opposite side of the core jacket. An oscilloscope (Tektronix TDX 

3014C) records and digitizes the waveform with 10,000 points. The seismogram is acquired and 

processed using an in-house software (JSeislab) in the computer station. The velocity of each core 

sample at each measurement direction is calculated as v = d/t (km/s), where d and t are the 

measured core diameter and travel time between the source and receiver transducers, respectively. 

Next, the core jacket is put in the pressure vessel to apply hydrostatic load onto the core. To this 

end, the ISCO pump pushes hydraulic oil into the pressure vessel. The P- and S-wave velocities 

are recorded at 3.4 MPa, 6.9 MPa, 10.3 MPa, 13.8 MPa, 17.2 MPa, 20.7 MPa, 24.1 MPa, and 27.6 

MPa, while pore pressure was not applied.    

 

Figure 2.13: Experimental setup for the ultrasonic velocity measurements at increasing confining 

stresses. 
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2.4 Summary 

  This chapter presents the BPS core sample description and laboratory measurements used 

to characterize anisotropic rock properties. The production history, stratigraphy, and mineralogy 

of LLP, UBS, MB, LBS, and TF formations are presented. To gain a robust understanding of 

geophysical anisotropy and pore structure evolution, performing stress- and direction-dependent 

multi-physical rock properties is crucial. The laboratory measurements performed in this thesis 

include (a) mineralogy analysis, (b) textural anisotropy analysis, (c) stress-dependent porosity and 

permeability, and (d) direction-dependent acoustic measurements. In addition, multiphysics 

measurements are essential to understand the relationship between rock physical properties of TI 

rocks, such as the Bakken. 
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CHAPTER 3 

PRESSURE-DEPENDENT ELASTIC ANISOTROPY: A BAKKEN PETROLEUM SYSTEM 

CASE STUDY 
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Gama Firdaus, Jyoti Behura, and Manika Prasad 

 

3.1 Abstract 

The complexity of the micropore fabric and organic texture in tight unconventional 

reservoirs often complicates their correlations with physical rock property parameters. Anisotropy, 

which is a common physical property of tight oil reservoirs, can affect directional deformation and 

permeability during the reservoir development and pressure depletion period. Thus, accurately 

measuring seismic anisotropy and its relationships with petrophysical properties can refine our 

understanding of vertical transverse isotropy rocks and ultimately improve fracturing design as 

well as production forecasting. We have developed a measurement technique of ultrasonic 

velocities (P and S) from multiple directions, that is, bedding-parallel, bedding-perpendicular, and 

at 45° to bedding under simulated in situ reservoir pressure. Following these measurements, we 

also correlate these findings to pressure-dependent porosity and permeability, in addition to 

geologic attributes and textural anisotropy. The samples that we investigate are tight carbonaceous 

siltstone and organic-rich mudrock cores originating from the Bakken petroleum system, which 
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include Lodgepole, upper Bakken shale, middle Bakken, lower Bakken shale, and Three Forks. 

Depending on the rock fabric and mineral constituents, each formation exhibits distinctive 

anisotropic behavior in response to pressure changes. The results indicate that the elastic 

parameters and petrophysical properties are inversely related under pressure for all samples. We 

also find that P-wave anisotropy and SH-wave anisotropy parameters decrease gradually with 

increasing confining pressure. The anisotropic behavior can be related to volumetric concentration 

and directional connectivity of clay layers, kerogen veins, and subparallel microfractures. 

3.2 Introduction  

The Bakken petroleum system (BPS) is currently one of the most significant 

unconventional hydrocarbon resources in North America. Theloy et al. (2019) predict that the 

probable recoverable reserves from the BPS in North Dakota is 3.4 billion barrels of oil and 2.6 

trillion cubic feet of gas. However, due to its tight and thinly bedded features, geoscientists and 

engineers continue to experience challenges in tapping its full potential. The complexity of 

micropore fabric and organic texture in tight unconventional formations often causes difficulties 

in characterizing physical rock properties (Prasad et al. 2009).  

The formations in BPS demonstrate anisotropic features that may affect the evolution of 

directional permeability during the reservoir development and pressure depletion period. Shale 

samples tend to have a realignment of clay particles and pore structures along the foliation plane 

(Sayers 1999; Hornby 1998), causing shale anisotropy parameters to exceed 60% (Wang 2002; 

Sondergeld and Rai 2011). Furthermore, the anisotropic pore structure and physical properties of 

minerals evolve alongside the changes in pressure, ultimately affecting the evolution of directional 

fluid transport properties. Anisotropy and heterogeneity also can be found in multiple scales, for 

example, seismic, log, core, and scanning electron microscopy scale, as reported by Kamruzzaman 
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et al. (2019). Accurately measuring rock physical properties and seismic anisotropy throughout 

the heterogeneous layers in BPS is essential because it can improve the 3D reservoir geo-model, 

fracturing design, and production forecasting. To improve the 3D reservoir geomodel and 

fracturing design, we need to know the stress directions, which require the knowledge of tensorial 

stiffnesses. Furthermore, due to stress changes that occur during the production period, preferential 

compaction may occur depending on the relative compliance of the components and texture of the 

rock, which will impact the fluid flow and production forecasting (Zeng et al. 2014). The progress 

in refining our understanding of anisotropy in unconventional resources requires more controlled 

measurements. 

Numerous laboratory-scale geophysical measurements have been performed to measure 

pore deformation and anisotropic features of unconventional rocks. For example, Vernik and Nur 

(1990, 1992), Vernik and Liu (1997), and Firdaus et al. (2020) perform acoustic measurements at 

different measurement angles of Bakken shale samples (North Dakota). Pressure dependency of 

P- and S-wave velocities of middle Bakken (MB) samples is investigated by Havens (2012) and 

Ma and Zoback (2016). Acoustic measurements and calculated tensorial stiffnesses of other 

organic-rich unconventional rocks also have been performed, such as on Millboro and Braillier 

shales member of the Devonian-Mississippian Chattanooga Formation (Johnston and Christensen 

1995), Bazhenov (western Siberia); Monterey (California); Niobrara Formation (New Mexico); 

and North Sea (Vernik and Liu 1997), Jurassic and Kimmeridge Clay shales (North Sea) (Hornby 

1998), North Sea shale (Domnesteanu et al. 2002), Muderong shale (Australia) (Dewhurst and 

Siggins 2006), Haynesville (Sondergeld and Rai 2011; Woodruff et al. 2015), and Whitby 

mudstone (Whitby, UK) (Zhubayev et al. 2016; Douma et al. 2020). For Eagle Ford chalk (Texas), 

Niobrara chalk, and upper Bakken samples, Ou (2018) discovers that each formationôs attenuation 
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and stiffness coefficients exhibit distinctive results under loading. The geophysical parameters of 

a particular formation may differ when in situ reservoir net pressure changes, and it can be 

influenced by many factors, which include, but they are not limited to, volumetric concentration 

and spatial distribution of clay (Minear 1982; Han et al. 1986; Vernik and Liu 1997; Bhuiyan et 

al. 2010; Gong et al. 2017) and organic matter, stiffness of minerals, and pore compliance (Mapeli 

et al. 2018). 

The pressure-dependent geophysical properties need to be incorporated in hydraulic 

fracturing models, which may lead to the change of geomechanical properties, such as Youngôs 

modulus and Poissonôs ratio. Meyer and Jacot (2001) show in an analytical model that pressure-

dependent modulus affects formation stress models and fracture geometry. Similarly, pressure-

dependent porosity and permeability also can substantially impact hydrocarbon recovery (Cipolla 

et al. 2010; Miller et al. 2010; An et al. 2017). Zeng et al. (2014) perform an experimental study 

to measure the exponential decrease of permeability of a mudstone sample from Jianghan Basin, 

as a function of increasing confining pressure. The permeability decrease can vary to several orders 

of magnitude, as studied in the Three Forks (TF) Formation by Boualam et al. (2020). Zeng et al. 

(2014) and Xu et al. (2018) state that the prominent mechanism that causes dramatic permeability 

evolution is the closure of microcracks, pore throats, and fractures in the rock. 

Linking rock physics, petrophysical properties, geologic attributes, and textural image 

analysis of the rock can help us understand the anisotropy, pore structure, and rock fabric 

evolution, which is vital to reservoir evaluation. Furthermore, laboratory data can be used to 

confirm and calibrate geophysical borehole tools, although borehole tools do not always capture 

anisotropic features in BPS due to their low resolution. 
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This study has performed an integrative experimental approach to characterize pore 

structure evolution in the BPS. We investigate a range of samples that originate from the 

Lodgepole (LLP), upper Bakken shale (UBS), MB, lower Bakken shale (LBS), and the TF 

Formation. First, we identify mineral constituents and total organic carbon (TOC) using 

quantitative evaluation of minerals by scanning electron microscopy (QEMSCAN) and source-

rock analyzer equipment, respectively. To obtain a visual characterization of the core samples, we 

perform micro-computed tomography (micro-CT) scans and high-resolution backscattered 

electrons (BSEs) images. The next step is to measure porosity, permeability, and ultrasonic travel 

time by increasing load up to 27.6 MPa. The porosity and permeability measurements are only 

measured in one direction. During the acoustic measurements, we use an in-house core jacket 

modified from Woodruff et al. (2015). This method allows us to measure P- and S-wave velocities 

from 0°, 45°, and 90° with respect to the bedding plane, with only a single core. Acoustic results 

provide us data to calculate seismic stiffnesses and dynamic data to derive geomechanical 

properties. In this study, we evaluate rock physics and petrophysical measurements to monitor 

pore structure deformation and the evolution of transport fluid properties during pressure change. 

The results can provide a better understanding of the productive members (LLP, MB, and TF) and 

the shale members in the BPS. To the best of our knowledge, pressure-dependent measurements 

coupled with multiscale visualization to characterize a full petroleum system are rare; thus, the 

results presented here can be precious for the BPS producers, and they can potentially optimize 

completion techniques and fluid drawdown management. 

3.3 Rock Sample Description 

In total, 19 horizontal core samples were obtained from a vertical well in North Dakota. 

The samples originated from different formations in the lower Mississippian and upper Devonian 
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age, including four cores from LLP, one core from UBS, five cores from MB, four cores from 

LBS, and five cores from TF. The cylinder plugs were shelved for approximately four years in an 

unpreserved condition, and hereinafter we indicate this state as as-received. 

The mineral constituents of the rock samples were obtained using QEMSCAN equipment 

by Field Electron and Ion Company (FEI). Prior to performing mineral analysis, the samples were 

trimmed to 1 in. plugs, dried, and embedded in epoxy. Then, the epoxy plugs were polished using 

a three-micron diamond suspension and carbon-coated for BSE imaging. The QEMSCAN was 

operated using an accelerating voltage of 20 keV and a beam current of 5 nA. Mineralogy was 

determined using the FEI Quanta 650 with FEI NanoMin software. Furthermore, the samples were 

pyrolyzed using a source rock analyzer equipment to obtain TOC. Table 3.1 shows the distribution 

of minerals (vol%) for each sample and the characteristics based on clay richness. We used the 

amount of clay to qualitatively group the non-shale samples as clay-poor (<3 vol%), moderate-

clay (3 vol %ï10 vol%), and clay-rich (>10 vol%). Shale samples examined here were rich in 

organic matter (TOC > 15 vol%). The mineralogy of LLP samples was subgrouped into clay-poor 

and clay-rich. UBS and LBS had a similar mineralogy represented by the dominance of quartz, 

feldspar, plagioclase, and pyrite (QFPP) and low carbonate (1.7 vol%ï9 vol%) volume. High TOC 

in the shale members (>16 vol%) created a significant potential for hydrocarbon generation in the 

BPS. In the MB members, the mineralogy was dominated by quartz, feldspar, calcite, and 

dolomite. Barring one sample, the MB samples had a moderate amount of clay, whereas TF 

samples were generally clay-rich. 

Textural details of selected core samples were studied at two resolutions: 25 ɛm resolution 

CT images and 0.098 ɛm resolution BSE images. The micro-CT images (Figure 3.1) obtained with 

XRadia MicroXCT-400 were reconstructed from scans taken every 0.1°, whereas BSE images 
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(Figure 3.2) were obtained with backscattered scanning electron microscopy. Bedding plane was 

observed in the micro-CT images, indicating that the samples have a vertical transverse isotropy 

symmetry. In the following sections, we will discuss how volumetric concentration and texture of 

minerals, organic matter, and microcracks in each formation contribute to acoustic anisotropy and 

its pressure dependence.  

Table 3.1: Rock physical properties of each sample, including bulk density, volumetric fraction 

of the minerals, and TOC (courtesy of Rocky Mountain Imaging). 

    Mineralogy 

Sample Characteristics Bulk Density TOC QFPP Carbonate Clay 

    (g/cm3) (vol%) (vol%) (vol%) (vol%) 

LLP 

1-10 Clay-poor 2.79  12.3 86.1 1.0 

1-26 Clay-rich 2.66  39.5 38.9 19.2 

2-1 Clay-rich 2.66  44.2 40.5 13.1 

2-11 Clay-poor 2.52  11 84.2 1.1 

UBS 

2-15 Organic-rich 2.34 18.44 67.6 5.1 7.2 

MB 

2-44 Moderate clay 2.55  49.2 37.7 7.4 

2-48 Moderate clay 2.52  59.7 26.2 7.5 

2-52 Clay-poor 2.64  35.3 59.9 2.8 

2-68 Moderate clay 2.56  51.2 40.4 5.8 

2-77 Moderate clay 2.56  53.9 37.6 5.3 

LBS 

2-81-A Organic-rich 2.29 18.49 69.9 3.2 7.0 

2-85 Organic-rich 2.31 17.68 65.1 9.0 6.4 

2-96 Organic-rich 2.26 16.43 76.2 1.7 4.7 

2-105 Organic-rich 2.27 19.35 72.1 1.9 5.7 

2-107 Organic-rich 2.33 20.59 63.6 4.3 9.3 

TF 

2-110 Clay-rich 2.48  64.5 5.0 24.3 

2-114 Clay-rich 2.57  41.9 33.8 21.2 

2-117 Clay-rich 2.54  41.0 30.0 25.7 

2-120 Moderate clay 2.56  32.4 53.0 8.8 

2-129 Clay-rich 2.67   39.2 36.1 19.9 

Note: QFPP denotes quartz + feldspar + plagioclase + pyrite. Carbonates consist of calcite + dolomite + 

magnesite. Clay combines muscovite + glauconite + kaolinite + illite + chlorite + illite-smectite. Data 

reproduced from Firdaus and Prasad (2021). 
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Figure 3.1: Micro-CT images of (a) clay-poor LLP, (b) UBS, (c) clay-poor MB, (d) LBS, and (e) 

moderate-clay TF. In all except (a) and (c), pyrite and cracks are subparallel to the foliation plane 

as detected in the micro-CT images. 
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Figure 3.2: BSE images of (a) clay-poor LLP, (b) UBS, (c) clay-poor MB, (d) LBS, and (e) 

moderate-clay TF, courtesy of Rocky Mountain Imaging. The images in the right column are 

magnified 4× from the red outlined area in the images in the left column. Py, Ca, I/S, Qz, and OM 

denote pyrite, calcite, illite/smectite, quartz, and organic matter, respectively. 
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3.4 Laboratory Measurements 

Prior to the acoustic, porosity, and permeability measurements, the as-received cores were 

trimmed to approximately 3.8 cm in diameter and 4.8 cm in length, and the end faces were flattened 

to a tolerance not to exceed 0.00254 cm.  

3.4.1 Single-core Ultrasonic Anisotropy 

We performed multidirectional ultrasonic pulse transmission experiments under drained 

conditions with pore lines exposed to air at hydrostatic confining pressure up to 27.6 MPa on the 

as-received cores using the core jacket modified from Woodruff et al. (2015) shown in Figure 3.3. 

The exterior wall of the core jacket was instrumented with 1 MHz piezoelectric P- and S-crystals, 

where the transmitters are located at angles of 0°, 45°, 90°, and receivers at 180°, 225°, and 270° 

along the circumference. We determined the direction of the bedding plane (0° measurement 

angle) of the sample by measuring the fastest P- and S-wave arrival times on benchtop 

measurements. 

The single-core measurement technique eliminates several drawbacks carried by the 

traditional three plug method. (1) Measurements on a single core, instead of a core in each 

direction, significantly reduces experimental preparation and measurement time. (2) Core sample 

availability is increased because organic-rich unconventional samples are scarce due to irreversible 

damage during coring. (3) We avoid errors and reduce the uncertainty of measurement caused by 

the complexity and heterogeneity of organic-rich tight rock samples.  
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Figure 3.3: In-house developed core jacket, modified from Woodruff et al. (2015), for 

simultaneous measurement of acoustic and complex conductivity at elevated confining pressures.  

 

The data acquisition system is shown in Figure 3.4. The pulser sends a high-voltage pulse 

to the source transducers (P and S), which are attached on the core jacket. Acoustic waves travel 

through the core and the receiver transducer that is located at the opposite side of the core jacket. 

A Tektronix TDX 3014C oscilloscope records and digitizes the waveform with 256 data points 

per microsecond, which are recorded and interpreted using Spec4Win software. The velocity of 

each core sample in each measurement direction is calculated as v = d/t (km/s), where d and t are 

the measured core diameter and measured travel time between the source and receiver transducers, 

respectively. The P- and S-wave velocities are recorded at confining pressure intervals of 3.4 MPa 

up to 27.6 MPa, with a pressure gradient of 0.1 MPa/min. The measurements are made after the 

pumpôs flow rate drops under 0.01 ml/min. The uncertainties of P- and S-wave velocities are 1% 

and 2%, respectively. 
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Figure 3.4: Data acquisition setup for the ultrasonic measurement at increasing confining 

pressures.  

 

3.4.2 Pressure-dependent Porosity and Permeability 

We measured porosity and permeability using an unsteady state pressure decay 

permeameter and porosimeter (core measurement system [CMS]-300). The pore volume of the 

cores was measured using Boyleôs law. The permeability of the core was measured parallel to the 

bedding, which corresponds to the 0° measurement. Depending on the tightness of the 

microstructure of each rock, the pressure range of porosity and permeability measurements may 

vary. For low-permeability rocks, the instrument used nitrogen flow to measure pore volume. 

Details of porosity and permeability measurements using CMS-300 equipment can be found in 

Teklu et al. (2018). 

The porosity and permeability measurements were not measured simultaneously with the 

ultrasonic measurements; however, similar pressure control and sample state were implemented. 

The measurements were performed under drained conditions, and the confining pressure was 

increased by 3.4 MPa up to a maximum pressure of 27.6 MPa. 
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3.5 Experimental Results 

3.5.1 Porosity and Permeability 

Pressure-dependent porosity and permeability results are shown in Figure 3.5, respectively (see 

data in Firdaus and Prasad [2021]). The clay-poor LLP, UBS, clay-poor MB, LBS, and moderate-

clay TF correspond to samples 1-10, 2-15, 2-52, 2-85, and 2-120, respectively, as indicated in 

Table 3.1. The results in Figure 3.5 show that the porosity of LBS and TF samples experiences a 

monotonic decline until 27.6 MPa. However, the porosity of LLP, UBS, and MB shows a sharp 

decline with increasing confining pressure. For the permeability measurements, each sample 

exhibits various reduction rates. The biggest loss of permeability occurs for LLP, UBS, and MB, 

possibly related to microcracks closure. 

 

Figure 3.5: Pressure-dependent porosity and permeability of selected core samples from each 

formation studied in this paper.  
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3.5.2 Acoustic Properties 

The P- and S-wave velocity response to hydrostatic confining pressure for each formation 

(Figures 3.6 and 3.7, respectively) were typical for the formation (data from Firdaus and Prasad 

[2021]). The non-shale cores, that is, LLP, MB, and TF, showed little velocity response at elevated 

loading pressure. For example, when confining pressure is increased up to 27.6 MPa, the LLP 

sample almost experienced no velocity increase, whereas the velocities of MB and TF samples 

increased approximately 0.15 and 0.25ï0.3 km/s, respectively. The similarity in VP and in VS of 

non-shale cores measured in bedding-parallel, 45°, and bedding-perpendicular directions 

demonstrated their weak anisotropy along with a lack of hysteresis between loading and unloading 

cycles. In contrast, the UBS and LBS were strongly anisotropic, with VP and VS varying 

considerably in the three directions with respect to the bedding. When confining pressure is 

increased up to 10 MPa, we observed that the VP and VS in the bedding-perpendicular direction 

(90°) increased 0.5ï1 and 0.5 km/s, respectively, except VS data for the UBS sample. Pressure-

sensitive VS 90° data for the UBS sample (Figure 3.7) might have been visible below 4 MPa; 

however, poor signal quality did not allow us to gather these data.  
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Figure 3.6: The VP measurements with respect to the confining pressure of five cores: clay-poor 

LLP, UBS, clay-poor MB, LBS, and moderate clay TF. The measurement is taken at 0° (the blue 

circle), 45° (the red square), and 90° (the green triangle) to the bedding plane. Velocity magnitudes 

for all samples are generally higher upon unloading with respect to the loading step, likely due to 

irreversible mechanical deformation. 
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Figure 3.7: The VS measurements with respect to the confining pressure; details are given in Figure 

3.6.  
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3.6 Discussion and Analysis 

3.6.1 Elastic Anisotropy 

We have calculated Thomsenôs anisotropy parameter of Ů (P-wave anisotropy) and ɔ (S-

wave anisotropy) using the stiffness tensors (Thomsen, 1986). The reference frame of tensorial 

parameters used in this paper is described in Appendix A. Figure 3.8 shows the P- and S-wave 

anisotropy of selected samples from each formation as functions of confining pressure. Anisotropy 

is strongly related to clay content and organic richness; thus, the clay-poor LLP and MB exhibit 

weak anisotropy (Ů and ɔ < 0.1). The moderate clay TF has slightly higher anisotropy, where Ů and 

ɔ are 0.2 and 0.1, respectively, at the highest tested confining pressure, whereas the shales (UBS 

and LBS) have high anisotropy (Ů up to 0.46 and ɔ up to 0.44 at the highest tested confining 

pressure).  

 

Figure 3.8: The P- and S-wave anisotropy with respect to the confining pressure of selected core 

samples from each formation studied in this paper. Filled and unfilled symbols correspond to 

loading and unloading paths, respectively. 
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Figure 3.9 presents the correlation between P-wave anisotropy and S-wave anisotropy at 

different confining pressures. In this plot, samples with weak anisotropy, the clay-poor LLP and 

clay-poor MB, lie close to the point of origin and exhibit low-pressure sensitivity. Strongly 

anisotropic rocks, UBS, LBS, and the clay-rich TF have high Ů and ɔ values, which can be greater 

than 0.5, especially for low confining pressures. However, Ů and ɔ of these samples decrease 

substantially upon load increase up to 10 MPa.  

The increasing presence of clay and/or kerogen content increases the anisotropy. 

Conversely, the increase of confining pressure leads to a significant decrease of Ů and ɔ. This result 

shows a good agreement with findings by Bhuiyan et al. (2010) and Sondergeld and Rai (2011). 

The distinctive Ů and ɔ anisotropy response to pressure can be interpreted by their textural 

differences. In the following subsections, we discuss in detail the pressure-dependent anisotropic 

features for each formation.  

3.6.1.1 LLP Formation 

The clay-poor LLP (Figure 3.9) has low Ů and ɔ with minimal pressure dependence due to 

the tight, consolidated, and homogeneous nature typical of the LLP Formation (Figure 3.1) 

consisting predominantly of calcite (Webster 1984), as depicted in Figure 3.2. The low compliance 

of the clay-poor rocks also can be related to the high grain-to-grain contact in the framework. With 

increasing clay content in the LLP, Ů and ɔ and their pressure dependence increase substantially. 

This anisotropic behavior can be due to the mechanical compaction of compliant constituents 

oriented parallel to bedding. Such clay-rich samples often are associated with the False Bakken 

interval (Kume 1963), wherein thin black shales and clay-rich limestones occur several feet above 

the UBS member (Webster 1984). Figure 3.10 shows the effect of increasing volumetric 

concentration of clay and organic matter on anisotropy parameters at the highest tested confining 



 

48 
 

pressure (27.6 MPa). With greater than 13% clay and kerogen content, Ů and ɔ of the clay-rich LLP 

samples are at least 0.25 and 0.14 higher, respectively, as compared to the clay-poor LLP.  

 

Figure 3.9: Relationship between S-wave anisotropy (ɔ) and P-wave anisotropy (Ů) as a function 

of increasing load. Calculations have been made for all studied samples. LLP, UBS, MB, LBS, 

and TF denote Lodgepole, upper Bakken shale, middle Bakken, lower Bakken shale, and Three 

Forks, respectively. Each sample is indicated by the different colors of the outlines. For example, 

blue, red, and purple outlines each indicate three different samples from the LBS Formation (the 

black diamonds). 

3.6.1.2 UBS and LBS Formation 

The shale members, UBS and LBS, show high anisotropy that is strongly pressure-

dependent. At low confining pressure, below 3.4 MPa, Ů and ɔ can be as high as 82% and 65%, 

respectively. Intrinsic and extrinsic factors of the rock are known to significantly contribute to the 

measured anisotropy (Allan et al. 2015). Several sources of intrinsic anisotropy in these shales can 

include thin layers (Backus 1962), clay platelets, and kerogen veins (Vernik and Nur 1992; Hornby 

1998; Sayers 1999; Ou and Prasad 2016), which can be observed in Figure 3.2. Extrinsic 
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anisotropy sources, such as induced microfractures due to coring (Johnston and Christensen 1996) 

and poor core preservation (Wang 2002), also are expected given the unpreserved samples used in 

this study. In unpreserved cores, dehydration can lead to the development of microfractures. In 

general, core damage is associated with velocity changes at low pressures. Together, intrinsic and 

extrinsic anisotropy properties of Bakken shales can explain their pressure sensitivity. 

As previously noted in Figure 3.8, Ů and ɔ of shale cores substantially decrease when the 

pressure is increased at low confining pressures (3.4ï10 MPa). This behavior in organic- and clay-

rich shales can be explained by the closure of pore throats and high strain of the extrinsic factors, 

in which mechanical deformation of coring-induced damage occurred (Holt et al. 2004). In this 

low-pressure regime, we observe hysteresis in the anisotropy between the loading and unloading 

path (Figure 3.8); therefore, the anisotropy data are overestimated and probably not suitable to be 

implemented in reservoir modeling. 

At higher confining pressure (greater than 10 MPa), the anisotropy trends that are observed 

in Figure 3.8 are repeatable; thus, they can be relevant for subsurface modeling scenarios. 

Furthermore, Ů and ɔ remain higher than the non-shale samples. Assuming that microcracks close 

at such high confining pressure, in this low-strain region, the intrinsic factors, such as clay 

platelets, microcracks, and connected kerogen (Figure 3.1b and 3.1d) that are realigning toward 

the foliation plane (Vernik 1993; Sayers 1999; Wang 2002; Ou and Prasad 2016), play a more 

significant role in producing the measured anisotropy. In addition, at higher pressure regime, it is 

noticeable that the Ů and ɔ of LBS samples are more pressure-dependent than UBS. This behavior 

can be attributed to the higher presence of cracks in the LBS, as observed in Figure 3.1. The spatial 

distribution of compliant components also plays a significant role in dictating pressure 

dependency. Although the clay and organic matter content in UBS and LBS samples are 
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comparable (Table 3.1), the connectivity of minerals is higher in the latter sample and present at 

multiple scales (Figures 3.2 and 3.11). 

Similar trends have been observed in acoustic measurement studies of not only Bakken 

shales (Vernik and Nur 1990, Vernik and Nur 1992; Vernik 1993; Vernik and Liu 1997; Ou and 

Prasad 2016; Firdaus et al. 2020), but also other organic-rich shales (Johnston and Christensen 

1995; Hornby 1998; Domnesteanu et al. 2002; Dewhurst and Siggins 2006; Sondergeld and Rai 

2011; Zhubayev et al. 2016). Thus, in Figure 3.10, samples with higher clay and kerogen 

concentrations exhibit higher anisotropy. 

3.6.1.3 MB Formation 

With the similarity of P- and S-wave velocities in all measured directions (Figures 3.6 and 

3.7), Ů and ɔ have low values, except for the presence of fractures (e.g., the fractured MB sample 

in Figure 3.9). The low-anisotropy values can be attributed to the geologic structure and 

composition of MB: a tight and fine-grained argillaceous and highly fossiliferous calcareous 

siltstone (Sonnenberg 2017), which typically exhibits isotropic behavior (Guedez et al. 2018) 

(Figures 3.1 and 3.2). Due to its high concentration of stiff materials such as quartz and carbonates 

(Table 3.1), MB samples show low response upon hydrostatic loading. For the fractured MB 

sample, the Ů and ɔ values are 0.18 and 0.46, respectively, at the highest tested confining pressure 

(27.6 MPa). Such high anisotropy values are attributed to the presence of open fractures (Figure 

3.11d), which also leads to ɔ values higher than Ů (Jakobsen and Johansen 2000; Dewhurst and 

Siggins 2006). 
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3.6.1.4 TF Formation 

In contrast to the MB samples, Ů and ɔ values of TF samples vary significantly, with 

distinctive pressure dependence (Figure 3.9) related to the volumetric concentration of clay and 

kerogen (Figure 3.10). The main reason for the spread in Ů and ɔ values lies in the highly 

heterogeneous nature of the TF Formation, with a medium grade of bioturbation, fossil inclusions, 

and thin horizontal layers of clay that alternate with the dominating calcite/dolomite matrix (Kume 

1963). In Figure 3.10, one TF sample with 25.7% of clay and kerogen content shows weak 

anisotropy at the highest tested confining pressure, where Ů and ɔ are 0.09 and 0.05, respectively. 

The low anisotropy of this sample is possibly due to the continuous phase of the clay mineral in 

the sample and presence of angular shaped cracks with no preferential alignment (Figure 3.11).  

 

Figure 3.10: The relationship between the volumetric concentration of clay and organic matter and 

P- and S-wave anisotropy. Each data point reported in this figure represents each core and is 

measured at PC = 27.6 MPa. LLP, UBS, MB, LBS, and TF denote Lodgepole, upper Bakken shale, 

middle Bakken, lower Bakken shale, and Three Forks, respectively. 

The elastic anisotropy values of other clay-rich TF samples (indicated in Figure 3.9) can 

approach the shales. Such samples are pressure-sensitive; however, anisotropy remains relatively 
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high at the highest testing pressure, which is possibly due to the intrinsic anisotropy features, such 

as clay laminations, preferentially aligned carbonate minerals, and highly connected pyrite 

framboids. 

 

Figure 3.11: BSE images of the (a) UBS, (b) LBS, and (c) TF sample, and micro-CT image of the 

(d) fractured MB sample, courtesy of Rocky Mountain Imaging. 

3.6.2 Effect of Microstructural Deformation 

Figure 3.12 shows relative changes of stiffnesses C11, C33, C44, C66, porosity (ʟ ), and 

permeability (k) during loading normalized at the respectives values at a confining pressure of 3.4 

MPa. Comparing the relative changes of elastic parameters with changes in porosity and 

permeability provides an understanding of the controls of rock structure and pore framework 

deformations for each formation on elastic properties. 
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Figure 3.12: Relative change of C11, C33, C44, C66, ◖, and k of core samples as a function of 

increasing load. LLP, UBS, MB, LBS, and TF denote Lodgepole, upper Bakken shale, middle 

Bakken, lower Bakken shale, and Three Forks, respectively. The table in this figure provides 

measured values of porosity (◖) in fraction, permeability (k) in mD, and C33 in GPa measured 

when confining pressure (PC) is at 6.9 and 27.6 MPa. The unit of the specific surface area (SSA) 

is m2ùg. 

 

Sample PC ▫ k C33

Clay-poor LLP 
SSA=2.5

6.9 0.5 1.1E-04 101.6

27.6 - - 102.3

UBS                       
SSA=5.9

6.9 1.1 5.0E-04 23.5

27.6 - - 26.9

Clay-poor MB 
SSA=2.6

6.9 2.3 2.1E-04 61.7

27.6 - - 64.3

LBS                    
SSA=28.2

6.9 3.0 1.0E-01 19.7

27.6 2.2 6.7E-03 26.6

Moderate Clay TF 
SSA=4.3

6.9 7.4 1.8E-03 44.3

27.6 7.1 1.2E-03 50.2
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As shown in Figure 3.12, porosity and permeability show a systematic inverse relationship 

to the stiffness coefficients with an increasing hydrostatic load. Furthermore, we observe that 

pressure sensitivity of porosity and permeability is accompanied by the sensitivity of elastic 

stiffnesses in the bedding-perpendicular direction for the shale samples. Such behavior is contrary 

to sandstone samples, in which relative changes in porosity and permeability are significantly less 

responsive to pressure than P- and S-wave velocities (Mapeli et al. 2018). Under confining 

pressure, compliant pores, which may include microfractures and pore throats, deform readily. As 

a result, flow paths close and disrupt gas movement in the pore system, causing porosity and 

permeability measurements to drop significantly. 

For example, the porosity of the UBS decreases notably by 59%, and the permeability 

decreases exponentially with pressure by 95%. The instrument is not able to acquire any 

measurements beyond 13.8 MPa. Microfracture closure heavily influences the sensitive changes 

of petrophysical properties (Zeng et al. 2014). The bedding-perpendicular elastic stiffnesses (C33 

and C44) of the UBS and LBS cores are susceptible to hydrostatic loading. A significant increase 

in the stiffnesses occurs up to a critical confining pressure of approximately 10 MPa. For example, 

as shown in Figure 3.12, as confining pressure increases, both bedding-parallel stiffness coeffi 

cients (C11 and C66) for the LBS increase by approximately 7%, whereas both bedding-

perpendicular stiffness coefficients (C33 and C44) increase significantly by 70%. Firdaus et al. 

(2020) argue that the driving mechanism in this high-strain regime is due to the closure of 

microfractures, cracks, clay platelets, and kerogen veins aligned parallel to the foliation plane. 

Beyond the critical confining pressure, there is a monotonic increase of P- and S-wave velocities, 

which can be attributed to homogeneous azimuthal deformation of compliant microcracks or 

randomly oriented pores. 
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In contrast to the shale samples, the elastic parameters of the clay-poor LLP, MB, and 

moderate clay TF rocks have low-pressure sensitivity. The clay-poor LLP sample is possibly at a 

mineral point, in which almost no pressure sensitivity of the velocity (Figures 3.6 and 3.7) and 

stiffnesses (Figure 3.12) is observed. It is important to note that the measured permeability of this 

sample is in the nano-Darcy region, which is at or close to the instrumentôs limit. Therefore, we 

consider these low-permeability values to be unreliable. Similarly, the reliability of the measured 

porosity also is compromised. CMS-300 is not able to acquire any measurements beyond 6.9 MPa. 

The permeability and porosity measurements of the clay-poor MB sample also are very 

low. Such low values contain high error and may lead to an incorrect characterization of the 

sample. Therefore, we must take caution upon describing the significant drop of the relative change 

of porosity and permeability shown in Figure 3.12. Regarding the elastic properties of the clay-

poor MB sample, the elastic stiffnesses (P and S) in all directions have minor pressure sensitivity. 

However, unlike the clay-poor LLP sample, we observe that the elastic stiffnesses of the clay-poor 

MB sample have yet to reach a constant value. Therefore, we conclude that this sample has not 

reached the mineral point. Similar behavior also has been observed by Havens (2012) and Ma and 

Zoback (2016). 

The changes of various properties due to pressure change also can lead to the evolution of 

geomechanical properties during production, such as Youngôs modulus and Poisson ratio. Should 

we choose to neglect heterogeneity, geophysical anisotropy, and the change of petrophysical 

properties in BPS, it could lead to: 

¶ erroneous calculation of stress models 

¶ inaccurate construction of the fracture geometry 

¶ incorrect prediction of production in reservoir simulations 
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The characterization of textural anisotropy in BPS rocks can still be improved by 

simultaneously acquiring micro-CT images with ultrasonic P- and S-wave velocities under in situ 

reservoir pressure. It may reveal the evolution of grain-to-grain contact and micropore structure 

when pressure changes. 

3.7 Conclusion 

We correlate laboratory-scale geophysical acquisition to pressure-dependent petrophysical 

data and geologic attributes while investigating rock fabric using high-resolution textural images. 

Such measurements and relationships are essential for robust multiscale characterization, 

stimulation design, and reservoir management in tight laminated rocks containing microcracks 

such as the BPS.  

The results show that stiffness coefficients (C11, C33, C44, and C66) and anisotropy 

parameters (Ů and ɔ) behave differently for each formation. The stiffness and anisotropy of clay-

poor LLP, clay-poor MB, and moderate clay TF samples exhibit small pressure dependency, which 

is the opposite behavior of clay-rich samples (clay-rich LLP and clay-rich TF) and organic-rich 

samples (UBS and LBS). Several parameters that lead to pressure dependency of the elastic 

properties are texture, mineralogy, and spatial distribution of minerals. The primary driving 

mechanism that dictates pressure dependency is arguably the connectivity of compliant 

components that are deposited in the bedding-parallel direction, which may exist at multiple scales. 

Nevertheless, the elastic anisotropy response to pressure of all studied samples indicates that 

extrinsic and intrinsic factors play substantial roles. However, porosity and permeability change 

are drastic with pressure for most samples, regardless of the clay and organic matter content. This 

behavior is associated with the collapse of microcracks and low-aspect-ratio pores residing in the 

sample. 
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3.11 Appendix A: Anisotropy Parameters 

We have calculated the stiffness coefficients and anisotropy parameters of the cores as a 

function of pressure. The reference frame used in this paper is 90° to what is mentioned by 

Thomsen (1986). Each parameter is denoted in Figure A-1 and defined in equations A-1ïA-6:  

#   ”ὠ  ᷆                                                             (A.1) 

  

#   ”ὠ Ṷ                                                             (A-2) 

  

#   ”ὠ Ṷ                                                             (A-3) 

  

#   ”ὠ  ᷆                                                             (A-4) 
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                                                              (A-5) 

  

‎  
  

                                                              (A-6) 

  

where C11 and C66 are stiffness coefficients of P- and S-wave, respectively, measured at 

bedding-parallel (᷆ ); C33 and C44 are stiffness coefficients of P- and S-wave, respectively, 

measured at bedding-perpendicular (Ṷ); ɟ, Ů, and ɔ are density and P- and S- wave anisotropy 

parameter, respectively. 

 

Figure 3.13: The reference frame of stiffness tensors used in this study. 
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CHAPTER 4 

A NOVEL ANISOTROPY TEMPLATE FOR AN IMPROVED INTERPRETATION OF 

ELASTIC ANISOTROPY DATA 

 

A paper submitted to Scientific Reports 

Gama Firdaus, Manika Prasad, and Jyoti Behura 

 

4.1 Abstract 

Tight unconventional rocks are characterized by the presence of laminations, preferentially 

oriented cracks, and an interconnected network of compliant minerals. Such anisotropic features 

can mechanically deform due to pressure depletion during production, leading to a human-induced 

change of elastic and fluid transport properties. Rock physics models allow us to better predict and 

assess stress- and direction-dependent elastic moduli of the rock, useful for horizontal stress 

estimates. However, elastic anisotropy can be challenging to measure and interpret. We have 

developed an anisotropy template that can be used to assess stress-dependent changes in elastic 

moduli and investigate rock textures. We present here the template construction using an effective 

medium model consisting of stiff and compliant layers and crack inclusions and evaluate the origin 

of stress-dependent stiffness changes in acoustic data from Berea, Bakken, Three Forks, and 

Mancos formations.  

4.2 Introduction  

  In tight unconventional formations, seismic anisotropy is due to intrinsic and extrinsic 

components, which can be found at multiple scales (Allan et al. 2015). The intrinsic anisotropy 
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can include sequences of thin layers (Backus 1962; Thomsen 1986; Vernik and Nur 1992), 

lenticular clay sheets (Ou and Prasad 2016; Sayers 1999; Schoenberg and Sayers 1995) that are 

deposited subparallel to the bedding plane (Firdaus et al. 2022; Hornby 1998; Sondergeld and Rai 

2011; Vernik and Nur 1990), and aligned organic matter, pores, and cracks (Sayers 2013; Vernik 

and Nur 1992). The extrinsic anisotropy of the rock can originate from aligned slit-like cracks and 

fractures (Holt et al. 2004; Johnston and Christensen 1995; Sayers 2005; Vernik 1993; Wang 

2002), which are due to drilling or coring operations (Firdaus et al. 2022).   

The spatial distribution, volumetric concentration, and stiffness of anisotropic components 

in rocks control the stress dependence of elastic properties (Dewhurst and Siggins 2006; Sayers 

1999; Vernik and Liu 1997). During the production period, the dynamic interactions between pore 

pressure and overburden stress can cause compression of aligned compliant components and crack 

closure, leading to fluid flow path evolution. Rock fabric deformations have been characterized 

using anisotropic textural features in effective medium models for quantitative seismic 

interpretation (Anderson et al. 1974; Backus 1962; Budiansky 1965; Eshelby 1957; Hudson 1981; 

Liu et al. 2000; Schoenberg 1980; Schoenberg and Sayers 1995).  

For example, the anisotropy parameters can be obtained from image logs, thin sections, 

computed tomography (CT) and scanning electron microscopy (SEM) images, and laboratory core 

measurements. However, such laboratory measurements are time- and resource-consuming and 

complicated. Field measurements of the complete elastic stiffness tensors of the rock are also rare 

(Mavko and Bandyopadhyay 2009). Consequently, despite the need for multi-directional elastic 

stiffness required to model the seismic response, stiffness in only one direction is commonly 

available. Without constraints on the choice of parameters in rock physics models, the prediction 

of in situ seismic parameters is associated with significant uncertainties. We present a solution 
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using an anisotropy template to assess rock anisotropy, texture, and deformation behavior based 

on mineralogy and acoustic data.  

The anisotropy template is constructed by integrating several rock physics models, 

including Thomsen's anisotropy (Thomsen 1986), Backus averaging (Backus 1962), and Hudson's 

crack model (Hudson 1981), which consider crack- and layer-induced anisotropy in the effective 

medium. These models were selected based on their simplicity, reliability, and common use. Note 

that the template can be used with any model relevant to the application.  

The anisotropy template allows the user to understand the natural anisotropy of the medium 

and assess elastic moduli evolution along different directions due to changes in stress. Such 

insights into the texture or symmetry of the rock are essential to select the suitable matrix model 

and optimizing the hydraulic fracturing design. We show the application of the anisotropy template 

on laboratory-measured elastic data of the Berea, Bakken, Three Forks, and Mancos formations. 

4.3 Constructing the Anisotropy Template 

The effective elastic stiffness is controlled by the volumetric concentration and spatial 

distribution of stiff and compliant components in the rock. Stiff components are typically inorganic 

minerals, while clay minerals, organic matter, bedding-parallel cracks, and low aspect ratio pores 

comprise compliant components. Any alignment of the components leads to a directional 

dependence of physical properties, and changes in stress lead to non-uniform deformation. Thus, 

understanding the causal mechanisms for anisotropy and rock fabric deformation allows 

predictions of stress-dependent changes (e.g., during production). Anisotropic textures and rock 

deformation behavior can also dictate the initiation and propagation fractures and directional fluid 

transport. In the next sections, we discuss the construction and features of the anisotropy template 

and use it to assess elastic properties compliance of sedimentary rocks. Note that henceforth in this 
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paper, we use the subscripts  ᷆and Ṷ denote bedding-parallel and bedding-perpendicular directions, 

respectively.  

4.3.1 Textural Anisotropy 

Figure 4.1 shows a schematic of various rock fabrics and their effect on a cross plot of 

bedding-parallel (C᷆) and bedding-perpendicular (CṶ) stiffnesses. The elastic stiffnesses of each 

direction are calculated in the form of CXX = ɟ x V2
XX, where ɟ is density, V is P- or S-wave 

velocity, and XX represents ᷆ and Ṷ directions. Also included in Figure 4.1 are anisotropy lines 

(blue dashed lines) to reflect the effect of texture in the rock. We use Thomsen anisotropy 

parameters Ů and ɔ to quantify anisotropy in transversely isotropic medium (Thomsen 1986).  

 

Figure 4.1: Schematic rock samples with various features and their respective location in the elastic 

stiffness cross plot. The red line marks the isotropy line, while the dashed lines mark increasing 

amounts of anisotropy.  
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For the isotropic case, variations in mineral composition and porosity move the stiffness 

along the diagonal, called the isotropy line. For the anisotropic case, the higher  ᷆stiffness is larger 

than the Ṷ direction (C᷆ > CṶ); therefore, the stiffness data points are distributed away from the 

isotropy line. 

4.3.2 Effective Medium Model 

Two concepts used in the anisotropy template help understand textural controls or predict 

anisotropy with known texture and mineralogy: (a) the mineral components or the framework can 

be anisotropic, and (b) fractures or aligned pores can cause anisotropy. Since, as mentioned above, 

the anisotropy template can be used with any model, here    

Both models assume that the textural features, layer thickness for Backus average and 

inclusion size and their separation distance for Hudson model, are smaller than the dominant 

seismic wavelengths. With ultrasonic frequency data, with wavelengths of about 3 - 6 mm, the 

anisotropy template is sensitive to core-scale layers, mineral alignments, and cracks. Using the 

anisotropy template with lower frequency data allows the user to assess anisotropic features at 

different measurement scales. We used the Backus average and the Hudson models based on their 

common usage, simplicity, and readily accessible inputs (Berryman et al. 1999; Cheng 1993; 

Kumar 2013; Liner and Fei 2006). Alternative models can be used to construct the anisotropy, 

such as the displacement discontinuity method (Schoenberg and Sayers 1995), differential 

effective medium (DEM) (Sheng and Callegari 1984), self-consistent approximation (SCA) 

(Budiansky 1965), and crack models, including Eshelby (1957), Anderson et al. (1974), and Cheng 

(1993). 

Note that there are several pitfalls related to the non-uniqueness in the models propagating 

into the anisotropy template. First, rock physics models may yield non-unique solutions because 
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crack density, aperture dimension, and saturation can be combined in multiple ways to give the 

same answer. For example, the models might not distinguish between the presence of a single long 

fracture and the distribution of small fractures. Another ambiguity may come from the templateôs 

inability to assess the moduli that are not parallel nor perpendicular to the bedding plane. However, 

we emphasize that such errors are common to all rock physics modeling applications and not 

specific to the template. 

4.3.2.1 Backus averaging 

We built frame properties for the anisotropy template with the Backus averaging technique 

(Backus 1962), where the effective medium of thickness, Z, consists of a stack of horizontal stiff 

and compliant layers with thickness, Zi (Figure 4.2). As a first approximation, individual layer 

properties, called the end member properties, are assumed isotropic and lie on the isotropy line in 

Figure 4.1. 

 

 

Figure 4.2: Elastic stiffness coefficients of individual layers are averaged to obtain an equivalent 

medium of thickness Z, where Zi is the thickness of the ith horizontal layer. C᷆i and CṶi are the ᷆ 

and Ṷ elastic stiffnesses of the ith layer in the layered medium, respectively. Ce᷆ff and CṶeff are 

the ᷆  and Ṷ elastic stiffnesses of the effective medium calculated using Backus average.  

4.3.2.2 Hudsonôs crack model 

To account for layer-parallel partings common in shales, we include air-filled penny-

shaped ellipsoidal cracks in the layered medium (Figure 4.3) and calculate the elastic stiffnesses 

Zi

Z Z
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using Hudson's crack model (Hudson 1981). The effective elastic stiffness is calculated as Cij
eff = 

Cij
0 + Cij

1 + Cij
2, where Cij

0 is the effective elastic stiffness of the isotropic background rock, and 

Cij
1 and Cij

2 are the first and second-order corrections, respectively. 

 

Figure 4.3: Crack-induced anisotropy due to the presence of ellipsoidal  ᷆cracks.  

The Hudson crack model has a limited crack density range, less than 0.19, for very small 

aspect ratio values. For crack density values greater than the limitation, the modeled elastic 

stiffnesses increase, which is not physical (Cheng 1993). For the application presented here, a 

crack density below 0.16 adequately explained the data. 

4.3.3 Anisotropy Template Construction Workflow  

To facilitate the use of the template, we present the workflow (Figure 4.4) along with 

numerical examples for each step. The data needed to create the template are mineralogy, which 

can be estimated from multi-mineral log analysis or measured in the lab, density, and velocity of 

each mineral. 

Ellipsoidal cracksLayers
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Figure 4.4: Workflow of the construction of the anisotropy template. C,᷆ CṶ, and EMM are the ᷆ 

stiffness, Ṷ stiffness, and effective medium model, respectively.  

 

1. Create a cross plot with C᷆ on the x-axis and CṶ on the y-axis.  

2. Add isotropy and anisotropy lines between 0 and 0.9 (Figure 4.5a). 

3. Calculate C᷆ and CṶ of the stiff and the compliant end members based on formation 

mineralogy. In the example shown in Figure 4.5a, we used the Voigt-Reuss-Hill (VRH) 

average (Hill 1952) of the elastic stiffnesses and marked them as "stiff" and "compliant". 

Henceforth, in the context of the background medium, we use the term end member to 

denote both the stiff and the compliant components of the formation.  

The choice of end members is not restricted to single minerals. End member moduli may 

be calculated as averages of mineral moduli with similar stiffnesses. Table 4.1 shows 

possible compositions and properties of the stiff and compliant end members used to build 

Figure 4.5a. For the organic-rich shales considered here, the compliant end member is an 

organo-clay composite where the clay and organic matter are mixed isotropically (Chang 

et al. 2022; Zargari et al. 2016), whereas the stiff end member is a mix of quartz, calcite, 
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and dolomite. Both end members are assumed isotropic, and the stiffnesses are calculated 

using VRH. Alternatively, instead of partitioning minerals into stiff and compliant 

components, the Reuss average may represent the compliant end member and the Voigt 

average the stiff end member. Similarly, the Hashin-Strikman upper and lower bounds 

model also allows calculating end member moduli. The properties of each mineral include 

non-crack porosity and are shown in Table 4.2. 

 

Table 4.1: Composition and average properties of the stiff and compliant end members. 

 

Case 
End 

member 
Mineral Fraction 

Average 

Density 

VP 

(VRH) 

VS 

(VRH) 

(g/cc) (km/s) (km/s) 

TI, organic-

rich 

Stiff 

Quartz 15% 

2.71 6.57 3.55 Calcite 80% 

Dolomite 5% 

Compliant 
Clay 60% 2.15 3.15 1.88 

Kerogen 40%    

TI, clay-rich 

and organic-

lean 

Stiff 

Quartz 55% 

2.69 6.32 3.8 Calcite 40% 

Dolomite 5% 

Compliant 
Clay 90% 

2.47 3.5 2.08 
Kerogen 10% 

 

Table 4.2: Density and velocity of minerals used in this paper to construct the anisotropy 

template. 

 

Mineral 
Density VP VS References 
(g/cc) (km/s) (km/s) 

Quartz 2.65 6.05 4.09 Carmichael (1989) 

Calcite 2.71 6.64 3.44 Simmons (1965) 

Dolomite 2.87 7.34 3.96 Mavko et al. (2020) 

Clay 2.55 3.81 1.88 Han et al. (1986) 

Kerogen 1.5 2.54 1.53 Yan and Han (2013) 

Note that anisotropic clay minerals can also be incorporated into the end member. In this 

case, the preferred orientation of clay minerals can increase the magnitude of the anisotropy 
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(Sengupta et al. 2015). Consequently, the compliant end member and the model lines in 

the template would deviate from the isotropy line. 

4. Create a layered solid composed of parallel stiff and compliant layers using an effective 

medium model. For example, in Figure 4.5b, we used the Backus average for varying 

proportions of stiff and compliant layers, as represented in Table 4.3. 

 

Table 4.3: Volumetric concentration and moduli (compressional) of stiff and compliant layers in 

mixtures A-E. 

 

Points 

(Figure 5b) 

Stiff 

component 

volume 

Compliant 

component volume 

C  ᷆

(GPa) 
CṶ (GPa) 

A 100% 0% 117.3 117.3 
B 75% 25% 87.4 57.2 
C 50% 50% 64.4 37.9 
D 25% 75% 43.2 28.3 
E 0% 100% 22.6 22.6 

 

5. Add  ᷆cracks to the effective medium solid using a crack model. For example, in Figure 

4.5c, we used Hudson's crack model up to the second order to introduce air-filled  ᷆penny-

shaped cracks with crack density = 0.05 and crack porosity = 0.2%. 

6. Use Backus average again to mix end members that contain inclusions (cracks). 

7. Repeat Step 5 by varying the crack density. For example, Figure 4.5c shows end member 

values for crack density 0.05 

8. Create a layered solid using Backus average with the cracked end members mixed in 

different proportions. In Figure 4.5d, the curved model lines represent crack densities = 

0.02, 0.05, 0.08, and 0.16. The near-vertical iso-volume lines are where the volumetric 

concentration of the stiff and compliant layers is the same between multiple modeled 

curves. 
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Figure 4.5: (a) Elastic stiffness cross plot that shows isotropy (red) and anisotropy lines (blue). 

Stiff and compliant end members lie on the isotropy line. (b) Elastic stiffnesses of the effective 

medium calculated using Backus averaging. The model line represents the cumulative 

concentrations of stiff and compliant layers shown in Table 4.3. (c) Addition of cracks to the 

layered medium modeled using Hudson's crack model. Here, the layered medium has crack density 

= 0.05 and crack porosity = 0.2%. (d) Anisotropy template with different compositions and crack 

densities (cd). Volume concentrations of the stiff layer (S) and the compliant layer (C) are shown 

below iso-volume lines.  

 

cd = 0.02

cd = 0.05

cd = 0.08

cd = 0.16

S = 0%

C = 100%
S = 25%

C = 75%

S = 50%

C = 50%

S = 75%

C = 25%

S = 100%

C = 0%

Crack porosity = 0.2%

A

B

C
D

E

A

B

C

D
E

Ůor ɔ

Stiff

Compliant

cd = 0.05

a b

dc

0.1

0.2

0.3

0.4

0.5
0.6
0.7
0.8
0.9

Ůor ɔ

0.1

0.2

0.3

0.4

0.5
0.6
0.7
0.8
0.9

Ůor ɔ

0.1

0.2

0.3

0.4

0.5
0.6
0.7
0.8
0.9

Ůor ɔ

0.1

0.2

0.3

0.4

0.5
0.6
0.7
0.8
0.9



 

74 
 

4.3.4 Stress Sensitivity 

Changes in stress increase grain-to-grain contacts and compress compliant components 

(Sayers 1999). In addition to the compression of layered kerogen and clay, crack closure is a 

dominant force that leads to directional deformation of the rock. In the case of oriented stress or 

aligned textures, the deformations in  ᷆and Ṷ directions are not equal: the Ṷ direction experiences 

higher compaction than the ᷆ direction. This section discusses using the anisotropy template to 

assess the causes of stress- and direction-dependent stiffness changes. Figure 4.6 presents 

schematic illustrations of the effect of stress on cracks oriented along and across bedding planes. 

 

Figure 4.6: Typical deformations that occur in the anisotropy template due to stress change, 

causing various effective medium with different textures to follow the trend of to the red, green, 

or blue arrow. The arrows represent deformation slopes created for relative changes in DC  ᷆and 

DCṶ, where DC  ᷆and DCṶ denote the stress-dependent increment of elastic stiffness coefficient in 

the ᷆  and Ṷ direction, respectively. 
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4.3.4.1 Isotropic or weakly anisotropic medium 

The increase in stiffness with stress in an isotropic or weakly anisotropic medium depends 

on the volume and the orientation of the compliant component. In porous media, a lack of 

anisotropy implies the presence of sub-rounded micropores that experience isotropic deformation 

with increasing hydrostatic load. Thus, deformations in ᷆ and Ṷ directions will be approximately 

equal and DC  ᷆å DCṶ, where DC  ᷆and DCṶ denote the change in elastic stiffness with stress in the 

 ᷆and Ṷ direction, respectively. In rocks composed of stiff components with low porosity, stress 

sensitivity will be low, and DC  ᷆and DCṶ will be negligible. 

4.3.4.2 Transverse isotropy (TI)  medium 

For rocks with TI symmetry, the compression of ᷆ compliant components significantly 

increases CṶ leading to DC  ᷆< DCṶ with increasing stress. Consequently, the crack density and the 

anisotropy decrease in such "high strain regimes" (Firdaus et al. 2020). 

4.3.4.3 Orthorhombic medium 

The deformation behavior of rocks depends heavily on their texture. In the case of 

orthorhombic symmetry, changes in stiffness with stress depend on the most compliant 

components. If the compression of  ᷆components, such as clay and kerogen layers, is dominant, 

increasing the confining stress leads to DC  ᷆< DCṶ. If the deformation of compliant components, 

such as fractures, aligned orthogonal to the bedding plane is more significant, the dominant 

deformation will be in the ᷆ direction, producing DC  ᷆> DCṶ. Of course, in nature, rocks often 

experience a combination of directional deformations and moduli changes and might yield a 

cumulative DC  ᷆å DCṶ. The anisotropic template can be used to investigate possible textures with 
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known stress-dependent moduli changes. Similarly, with known textures, the anisotropy template 

can be used to assess and constrain the range of modulus changes due to stress. 

4.4 Data Analysis 

We now present the usage of the anisotropy template. Here we use laboratory-measured 

elastic moduli to assess textures and stress-dependent changes at the core scale. Subsurface 

phenomena explained with the template will depend on the scale of the data used. For example, 

overburden compression and pore pressure depletion acting upon a producing formation can lead 

to pore structure deformation of the rock. Similarly, sensitivity to crack closure, mineral 

compression, or compliant textural alignments can be detected from elastic stiffnesses in seismic 

data or earthquake seismology.  

Figure 4.7 and Figure 4.8 present the elastic stiffness coefficients of cores from Berea, 

Upper Bakken Shale (UBS), Lower Bakken Shale (LBS), Three Forks, and Mancos formations. 

The multidirectional ultrasonic P- and S- wave velocities were measured at elevated hydrostatic 

confining stress up to 27.6 MPa (Firdaus et al. 2022). Elastic properties and mineralogy data are 

available in Firdaus and Prasad (2021). In Figure 4.9, we show evidence of layering and 

heterogeneity of the rocks analyzed in the anisotropy template. Although, as expected, elastic 

stiffnesses increase and anisotropy decrease with the increase of hydrostatic load, representative 

samples from each formation exhibit unique behavior in the anisotropy template based on their 

textural differences. The lab data provides an example of how to apply the template if there is 

similar information available for geophysical borehole logs.  

Note that for the scope of this paper, the analysis of C13, delta, and off-axis measurements 

are not presented. Here, the anisotropy template is limited to analyzing  ᷆and Ṷ moduli. Thus, 
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using off-axis data obtained from deviated wells in the template may lead to the erroneous 

computation of the anisotropy and underestimating the crack density in the formation.  

4.4.1 Case: Isotropic 

The Berea formation is categorized as isotropic with well-sorted sub-rounded quartz grains 

and a homogeneous microstructure (Bera et al. 2011; Menéndez et al. 1996). The compressional 

and shear stiffnesses, C ᷆and DCṶ, lie on the isotropy line, and the moduli experience a similar rate 

of change with pressure (DC  ᷆å DCṶ) (Figure 4.7a and Figure 4.7b). The load increase leads to an 

increase in the contact interface between grains and homogeneous deformation of microcracks.  

4.4.2 Case: TI, organic-rich  

In Figure 4.7a and Figure 4.7b, the Upper Bakken Shale (UBS) and Lower Bakken Shale 

(LBS) formations are denoted by yellow and magenta diamonds. The stiffnesses of the UBS and 

LBS are low due to the high presence of compliant components, such as kerogen, which can be as 

high as 21 vol% (Firdaus et al. 2022). As a result, the shale samples exhibit high sensitivity to 

pressure, especially in the Ṷ direction (DC  ᷆< DCṶ). Based on this deformation behavior, the 

Bakken shales can be categorized as TI rocks.  

At low tested confining pressure (3.4 MPa), Ů and ɔ are as high as 90% and 70%, 

respectively. Since the rock samples are unpreserved, coring-induced cracks may have developed 

and increased the anisotropy (Wang 2002). At the highest tested confining pressure (27.6 MPa), Ů 

and ɔ values remain above 20% due to intrinsic anisotropy. This high sensitivity to pressure 

behavior has also been reported in other Bakken shale measurements (Firdaus et al. 2022; Ou and 

Prasad 2016; Vernik and Liu 1997; Vernik and Nur 1990; Vernik and Nur 1992), which is 

primarily due to the closure low aspect ratio microcracks that reside in the clay bodies (Figure 4.8), 
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as well as the compression of compliant components (e.g., kerogen and illite-smectite laminations) 

that are oriented parallel to the bedding plane (Hornby 1998; Sayers 1999; Vernik 1993; Wang 

2002).  

 

Figure 4.7: The developed anisotropy template for (a) compressional wave and (b) shear wave 

stiffness data for Bakken, Upper Bakken Shale (UBS), and Lower Bakken Shale (LBS). Acoustic 

data are available in Firdaus and Prasad (2021). Each point represents the calculated elastic 

stiffness coefficient at a pressure step of the respective sample. S, C, cd, and PC are the volumetric 

concentration of the stiff layer, the volumetric concentration of the compliant layer, crack density, 

and confining pressure, respectively. 

4.4.3 Case: TI, clay-rich and organic-lean  

Three Forks and Mancos formations depicted in Figure 4.9a and Figure 4.9b have a 

moderate concentration of clay (>20%) and very low organic content (<2%). The main observable 

features are C  ᷆> CṶ and significant pressure-dependent stiffness changes in the Ṷ direction (DC  ᷆

< DCṶ) for both compressional and shear waves. Based on the data distribution in the template, we 

conclude that both Three Forks and Mancos have TI symmetry. Additionally, the increase of 

confining pressure caused the Ů value to decrease by 10%, whereas the ɔ value had a more 

significant change, approximately up to 30% decrease. Figure 4.8 shows evidence of horizontal 
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layers of clay that alternate with the dominating calcite/dolomite matrix at multiple scales. The 

contribution of clay compression to the change of elastic moduli, however, is relatively small 

compared to the role of crack closure that are aligned to the bedding plane. 

We notice, however, that the P and S elastic moduli for a given sample do not fall on the 

same position on the template crack density grid in Figure 4.7 and 4.9. The misfit may result from 

the assumption of a crack orientation parallel to the bedding plane, while cracks orthogonal to the 

bedding plane might exist in the rock. Additionally, the ambiguity may be due to the incomplete 

fluid removal in the core ï fluid effects are not modeled in the template. 

 

Figure 4.8: (a) Three Forks 1.5-inch core, (b) micro-CT image of Mancos, back-scattered SEM 

images of (c) Three Forks, and (d) Lower Bakken Shale sample. Back-scattered SEM images 

courtesy of Rocky Mountain Imaging. 
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Figure 4.9: The developed anisotropy template for (a) compressional wave and (b) shear wave of 

Three Forks and Mancos formations. S, C, cd, and PC are the volumetric concentration of the stiff 

layer, the volumetric concentration of the compliant layer, crack density, and confining pressure, 

respectively. 

4.5 Conclusions 

We have developed an anisotropy template that can be utilized to assess elastic moduli 

along different directions and evaluate the pressure dependency of the rock fabric. We show how 

the anisotropy template can be utilized to capture the texture or symmetry of the rock with known 

stress-dependent moduli changes. The anisotropy template used with geophysical data from 

Bakken shales, Three Forks, and Mancos formations reveals that the increase of hydrostatic stress 

leads to a significant increase of elastic moduli in the Ṷ direction, which indicates that such rocks 

have TI symmetry. The template application can benefit geoscientists and engineers in 

understanding the relevance of cracks and improving the characterization of anisotropic rocks. 

Capturing the right texture or symmetry of the rock can lead to a more accurate matrix model and 

ultimately optimize hydraulic fracturing design. 
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CHAPTER 5 

FIELD AND LABORATORY DATA INTERPRETATION USING THE ANISOTROPY 

TEMPLATE 

 

A paper with intended submission to Interpretation 

 

5.1 Abstract 

The presence of aligned minerals and cracks is known to cause anisotropy in rocks. 

Consequentially, the isotropic assumption cannot be used to process seismic data of anisotropic 

rocks. It is, therefore, essential to capture the proper symmetry of the rock by obtaining the full 

elastic constants. Because such data are expensive and complicated to acquire, they are rare in the 

field where fast and slow S-wave velocities are available, but P-wave anisotropy information is 

often lacking. In this paper, we present the use of our newly developed anisotropy template to 

obtain a range for C11 values when C33, C44, and C66 data are available. To this end, we assess the 

impact of crack density and volumetric composition of minerals on elastic moduli in the effective 

medium. Geophysical borehole and laboratory-measured data from Upper Bakken Shale and 

Lower Bakken Shale are shown. The results presented in this paper may potentially improve the 

interpretation of elastic anisotropy measurements at depth, choose the correct matrix model, and 

optimize hydraulic fracturing design.  

5.2 Introduction  

  Clay lamination, aligned kerogen, and microcracks that are aligned to the bedding plane 

are known to cause anisotropy in sedimentary rocks (Sayers 1999; Sondergeld and Rai 2011; Wang 

2002). Such features cause a directional dependence on the elastic properties of the rock. 
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Therefore, assessing the elastic anisotropy in these rocks is crucial because it can affect seismic 

data interpretation as well as optimization of hydraulic fracturing operations, which include 

choosing the proper matrix model, improving horizontal stress calculations, and enhancing the 

mechanical earth model.  

In the Bakken shale formations, such as Upper Bakken Shale (UBS) and Lower Bakken 

Shale (LBS), the elastic anisotropy is mainly due to the presence of preferentially aligned minerals, 

pores, and cracks (Vernik and Liu 1997; Ou 2018; Firdaus et al. 2022). Vernik and Nur (1992) 

reported that the Bakken shales are described as transversely isotropic (TI), based on the C11, C33, 

C44, C66, and C13 measurements in the laboratory. Other methods can also directly obtain 

anisotropy, for example, from correlations, image logs, thin sections, computed tomography (CT), 

and scanning electron microscopy (SEM) images. However, such measurements are tedious, 

complicated, and time-consuming.  

In addition, while multidirectional elastic stiffnesses are needed to describe the symmetry 

of the rock, the data are often unavailable. For example, field data from well logs can provide C33, 

C44, and C66 but not C11. In the case of seismic imaging, C33 is commonly determined, and 

Thomsenôs P-wave anisotropy (Ů) is approximated from the log-derived Thomsenôs S-wave 

anisotropy (ɔ). The C11 can then be derived from the C33 and (Ů) values, which introduces 

considerable uncertainty in the data. Therefore, acquiring reliable C11 values is critical to 

improving the quality of the seismic imaging processes. 

In this work, we present how the anisotropy template can be used to assess and estimate 

the expected anisotropy or a specific elastic modulus from easily available elastic wave data. For 

example, the anisotropy template allows the user to estimate the range of C11 values when C33, C44, 

and C66 values from well log data are available.  
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We first analyze well log and core measurement elastic wave data from the UBS and LBS 

formations in the anisotropy template. We use the mineralogy and elastic properties of UBS and 

LBS formations from Firdaus et al. (2022) to construct the models to be used in the anisotropy 

template. Then, we present the anisotropy templates for P- and S-waves that provide the best fit 

for Bakken shales. Plotting elastic moduli on the anisotropy template with a crack compliance 

model (Hudson 1981; Schoenberg and Sayers 1995) and Backus averaging method (Backus 1962) 

can help assess the crack density and the volumetric composition of the effective medium. Finally, 

we evaluate the validity of the predicted C11 range. This study aids in characterizing the anisotropic 

behavior and evaluating the elastic stiffnesses in anisotropic rocks. 

5.3 Well Logs and Laboratory Data 

The well log data studied in this paper include gamma ray, mineralogy, neutron porosity, 

bulk density, slowness, elastic moduli processed from sonic logs, and acoustic borehole image 

(provided by courtesy of Whiting). The elastic stiffness in the bedding-parallel (᷆ ) direction are 

denoted as C66 for S-wave, respectively. The elastic stiffnesses in the Ṷ direction are denoted as 

C33 and C44 for P- and S-wave, respectively.  

The core data include mineralogy, multidirectional ultrasonic velocity, and textural images, 

such as micro-CT and SEM images from Vernik and Liu (1997), Ou (2018) and Firdaus et al. 

(2022). Figure 1 shows the well log data from a well located in McKenzie County, North Dakota. 

The elastic properties and mineralogy data of the core samples are available in Firdaus and Prasad 

(2021).  
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5.3.1 Well Logs 

 

Figure 5.1: Well log data of the Bakken petroleum system, which include the Upper Bakken Shale 

(UBS), Middle Bakken (MB), and Lower Bakken Shale (LBS), courtesy of Whiting. The data set 

include gamma ray (GR) (track 1), mineralogy (track 2), neutron porosity (NPHI) and bulk density 

(RHOB) (track 3), P-wave slowness (DTCO), S-wave slowness (DTSM), and stoneley S-wave 

slowness (DTSH_Stoneley) (track 4), slow P-wave elastic stiffness (C33), slow S-wave elastic 

stiffness (C44), and fast S-wave elastic stiffness (C66) (track 5), and acoustic borehole image (track 

6).  
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In this paper, we assess the UBS and LBS formations as examples of TI rocks (Firdaus et 

al. 2022). UBS and LBS formations ï hereafter denoted as Bakken shales ï are described as black 

organic-rich shales, thinly laminated, with the presence of horizontal microcracks and pyrite 

nodules or lenses (LeFever et al. 2011). The Bakken shales are predominantly silt-sized quartz and 

clay (illite and chlorite) rich with minor amounts (below 5.5 vol%) of dolomite and calcite (Firdaus 

and Prasad 2021). A prominent feature of these shales is their organic richness, where kerogen 

content can be as high as 27 vol%.  

The well logs in Figure 1 show that UBS and LBS formations can be identified by their 

high gamma ray, low bulk density, high neutron porosity, and lower elastic stiffnesses. In addition, 

thin laminations can also be observed in the shale members from the acoustic borehole image. The 

elastic stiffness logs C33, C44, and C66 were derived from the sonic logs. The separation between 

C44 and C66 logs in Figure 1 shows the anisotropic nature of Bakken shales. 

5.3.2 Textural Imaging 

We inspect the rock fabric and texture of the rock samples at multiple scales by using 

micro-CT and back-scattered SEM images. The Bakken shale formations are categorized as TI 

rocks with a high concentration of organic matter and cracks aligned with the lamination (Vernik 

and Nur 1992). Figure 2 shows textural variations ï one of the most prominent causes of elastic 

anisotropy ï of UBS and LBS samples. The black color of the core samples is due to the high 

amount of total organic carbon (TOC), generally above 20%vol (Table 1). Vernik and Nur (1992) 

reported that the kerogen content could be as high as 44.5 vol%.  

Micro-CT images in Figure 2 reveal the presence of fractures, possibly induced during the 

coring process (Holt et al. 2004), as well as laminated pyrite deposits that are oriented along the 

bedding plane. SEM images at a 1 mm scale indicate that the kerogen veins are preferentially 
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aligned towards the bedding plane. At the resolution of 0.05 mm, both UBS and LBS samples 

show a continuous network of illite-smectite and kerogen in the horizontal direction and randomly 

distributed pyrite framboids. Additionally, horizontal microcracks are present in the clay phase or 

kerogen body. 

 

Figure 5.2: Multiscale images of selected core samples from Upper Bakken Shale (UBS) and 

Lower Bakken Shale (LBS) formations. The images from left to right are: core, micro Computed 

Tomography (CT), and back-scattered (BSE) scanning electron microscopy (SEM). The condition 

of the core samples is unpreserved and exposed to air. BSE SEM images courtesy of Rocky 

Mountain Imaging.  

5.3.3 Relationship of the Elastic Stiffnesses 

Physical properties such as Gamma ray (GR), porosity, and organic content can affect 

elastic stiffness. Figure 3a illustrates the C44 and C66 data with respect to GR values obtained from 

the well logs of the Bakken shale formations. The color code by GR indicates that higher shale 

content is related to lower C44 and C66 values. This behavior has also been reported by previous 

studies of Bakken shales (Vernik and Liu 1997; Ou 2018; Firdaus et al. 2022). Thomsenôs S-wave 

anisotropy (ɔ) ï shown as blue dashed lines in Figure 3a ï ranges from 0.1 to 0.6.  
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In Figure 3b, we illustrate the impact of neutron porosity (NPHI) and TOC on C33, C44, and 

C66. As expected, elastic stiffness is inversely related to porosity. However, C66 is insensitive to 

porosity as compared to C33 and C44. This behavior indicates the presence of aligned pores along 

the bedding direction, making porosity a first-order effect on the bedding-perpendicular stiffnesses 

for P- and S-waves, which can be attributed to the dominant presence of low aspect ratio pores or 

slit-like cracks in the core samples, as shown in Figure 2. In addition to porosity, TOC also 

influences elastic stiffnesses ï higher TOC decreases C33, C44, and to a lesser degree, C66 (Figure 

3b). The high volume and alignment of organic matter are essential in lowering the elastic 

stiffnesses in the bedding-perpendicular direction, which can lead to a higher anisotropy in shales 

(Sayers 2013). 

 

Figure 5.3: (a) The relationship between the C44, C66, and gamma ray (GR) values. The blue dash 

lines are Thomsenôs S-wave anisotropy (ɔ). (b) The impact of porosity and total organic carbon 

(TOC) on C33, C44, and C66.  

The calculated elastic stiffnesses of the well logs and core data are shown in Figure 4. The 

Bakken shale core data (Firdaus et al. 2022) and the well log data originated from the same well 

studied here. In general, the elastic stiffnesses measured in the lab are only slightly greater than 

the well logs. Unfortunately, core data are often not available or limited, leading to a restricted 
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assessment of anisotropy data. Furthermore, C11 cannot be shown in Figure 4 because the dataset 

is unavailable from well logs or seismic. While C11 is needed to help describe TI symmetry of 

rocks and enhance seismic imaging processes, it is challenging to attain the data because it is not 

practical to measure the full elastic tensor in the field. Therefore, we incorporate log data and use 

the anisotropy template to predict C11 in the field. The methods to predict the range of C11 values 

are presented in the analysis and discussion section.  

 
Figure 5.4: Cross plot between elastic stiffnesses (C33, C44, and C66) from well log and core data.  

5.4 Analysis and Discussion 

We now present how to use the anisotropy template to predict the range of C11 with C33, 

C44, and C66 data from well logs and core data using the Bakken shales as an example. Figure 5 

and Figure 6 present the laboratory-measured core data (from Vernik and Liu 1997; Ou 2018; 
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Firdaus et al. 2022) and well log data (provided by courtesy of Whiting) on the developed 

anisotropy template for Bakken shale formations.  

The effective medium in the template considers layered stiff and compliant components 

modeled using Backus averaging (Backus 1962) and crack-induced anisotropy models (Hudson 

1981; Schoenberg and Sayers 1995). The crack density shown on the template is from 0% to 14%, 

where the cracks are assumed to be air-fi lled, aligned to the bedding, and isolated. The steps to 

construct the P- and S-wave anisotropy templates are shown in the appendix. 

The following subsections demonstrate three methods to compute the range of C11 values. 

Note that for the scope of this paper, we only assess bedding-parallel and bedding-perpendicular 

moduli and obtain the maximum range of anisotropy of the formation. Hereafter, we use the 

subscripts ᷆ and Ṷ to denote bedding-parallel and bedding-perpendicular directions, respectively.  

5.4.1 Core and Well Log Elastic Stiffnesses  

To further analyze the controlling factors of the elastic stiffnesses and anisotropy of the 

Bakken shales, we plot the laboratory-measured core and well log data on the developed anisotropy 

template (Figure 5.5 and Figure 5.6). The elastic moduli of the Bakken shale cores are obtained 

from Vernik and Liu (1997), Ou (2018), and Firdaus et al. (2022). The elastic stiffnesses of each 

direction are calculated in the form of Cxx = ɟ x V2
xx, where ɟ is density, V is P- or S-wave velocity, 

and the subscript XX represents ᷆ and Ṷ directions. The elastic stiffnesses in the  ᷆direction are 

denoted as C11 and C66 for P- and S-wave, respectively. The elastic stiffnesses in the Ṷ direction 

are denoted as C33 and C44 for P- and S-wave, respectively. 

As shown in Figure 5.5a, the elastic moduli of the cores have a wide range, where C66 and 

C44 span from 13 to 22 GPa and 6 to 16 GPa, respectively. On the other hand, the elastic stiffnesses 

from well logs have a narrower range. C66 and C44 range from 12 to 15 GPa and 7 to 12 GPa, 
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respectively, where the highest ɔ is 40%. The cores' elastic moduli are higher than the well log 

data, especially that of Ou (2018) and Firdaus and Prasad (2021). 

The elastic stiffnesses and ɔ obtained from the core samples exhibit a more expansive range 

than the well log data, especially that of Ou (2018) and Firdaus and Prasad (2021). This condition 

is possibly due to the different conditions and origin of the heterogeneous Bakken shale cores 

reported from various studies. The presence of induced cracks due to coring processes and poor 

preservation of the core samples that originate from different locations within the Williston basin 

can lead to an increased anisotropy (Wang 2002). In contrast, the well log data were measured in 

situ and originated from the same well. Another reason for such discrepancy is the resolution 

difference between the wireline logging and the laboratory measurement tools.  

5.4.2 Predicting C11 Range  

5.4.2.1 Derivation from S-wave anisotropy template 

Since C11 log data is absent, we predict the range of C11 values by assessing the elastic 

stiffnesses on the S-wave anisotropy template. Based on the C44 and C66 data from the well logs 

plotted on the template, two constraining parameters are applicable, which include (i) the crack 

density that ranges from 0 to 14% and (ii) the composition of the compliant components that is 

approximately 79 to 92%. For better clarity, the elastic constants are shown in a higher resolution 

plot (Figure 5.5b), which denotes the constraints in the red-shaded area. The S-wave elastic 

stiffnesses data plotted on the template suggests that the crack density for most of the Bakken 

shales lie between 7 to 14%.  
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Figure 5.5: (a) S-wave elastic stiffnesses, C66 and C44, of log and core data of the Bakken shales 

plotted on the developed S-wave anisotropy template. The well log data of the UBS and LBS 

sections are denoted in the blue and red circles, respectively. Laboratory-measured elastic 

stiffnesses are obtained from Ou (2018), Vernik and Liu (1997), and UBS and LBS cores from 

Firdaus and Prasad (2021) are denoted in the green triangle, magenta triangle, cyan square, and 

yellow diamond, respectively. (b) Higher resolution plot of Figure 5.5a. The shaded area is defined 

by cd = 0 - 14% and C = 77 - 91%. Ů, ɔ, S, C, and cd are the Thomsenôs P-wave anisotropy, 

Thomsenôs S-wave anisotropy, the volumetric concentration of the stiff layer, the volumetric 

concentration of the compliant layer, and crack density, respectively.  

The developed anisotropy template for P-wave elastic stiffnesses is shown in Figure 5.6a. 

The laboratory-measured C11 and C33 range from 32 to 63 GPa and 19 to 45 GPa, respectively. 

The smallest and the highest Ů are 0.2 and 0.5, respectively. When using the constraining 

parameters from the S-wave anisotropy template, the range of C11 expected of the log data for 

Bakken shales is from 32 to 43.4 GPa (Figure 5.6a). 

5.4.2.2 Empirical Correlation  

In this framework, we investigate the relationship between the calculated elastic stiffnesses. 

Performing correlation analysis can be beneficial in assessing elastic parameters since full elastic 

stiffness data is rarely obtained from the field. The empirical correlation between the elastic moduli 

of the Bakken shale cores is documented in Figure 5.6b. We use multivariate linear regression to 
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correlate C11 with C33, C44, and C66. It is found that a strong correlation exists between C11 and the 

other elastic moduli, where the R2 value of the correlation is 0.91.  

 

Figure 5.6: (a) P-wave elastic stiffnesses, C11 and C33, of the Bakken shale cores plotted on the 

developed P-wave anisotropy template. The shaded area is defined by cd = 0-14% and C = 77-

91%. (b) Empirical correlation between C11 and C33, C44, and C66 of the core samples, which is 

obtained using multivariate linear regression. (c) The comparison between linear slip theory 

(Scheonberg and Sayers 1995) and Hudsonôs crack model up to the 2nd correction (Hudson 1981). 

For the well log data (black circle), C11 values are obtained from the empirical correlation, and C33 

values are obtained from the well logs.  

We then use this empirical correlation to obtain C11 from the log data plotted on the 

developed P-wave anisotropy template, as shown in Figure 5.6c. The range of C11 values obtained 
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from the empirical correlation is from 36 to 44 GPa, which lies within the boundary of the 

constraining parameters denoted by the red-shaded area in Figure 6c. Furthermore, the P-wave 

elastic stiffnesses obtained from empirical correlation suggest that the crack density for most of 

the Bakken shales lies between 7 to 11%. 

5.4.2.3 Comparison to Hudsonôs Crack Model 

Other effective medium models can also be used to construct the anisotropy template. Here, 

we show the application of second-order expansion of Hudsonôs crack model (Hudson 1981) in 

the template to assess the impact of crack density and the concentration of compliant components 

of the Bakken shales. The comparison between Hudsonôs crack model and the linear slip theory 

(Schoenberg and Sayers, 1995) is shown in Figure 5.6c.  

The constraining parameters obtained from the aforementioned effective medium models 

are similar, where the crack density and composition of the compliant components are from 0 to 

14% and 79 to 92%, respectively. This leads to similar results in the range of C11 values (32 to 

43.4 GPa). The C11 range obtained from the empirical approach falls in the range of both models, 

indicating that either Hudsonôs or linear slip theory model can be chosen to construct the 

anisotropy template effectively, 

5.4.3 Significance  

Applying the anisotropy template can be significant for users in the oil and gas industry 

from various backgrounds to evaluate directional elastic moduli and understand the possible causes 

for elastic anisotropy of the rock. For example, the template allows for better reservoir 

characterization by detecting the presence of horizontal microcracks and compliant minerals such 

as clay and kerogen in the effective medium. In the case of Bakken shales, the crack density can 

be as high as 14% (Figure 5.4), which can be a good indicator of good horizontal permeability or 
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a possible candidate for hydraulic fracturing. An essential benefit of the anisotropy template for 

geologists, geophysicists, rock physicists, and geomechanics scientists is its ability to capture the 

proper symmetry of the rock, which is essential to choose the correct matrix model, building a 

better velocity model and improving horizontal stress calculations and the mechanical earth model.  

If textural anisotropy and elastic moduli are known, one can utilize the anisotropy template 

to predict anisotropy or ranges of elastic moduli. Such a feature can be helpful for seismic imagers 

in determining the location of the well by obtaining the range of reflectors at a particular location 

in space on the seismic image. Furthermore, the anisotropy template is not restricted to using a 

specific type of elastic data. Both geophysical borehole and laboratory-measured data can be used 

in the template to understand subsurface phenomena. 

5.5 Conclusions 

We show how the anisotropy template can be utilized to narrow the range of anisotropic 

parameters for known mineralogy and texture by assessing tensorial elastic moduli, crack density, 

and volumetric concentration of compliant components in the effective medium. We present the 

anisotropy template for P- and S-waves for UBS and LBS formations, which integrates various 

rock physics models that consider heterogeneity, texture, and material compliance. Based on the 

elastic stiffnesses of the Bakken shales, the crack density and the concentration of the compliant 

components range from 0 to 14% and 79 to 92%, respectively. From these constraints, we 

successfully provide a range of C11 values of 32 to 43.4 GPa in the absence of the full 

multidirectional acoustic data from the field. Both Hudsonôs and the crack distribution compliance 

model show a similar range of C11. An empirical correlation was also employed to obtain C11 

values from the logs, which range from 36 to 44 GPa. 
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Applying the anisotropy template to seismic field data can help users understand the 

relevance of crack density and orientation and improve seismic anisotropy characterization in 

organic-rich rocks. In addition, constraining the anisotropy or elastic moduli can improve reservoir 

characterization and potentially optimize well location determination from seismic images.  
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5.8 Appendix: Anisotropy Template for Bakken Shales 

This section presents step-by-step procedures and numerical examples to construct the P- 

and S-wave anisotropy templates for Bakken shale rocks. In constructing the anisotropy template, 

it is vital to understand the causal mechanisms for anisotropy in sedimentary rocks. Several 

controlling components that impact elastic anisotropy are elastic stiffness, mineralogy, and texture 

(Vernik and Liu 1997). 

The elastic stiffness, C, is a tensorial parameter that depends on the mineral composition 

and spatial distribution of stiff and compliant components in an effective medium. Vernik (1993) 

and Sayers (2013) pointed out that clay layers, microcracks, and kerogen preferentially aligned to 
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the bedding plane play a substantial role in producing the anisotropy of shale samples. Recent 

studies show that the aforementioned anisotropic features could be observed from the Bakken shale 

cores (Firdaus et al. 2022; Ou and Prasad 2016). Therefore, it is essential to choose the appropriate 

effective medium model for UBS and LBS formations to assess the relevance of cracks and 

effectively model layer-induced anisotropy in the effective medium. 

Note that the anisotropy template can be constructed by using any effective medium model, 

such as Hudsonôs crack model (Hudson 1981), Chengôs crack model (Cheng 1993), Kuster-Toksoz 

model (Kuster and Toksöz 1974), differential effective medium (Sheng and Callegari 1984), self-

consistent approximation (Budiansky 1965), displacement discontinuity (Schoenberg 1980), and 

many other models. In this paper, we first modeled the layers in the anisotropic effective medium 

using Backus average (Backus 1962). We then introduce ᷆ air-filled cracks using the formulation 

derived by Liu et al. (2000) for the linear slip theory developed by Schoenberg and Sayers (1995). 

In this study, we assess only the  ᷆and Ṷ elastic stiffnesses. The elastic stiffnesses in the  ᷆direction 

are denoted as C11 and C66 for P- and S-wave, respectively. The elastic stiffnesses in the Ṷ direction 

are marked as C33 and C44 for P- and S-wave, respectively. 

5.7.1 Anisotropy Template Construction  

1. Create a cross plot with the following features: 

a. For S-wave plot, C66 is on the x-axis, and C44 is on the y-axis (Figure A-1a). For P-

wave plot, C11 is on the x-axis, and C33 is on the y-axis (Figure A-1b) 

b. Add the diagonal line, which represents the isotropy line. On this line, C  ᷆is equal to 

CṶ. 

c. Add anisotropy lines between 0 and 0.9 by using Thomsen anisotropy formula, where 

Ů or ɔ = (C ᷆- CṶ)/2 CṶ 
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2. Create stiff and compliant effective medium end members using Voigt-Reuss-Hill (VRH) 

as the mineral mixing model (Hill 1952). The composition and properties of the stiff and 

compliant end members are shown in Table A.1. Figures A-1a (S-wave) and A-1b (P-wave) 

show the end members' values of C ᷆and CṶ. 

 

Table 5.2: Composition and average properties of the stiff and compliant end members used in 

this study. 

End 

member 
Mineral 

Density VP VS 
Fraction 

Average 

Density 

VP 

(VRH) 

VS 

(VRH) 

(g/cc) (km/s) (km/s) (g/cc) (km/s) (km/s) 

Stiff 

Quartz 2.65 6.05 4.09 15% 

2.71 6.27 3.82 Calcite 2.71 6.64 3.44 80% 

Dolomite 2.87 7.34 3.96 5% 

Compliant 
Clay 2.55 3.81 1.88 60% 

2.13 3.38 2.01 
Kerogen 1.5 2.54 1.53 40% 

 

3. Create a layered effective medium that is comprised of stiff and compliant end members 

by using Backus averaging 

4. Add  ᷆cracks to the end member using the linear slip theory (Schoenberg and Sayers, 1995), 

where the cracks are air-filled and isolated. Vary the crack density to 0%, 3%, 7%, 11% 

and 14%. 

5. Repeat Backus average to the end members that contain cracks. The final results are shown 

in Figure A-1c and Figure A-1d 
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Figure 5.7: (a) S-wave stiffness cross plot with stiff and compliant end members lying on the 

isotropy line (solid red). Thomsenôs anisotropy lines are shown in dash blue. (b) P-wave stiffness 

cross plot. (c) The final result of the S-wave anisotropy template and (d) P-wave anisotropy 

template developed for UBS and LBS formations. The modeled effective elastic stiffnesses were 

calculated using Backus averaging (Backus 1962) and linear slip theory (Schoenberg and Sayers 

1995). The layered medium contains ,᷆ air-filled, isolated cracks with crack porosity of 0.2%. Ů, ɔ, 

S, C, and cd are the Thomsenôs P-wave anisotropy, Thomsenôs S-wave anisotropy, the volumetric 

concentration of the stiff layer, the volumetric concentration of the compliant layer, and crack 

density, respectively.  

 

 

ɔ= 0 

0.1

0.2

0.3

0.4

0.5
0.6
0.7
0.8
0.9

Ů= 0 

0.1

0.2

0.3

0.4

0.5
0.6
0.7
0.8
0.9

Stiff

Compliant

C =᷆ CṶ= 105 GPa

C =᷆ CṶ= 27 GPa

Stiff

Compliant

C =᷆ CṶ= 39 GPa

C =᷆ CṶ= 9.6 GPa

a b

ɔ= 0 

0.1

0.2

0.3

0.4

0.5
0.6
0.7
0.8
0.9

cd = 0%

3%

7%

11%

14%

Ů= 0 

0.1

0.2

0.3

0.4

0.5
0.6
0.7
0.8
0.9

cd = 0%

3%

7%

11%

14%

S = 0%

C = 100%

S = 25%

C = 75%

S = 50%

C = 50%

S = 75%

C = 25%

S = 100%

C = 0%

S = 0%

C = 100%

S = 25%

C = 75%

S = 50%

C = 50%

S = 75%

C = 25%

S = 100%

C = 0%

dc



 

104 
 

5.9 References 

Backus, G. E. 1962. Long-wave elastic anisotropy produced by horizontal layering: Journal of 

Geophysical Research 67 (11): 4427ï4440, doi: 10.1029/JZ067i011p04427. 

 

Budiansky, B. 1965. On the elastic moduli of some heterogeneous materials. Journal of the 

Mechanics and Physics of Solids 13 (4): 223ï227. https://doi.org/10.1016/0022-

5096(65)90011-6. 

 

Cheng, C. H. 1993. Crack models for a transversely isotropic medium. Journal of Geophysical 

Research: Solid Earth 98 (B1): 675ï684. https://doi.org/10.1029/92JB02118. 

 

Firdaus,  G., Behura, J.,  and  Prasad, M. 2022. Pressure-dependent  elastic  anisotropy:  A Bakken 

petroleum system case study. Geophysics 87 (3): MR139ïMR150. 

https://doi.org/10.1190/geo2021-0350.1. 

 

Firdaus, G., and Prasad, M. 2021. Mineralogical, geophysical, and petrophysical characterization 

of cores from Bakken petroleum system. PANGAEA, 

https://doi.org/10.1594/PANGAEA.933121.  

 

Hudson, J. A. 1981. Wave speeds and attenuation of elastic waves in material containing cracks. 

Geophysical Journal International 64 (1): 133ï150. https://doi.org/10.1111/j.1365-

246X.1981.tb02662.x. 

 

Hill, R. 1952. The elastic behaviour of a crystalline aggregate. In The Proceedings of the Physical 

Society. Section A, 65 (5): 349. 

 

Holt, R., Fjaer, E., and Rzayev, E. 2004, P-and S-wave velocities in shales: experiments and a 

model. Presented at the Gulf Rocks 2004, the 6th North America Rock Mechanics 

Symposium (NARMS), Houston, Texas, June 2004. ARMA-04-543. 

 

Kuster, G. T. and Toksöz, M. N. 1974. Velocity and attenuation of seismic waves in two-phase 

media: Part I. Theoretical formulations. Geophysics 39 (5): 587ï606. 

https://doi.org/10.1190/1.1440450. 

 

LeFever, J. A., Le Fever, R. D., and Nordeng, S. H. 2011. Revised nomenclature for the Bakken 

Formation (Mississippian-Devonian), North Dakota. In The Bakken-Three Forks 

Petroleum System in the Williston Basin, 2011, Chapter 1, 11-26. 

 

Liu, E., Hudson, J. A., and Pointer, T. 2000. Equivalent medium representation of fractured rock. 

Journal of Geophysical Research: Solid Earth 105 (B2): 2981ï3000. 

https://doi.org/10.1029/1999jb900306. 

 



 

105 
 

Ou, L. 2018. Experimental study on the anisotropy of unconventional tight reservoirs: joint 

ultrasonic and electrical measurements under pressure. PhD dissertation, Colorado School 

of Mines, Golden, Colorado, USA. 

 

Ou, L., and Prasad, M. 2016. Ultrasonic anisotropic P-wave attenuation of shales under elevated 

pressures. presented at the 2016 SEG International Exposition and Annual Meeting, Dallas, 

Texas, October 2016. SEG-2016-13969715. doi: 10.1190/segam2016-13969715.1. 

 

Sayers, C. M. 1999. Stress-dependent seismic anisotropy of shales. Geophysics, 64 (1): 93ï98. 

https://doi.org/10.1190/1.1444535. 

 

Sayers, C. M. 2013. The effect of kerogen on the elastic anisotropy of organic-rich shales. 

Geophysics 78 (2): D65ïD74. https://doi.org/10.1190/geo2012-0309.1. 

 

Schoenberg, M. 1980. Elastic wave behavior across linear slip interfaces. The Journal of the 

Acoustical Society of America 68 (5), 1516ï1521. https://doi.org/10.1121/1.385077. 

 

Schoenberg, M. and Sayers, C. M. 1995. Seismic anisotropy of fractured rock. Geophysics 60 (1), 

204ï211. https://doi.org/10.1190/1.1443748. 

 

Sheng, P. and Callegari, A. J. 1984. Consistent theoretical description for electrical and acoustic 

properties of sedimentary rocks. In AIP Conference Proceedings, 107(1), 144ï165. 

 

Sondergeld, C. H. and Rai, C. S. 2011. Elastic anisotropy of shales. The Leading Edge, 30 (3): 

324ï331. https://doi.org/10.1190/1.3567264. 

 

Vernik, L. 1993. Microcrack-induced versus intrinsic elastic anisotropy in mature HC-source 

shales. Geophysics, 58 (11): 1703ï1706, doi: 10.1190/1.1443385. 

 

Vernik, L. and Liu, X. 1997. Velocity anisotropy in shales: A petrophysical study. Geophysics, 62 

(2): 521ï532. https://doi.org/10.1190/1.1444162. 

 

Vernik, L. and Nur, A. 1992. Ultrasonic velocity and anisotropy of hydrocarbon source rocks. 

Geophysics, 57 (5): 727ï735. https://doi.org/10.1190/1.1443286. 

 

Wang, Z. 2002. Seismic anisotropy in sedimentary rocks, part 2: Laboratory data. Geophysics, 67 

(5): 1423ï1440. https://doi.org/10.1190/1.1512743. 

 

 



 

106 
 

CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

This thesis aimed to explain better the driving mechanisms for the anisotropic deformation 

and the evolution of physical properties of tight unconventional rocks due to the change of stress. 

Previous chapters presented a multidisciplinary approach to correlate multidirectional laboratory-

scale elastic moduli to stress-dependent petrophysical data and geologic attributes while 

investigating rock fabric using high-resolution textural images. In addition to lab measurements, 

geophysical field acquisition of elastic properties was evaluated using rock physics models to 

explain the relevance of horizontal cracks and soft material composition in the rock. It is found 

that the presence of microcracks, mineral composition, and mineral arrangement are vital factors 

that can impact stress- and direction-dependency of elastic and fluid transport properties. 

The results of this thesis were obtained in a multi-step process. First, the rock samples were 

characterized using multi-physical laboratory measurements, such as mineral composition, 

petrophysical, and elastic properties. The experimental results revealed the relationship between 

various physical properties, such as clay and kerogen content, porosity, permeability, and elastic 

stiffnesses.  

In the second step, theoretical models were used to explain the stress- and directional-

dependence of elastic properties of sedimentary rocks. To this end, a novel rock physics anisotropy 

template was developed by integrating several rock physics models that consider crack- and layer-

induced anisotropy in the effective medium.  

Finally, the third step combines laboratory data and theoretical models to analyze core and 

wireline log elastic data with the newly developed anisotropy template. The application of the 
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anisotropy template shows the relevance of microcracks and volumetric concentration of 

compliant components in the effective medium. The key findings that can be drawn from each 

chapter and recommendations for future studies are elaborated below.  

6.1.1 Sample Characterization and Laboratory Measurements (Chapter 2) 

¶ Five formations from the Bakken Petroleum System (BPS) were studied in this thesis, 

namely Lodgepole (LLP), Upper Bakken Shale (UBS), Middle Bakken (MB), Lower 

Bakken Shale (LBS), and Three Forks (TF). They are described by their mineralogy, 

texture, and rock physics properties.  

¶ Mineralogy: Of the non-shale formations, LLP has high calcite content and very fine grain 

sizes. The mineralogy of MB is quartz, feldspar, calcite, and dolomite. For the TF 

formation, the clay content is generally above 19 vol%. UBS and LBS formations have low 

carbonate content, and TOC ranges from 16 to 20 vol%.  

¶ Texture: High-resolution images of LLP and MB show that the pores and clay bodies have 

no preferential orientation, indicating weak anisotropy. TF may exhibit strong anisotropy 

due to the layered feature of clay on top of the carbonate minerals. Textural images of UBS 

and LBS samples reveal that clay and kerogen are laminated along the bedding plane. 

¶ Stress-dependent measurements: A comprehensive study of stress- and direction-

dependent of various rock properties were performed to examine the driving mechanisms 

that lead to anisotropic rock deformation. To this end, I measured porosity and permeability 

using CMS-300, and multidirectional ultrasonic velocity using the improved model of the 

core jacket. The pressure steps of the measurements are 3.4 MPa, 6.9 MPa, 10.3 MPa, 13.8 

MPa, 17.2 MPa, 20.7 MPa, 24.1 MPa, and 27.6 MPa, while pore pressure was not applied. 
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6.1.2 Pressure-Dependent Elastic Anisotropy: A Bakken Petroleum System Case Study 

(Chapter 3) 

¶ The experimental data of rock physical stress-dependent measurements coupled with 

multi-scale visualization can improve the characterization of elastic and petrophysical 

properties of BPS rocks. 

¶ The multi-directional ultrasonic velocity measurement technique on a single core has 

several advantages: (a) simplifying experimental preparation, (b) reducing measurement 

time, (c) increasing core sample availability, and (d) reducing the uncertainty of 

measurement caused by rock heterogeneity. 

¶ Porosity: The measurements of LBS and TF samples show a monotonic decline when 

confining stress is increased. On the other hand, the porosity for LLP, UBS, and MB 

samples shows a sharp decline.  

¶ Permeability: The most considerable permeability reduction occurs for LLP, UBS, and 

MB, possibly related to the closure of microfractures and pore throats upon increasing the 

confining stress. 

¶ Velocity: The measurements of LLP, MB, and TF samples showed low stress dependency, 

weak anisotropy, and a lack of hysteresis between loading and unloading cycles. On the 

other hand, the velocity UBS and LBS samples are stress sensitive and highly anisotropic. 

¶ Anisotropy: UBS and LBS samples exhibit high Ů and ɔ values, which are strongly related 

to thin bed laminations and preferred orientation of clay, kerogen, and microcracks.  

¶ Volumetric concentration and spatial distribution of compliant components, such as clay, 

kerogen, and microcracks, play a significant role in dictating stress dependency of rock 

physical properties. 
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6.1.3 A Novel Anisotropy Template for an Improved Interpretation of Elastic Anisotropy 

Data (Chapter 4) 

¶ The newly developed anisotropy template can be used to understand the causal 

mechanisms for anisotropy and assess anisotropic elastic moduli evolution due to changes 

in stress. 

¶ Effective medium models were used to construct the template: (a) Backus averaging to 

model layer-induced anisotropy and (b) Hudson's crack model to account for crack-induced 

anisotropy. 

¶ Role of texture on elastic stiffness: For isotropic rocks, such as Berea, the increase of 

confining stress leads to an equal rise of elastic stiffness in ᷆ and Ṷ directions. TI rocks, 

such as UBS and LBS, experience more significant deformation in the Ṷ direction than the 

 ᷆direction. Consequently, when the hydrostatic load is applied, the Ṷ elastic stiffness 

increases faster than that of  ᷆direction. 

¶ High sensitivity to stress of elastic properties is attributed to the closure of microcracks and 

the compression of layered kerogen and clay that are oriented parallel to the bedding plane. 

6.1.4 Field and Laboratory Data Interpretation using the Anisotropy Template (Chapter 5) 

¶ Plotting tensorial elastic moduli on the anisotropy template can help assess the crack 

density and composition of compliant components of the rock. 

¶ C11 data is often unavailable from well logs or seismic, despite its importance in describing 

transverse isotropy (TI) symmetry of rocks and enhancing seismic imaging. With the 

anisotropy template, the range of C11 was obtained when C33, C44, and C66 were available 

by using rock physics models and empirical correlation. 
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¶ Rock physics models: The effective medium models used to construct the anisotropy 

template were Backus averaging and linear slip theory. Based on the elastic moduli of UBS 

and LBS samples plotted on the S-wave anisotropy template, two constraining parameters 

were obtained: (a) the crack density that ranges from 0 to 14% and (b) the composition of 

the compliant components that ranges from 79 to 92%. As a result, the predicted C11 range 

of the field data is from 32 to 43.4 GPa. 

¶ Empirical correlation: The empirical correlation between C11 and other elastic moduli (C33, 

C44, and C66) of the core data was obtained using multivariate linear regression. The R2 

value of the correlation is 0.91, indicating a strong relationship between C11 and other 

elastic moduli. The predicted C11 range of the field data is from 36 to 44 GPa. 

¶ Applying the anisotropy template can help narrow the range of unknown elastic properties, 

determine the appropriate matrix model, detect the presence of bedding-parallel 

microcracks, and improve horizontal stress calculations.  

6.2 Recommendations 

The results and analysis presented in this thesis posed new questions beyond the scope of 

this research. Therefore, recommendations to expand this study are shown below. 

¶ I suggest adding acoustic transducers on the core jacket at other angles of measurement, 

for example, at the 30° and 60° angles. Capturing more velocity measurements in the 

oblique direction can provide a comprehensive anisotropy characterization of the rock. 

¶ To investigate the driving mechanisms of anisotropy and directional rock deformation 

based on measured rock property data, performing the joint measurement of ultrasonic 

velocity and complex conductivity using the improved core jacket under in situ conditions 

is recommended. However, this thesis did not analyze complex conductivity results due to 
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the partial saturation of the core samples. To achieve reliable results, the rock samples must 

be fully saturated. Note that the biggest challenge is to achieve full saturation of the tight 

organic-rich mudrocks. 

¶ Suppose the anisotropic acoustic measurements of the fully saturated cores were 

successful. In that case, it is beneficial to examine the accuracy of the anisotropic 

Gassmann fluid substitution by comparing the lab data to the model. 

¶ More investigation on static measurements can be helpful for better comprehension of the 

anisotropic elastic properties of TI rocks. I recommend measuring strain changes at 

multiple angles under simulated reservoir stresses. From here, directional static Young's 

modulus and Poisson's ratio can be obtained. 

¶ The multiphysics laboratory measurements can be expanded to perform (a) simultaneous 

permeability, static/dynamic, and electrical conductivity measurements using the Autolab 

1500 and (b) a CT scan performed simultaneously with the acoustic measurement, both 

under increased confining stress.  

¶ The research value can be improved for the anisotropy template work if the analysis of C13 

and Thomsen's anisotropy delta is included. C13 and delta are critical parameters for 

assessing anisotropy, amplitude versus offset analysis, and the prediction of minimum 

horizontal stress. 

¶ The developed anisotropy template for Bakken shales in this thesis uses an isotropic 

compliant end member. However, this may not always be the case, especially with aligned 

clay minerals, which in and of themselves have anisotropic properties. Therefore, I 

recommend constructing a template using anisotropic end members to represent TI rocks 

better. 
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¶ The anisotropy template might provide more significant benefits if other physical property 

models were implemented. For example, reservoir engineers and rock physicists might 

benefit more if the template utilizes directional permeability or complex conductivity 

models.  

¶ For this research to be of greater utility to the practitioners, I recommend applying other 

effective medium models that use fluid-filled pores. 

¶ It is also beneficial to extend the application of the anisotropy template by analyzing field 

and core datasets from other major unconventional formations, such as the Marcellus, 

Haynesville, Eagle Ford, Niobrara, etc. 
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APPENDIX A 

ANISOTROPIC ULTRASONIC VELOCITY MEASUREMENT RESULTS 

 

This appendix shows the P- and S-wave velocity of the core samples from the Bakken 

Petroleum System as functions of pressure and direction. 

 

Table A.1: The VP and VS measurements with respect to the confining pressure (PC) of the 1-10 

Lodgepole core sample. The measurement is taken at parallel to bedding ()᷆, 45°, and 

perpendicular to bedding (Ṷ) direction. 

 

Sample 
PC 

(MPa) 

VP  ᷆

(km/s) 

VP 45 

(km/s) 

VP Ṷ 

(km/s) 

VS  ᷆

(km/s) 

VS 45 

(km/s) 

VS Ṷ 

(km/s) 

1-10 

Lodgepole 

0.1             

0.7 6.13 6.07 6.06 3.32 3.27 3.27 

1.7 6.15 6.04 6.08 3.33 3.3 3.28 

3.4 6.13 6.01 6.04 3.33 3.3 3.27 

5.2 6.16 6.05 6.05 3.33 3.31 3.27 

6.9 6.16 6.06 6.04 3.33 3.3 3.27 

10.3 6.2 6.06 6.07 3.35 3.27 3.27 

13.8 6.14 6.05 6.08 3.33 3.31 3.27 

17.2 6.19 6.06 6.07 3.34 3.32 3.28 

20.7 6.18 6.07 6.06 3.35 3.32 3.29 

24.1 6.16 6.06 6.06 3.35 3.33 3.28 

27.6 6.17 6.06 6.06 3.34 3.33 3.29 

24.1 6.14 6.05 6.04 3.34 3.33 3.29 

20.7 6.18 6.07 6.05 3.34 3.32 3.29 

17.2 6.18 6.03 6.04 3.35 3.32 3.29 

13.8 6.17 6.04 6.05 3.34 3.32 3.28 

10.3 6.19 6.06 6.04 3.35 3.28 3.27 

6.9 6.17 6.05 6.03 3.34 3.31 3.27 

5.2 6.13 6.04 6.03 3.34 3.31 3.26 

3.4 6.11 6.03 6.04 3.34 3.31 3.27 

1.7 6.13 6.04 6.05 3.33 3.29 3.26 

0.7 6.13 6 6.01 3.32 3.29 3.2 

0.1             
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Table A.2: The VP and VS measurements with respect to the confining pressure (PC) of the 1-26 

Lodgepole core sample. The measurement is taken at parallel to bedding ()᷆, 45°, and 

perpendicular to bedding (Ṷ) direction. 

 

Sample 
PC 

(MPa) 

VP  ᷆

(km/s) 

VP 45 

(km/s) 

VP Ṷ 

(km/s) 

VS  ᷆

(km/s) 

VS 45 

(km/s) 

VS Ṷ 

(km/s) 

1-26 

Lodgepole 

0.10 5.42 4.04 3.66 3.30 2.78 2.59 

0.7 5.44 4.21 3.66 3.31 2.8 2.62 

1.7 5.46 4.18 3.68 3.3 2.8 2.63 

3.4 5.46 4.18 3.68 3.3 2.81 2.64 

5.2       

6.9 5.47 4.3 3.75 3.33 2.84 2.66 

10.3 5.49 4.32 3.8 3.33 2.85 2.66 

13.8 5.48 4.36 3.87 3.36 2.86 2.68 

17.2 5.49 4.42 3.91 3.37 2.87 2.7 

20.7 5.49 4.48 4 3.38 2.87 2.7 

24.1 5.51 4.49 4.02 3.39 2.87 2.71 

27.6 5.52 4.53 4.1 3.39 2.88 2.73 

24.1 5.48 4.39 3.97 3.32 2.86 99 

20.7 5.48 4.36 3.92 3.31 2.87 2.7 

17.2 5.47 4.35 3.87 3.31 2.87 2.7 

13.8 5.47 4.32 3.85 3.3 2.86 2.68 

10.3 5.46 4.27 3.82 3.29 2.85 2.67 

6.9 5.46 4.17 3.72 3.3 2.85 2.66 

5.2 5.46 4.14 3.7 3.3 2.84 2.66 

3.4 5.48 4.08 3.64 3.31 2.83 2.65 

1.7 5.43 4.05 3.58 3.3 2.81 2.63 

0.7 5.48 3.98 3.55 3.32 2.8 2.62 

0.1 5.43 3.96 3.46 3.28 2.79 2.59 
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Table A.3: The VP and VS measurements with respect to the confining pressure (PC) of the 2-1 

Lodgepole core sample. The measurement is taken at parallel to bedding ()᷆, 45°, and 

perpendicular to bedding (Ṷ) direction. 

 

Sample 
PC 

(MPa) 

VP  ᷆

(km/s) 

VP 45 

(km/s) 

VP Ṷ 

(km/s) 

VS  ᷆

(km/s) 

VS 45 

(km/s) 

VS Ṷ 

(km/s) 

2-1 

Lodgepole 

0.1 5.42 4.9 4 3.13 3.06 2.7 

0.7 5.42 4.81 3.98 3.16 3.07 2.68 

1.7 5.45 4.83 4.04 3.16 3.07 2.7 

3.4 5.47 4.89 4.14 3.17 3.08 2.71 

5.2 5.47 4.86 4.15 3.18 3.08 2.72 

6.9 5.49 4.84 4.19 3.18 3.09 2.74 

10.3 5.51 4.91 4.22 3.18 3.1 2.77 

13.8 5.51 4.93 4.27 3.19 3.12 2.74 

17.2 5.51 5.01 4.36 3.2 3.13 2.75 

20.7 5.53 5.04 4.42 3.21 3.15 2.79 

24.1 5.55 5.04 4.49 3.21 3.16 2.8 

27.6 5.57 5.07 4.52 3.22 3.16 2.83 

24.1 5.53 5.09 4.47 3.21 3.16 2.82 

20.7 5.53 5.06 4.44 3.21 3.16 2.81 

17.2 5.51 5.04 4.44 3.2 3.15 2.8 

13.8 5.51 4.96 4.35 3.18 3.13 2.77 

10.3 5.49 4.91 4.29 3.18 3.13 2.75 

6.9 5.47 4.9 4.24 3.16 3.11 2.74 

5.2 5.49 4.89 4.19 3.16 3.11 2.72 

3.4 5.44 4.84 4.14 3.16 3.1 2.71 

1.7 5.45 4.81 3.98 3.16 3.08 2.69 

0.7 5.45 4.78 3.89 3.16 3.08 2.67 

0.1             
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Table A.4: The VP and VS measurements with respect to the confining pressure (PC) of the 2-11 

Lodgepole core sample. The measurement is taken at parallel to bedding ()᷆, 45°, and 

perpendicular to bedding (Ṷ) direction. 

 

Sample  
PC 

(MPa) 

VP  ᷆

(km/s) 

VP 45 

(km/s) 

VP Ṷ 

(km/s) 

VS  ᷆

(km/s) 

VS 45 

(km/s) 

VS Ṷ 

(km/s) 

2-11 

Lodgepole 

0.1 5.51 5.49  3.28 3.13  

0.7 5.98 5.62 5.57 3.28 3.14 3.04 

1.7 6 5.76 5.6 3.31 3.18 3.16 

3.4 6.02 5.76 5.65 3.32 3.22 3.17 

5.2 6.01 5.79 5.74 3.31 3.2 3.18 

6.9 6 5.82 5.76 3.29 3.22 3.2 

10.3 6 5.87 5.84 3.3 3.24 3.23 

13.8 6.02 5.89 5.86 3.31 3.25 3.24 

17.2 6.04 5.96 5.92 3.31 3.27 3.26 

20.7 6.07 5.96 5.95 3.31 3.27 3.25 

24.1 6.07 5.98 6 3.32 3.29 3.27 

27.6 6.09 6 6 3.34 3.29 3.28 

24.1 6.06 6 6 3.33 3.3 3.28 

20.7 6.08 5.97 5.97 3.33 3.29 3.28 

17.2 6.06 5.95 5.95 3.32 3.28 3.27 

13.8 6.06 5.86 5.86 3.32 3.27 3.26 

10.3 6.06 5.9 5.9 3.3 3.26 3.27 

6.9 6 5.86 5.71 3.3 3.23 3.27 

5.2 6.03 5.81 5.56 3.29 3.23 3.27 

3.4 6.05 5.81 5.6 3.29 3.22 3.24 

1.7 6.05 5.68 5.49 3.27 3.19 3.19 

0.7 5.99 5.62 5.47 3.24 3.13 3.16 

0.1             
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Table A.5: The VP and VS measurements with respect to the confining pressure (PC) of the 2-15 

Upper Bakken Shale core sample. The measurement is taken at parallel to bedding ()᷆, 45°, and 

perpendicular to bedding (Ṷ) direction. 

 

Sample  
PC 

(MPa) 

VP  ᷆

(km/s) 

VP 45 

(km/s) 

VP Ṷ 

(km/s) 

VS  ᷆

(km/s) 

VS 45 

(km/s) 

VS Ṷ 

(km/s) 

2-15 

Upper 

Bakken 

Shale 

0.1       

0.7 4.52   2.68   

1.7 4.53 3.2 2.74 2.69   

3.4 4.55 3.44 2.9 2.73 2.35 1.93 

5.2 4.58 3.58 3.09 2.74 2.38 1.95 

6.9 4.61 3.63 3.17 2.75 2.39 1.97 

10.3 4.62 3.71 3.26 2.76 2.41 2 

13.8 4.65 3.75 3.31 2.77 2.42 2.02 

17.2 4.65 3.77 3.33 2.78 2.43 2.02 

20.7 4.66 3.79 3.36 2.79 2.43 2.02 

24.1 4.66 3.81 3.38 2.8 2.44 2.03 

27.6 4.7 3.83 3.39 2.81 2.44 2.04 

24.1 4.67 3.82 3.39 2.8 2.45 2.02 

20.7 4.67 3.81 3.37  2.44 2.02 

17.2 4.64 3.81 3.35 2.79 2.44 2.03 

13.8 4.65 3.8 3.34 2.78 2.43 2.01 

10.3 4.64 3.78 3.33 2.77 2.42 2.02 

6.9 4.63 3.75 3.32 2.77 2.41 2 

5.2 4.61 3.72 3.3 2.76 2.41 2 

3.4 4.6 3.71 3.26 2.76 2.39 1.99 

1.7 4.52 3.36 2.74 2.73   

0.7       

0.1             
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Table A.6: The VP and VS measurements with respect to the confining pressure (PC) of the 2-44 

Middle Bakken core sample. The measurement is taken at parallel to bedding (᷆), 45°, and 

perpendicular to bedding (Ṷ) direction. 

 

Sample  
PC 

(MPa) 

VP  ᷆

(km/s) 

VP 45 

(km/s) 

VP Ṷ 

(km/s) 

VS  ᷆

(km/s) 

VS 45 

(km/s) 

VS Ṷ 

(km/s) 

2-44 

Middle 

Bakken 

0.1 4.87 4.37 9999 3.07 2.9 2.98 

0.7       

1.7 4.91 4.57 4.32 3.06 2.94 2.97 

3.4 4.91 4.57 4.32 3.06 2.95 2.98 

5.2 4.91 4.6 4.34 3.06 2.94 2.99 

6.9 4.91 4.59 4.34 3.06 2.95 2.99 

10.3 4.93 4.63 4.38 3.06 2.96 3.01 

13.8 4.96 4.66 4.43 3.07 2.97 3.01 

17.2 4.88 4.53 4.5 3.06 2.93 2.97 

20.7 5 4.73 4.52 3.09 2.99 3.05 

24.1 5.01 4.75 4.54 3.09 2.97 3.03 

27.6 5.04 4.77 4.59 3.11 3.01 3.06 

24.1 5.03 4.77 4.57 3.11 3.01 3.05 

20.7 5.01 4.78 4.56 3.1 3 3.03 

17.2 5.01 4.73 4.53 3.09 3 3.02 

13.8 4.98 4.72 4.44 3.08 2.99 3.01 

10.3 4.96 4.68 4.43 3.07 2.97 3.01 

6.9 4.94 4.64 4.38 3.07 2.96 3 

5.2 4.92 4.62 4.34 3.06 2.95 2.99 

3.4 4.91 4.6 4.3 3.07 2.95 2.98 

1.7 4.91 4.59 4.26 3.06 2.94 2.97 

0.7 4.9 4.56 4.23 3.06 2.94 2.96 

0.1 4.91 4.54 4.24 3.07 2.92 2.95 

 

 

 

  



 

119 
 

Table A.7: The VP and VS measurements with respect to the confining pressure (PC) of the 2-48 

Middle Bakken core sample. The measurement is taken at parallel to bedding ()᷆, 45°, and 

perpendicular to bedding (Ṷ) direction. 

 

Sample  
PC 

(MPa) 

VP  ᷆

(km/s) 

VP 45 

(km/s) 

VP Ṷ 

(km/s) 

VS  ᷆

(km/s) 

VS 45 

(km/s) 

VS Ṷ 

(km/s) 

2-48 

Middle 

Bakken 

0.1 4.1 4.03 3.15 3 2.56 2.03 

0.7 4.95 4.11 3.76 3.02 2.76 2.07 

1.7 4.95 4.33 3.72 3.03 2.79 2.08 

3.4 99 4.43 3.81 3.05 2.79 2.1 

5.2 4.97 4.45 4.01 3.02 2.8 2.11 

6.9 4.97 4.44 4.1 3.01 2.83 2.13 

10.3 4.99 4.47 4.12 3 2.85 2.16 

13.8 5.01 4.59 4.14 3.01 2.88 2.18 

17.2 5.03 4.6 4.25 3.03 2.89 2.2 

20.7 5.15 4.6 4.27 3.05 2.92 2.22 

24.1 5.14 4.6 4.38 3.07 2.95 2.21 

27.6 5.16 4.61 4.41 3.09 2.97 2.23 

24.1 5.18 4.64 4.39 3.08 2.96 2.23 

20.7 5.17 4.61 4.28 3.07 2.93 2.22 

17.2 5.15 4.61 4.26 3.04 2.91 2.22 

13.8 5.11 4.59 4.2 3.03 2.9 2.2 

10.3 5.07 4.55 4.16 3.02 2.87 2.19 

6.9 5.02 4.51 4.15 3.02 2.83 2.15 

5.2 5.01 4.49 4.03 3.01 2.81 2.13 

3.4 4.96 4.45 3.98 3.01 2.8 2.11 

1.7 4.93 4.37 3.97 3.01 2.77 2.09 

0.7 4.94 4.31 3.86 3 2.76 2.07 

0.1             
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Table A.8: The VP and VS measurements with respect to the confining pressure (PC) of the 2-52 

Middle Bakken core sample. The measurement is taken at parallel to bedding ()᷆, 45°, and 

perpendicular to bedding (Ṷ) direction. 

 

Sample  
PC 

(MPa) 

VP  ᷆

(km/s) 

VP 45 

(km/s) 

VP Ṷ 

(km/s) 

VS  ᷆

(km/s) 

VS 45 

(km/s) 

VS Ṷ 

(km/s) 

2-52 

Middle 

Bakken 

0.1 5.05 5 4.72  3.03 3.01 

0.7 5.07 5.03 4.76 3.05 3.14 3.02 

1.7 5.08 5.04 4.78 3.05 3.15 3.01 

3.4 5.1 5.05 4.79 3.09 3.16 3.02 

5.2 5.11 5.04 4.77 3.1 3.17 3.04 

6.9 5.12 5.04 4.83 3.11 3.17 3.05 

10.3 5.14 5.06 4.8 3.14 3.19 3.06 

13.8 5.15 5.08 4.83 3.16 3.2 3.08 

17.2 5.16 5.1 4.87 3.18 3.2 3.1 

20.7 5.17 5.12 4.89 3.19 3.2 3.11 

24.1 5.18 5.14 4.91 3.19 3.22 3.12 

27.6 5.2 5.17 4.93 3.19 3.22 3.13 

24.1 5.19 5.16 4.92 3.2 3.22 3.11 

20.7 5.19 5.13 4.91 3.19 3.22 3.11 

17.2 5.18 5.1 4.89 3.19 3.21 3.1 

13.8 5.16 5.08 4.86 3.18 3.19 3.08 

10.3 5.15 5.08 4.83 3.16 3.19 3.06 

6.9 5.14 5.05 4.82 3.14 3.18 3.05 

5.2 5.14 5.04 4.78 3.12 3.17 3.04 

3.4 5.13 5.03 4.74 3.11 3.17 3.04 

1.7 5.13 5.01 4.73 3.1 3.16 3.03 

0.7 5.08 4.99 4.73 3.09 3.17 3.03 

0.1             
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Table A.9: The VP and VS measurements with respect to the confining pressure (PC) of the 2-68 

Middle Bakken core sample. The measurement is taken at parallel to bedding ()᷆, 45°, and 

perpendicular to bedding (Ṷ) direction. 

 

Sample  
PC 

(MPa) 

VP  ᷆

(km/s) 

VP 45 

(km/s) 

VP Ṷ 

(km/s) 

VS  ᷆

(km/s) 

VS 45 

(km/s) 

VS Ṷ 

(km/s) 

2-68 

Middle 

Bakken 

0.1 5.03 4.8 4.61 3.03 2.99 3.02 

0.7 5.07 4.85 4.64 3.04 3.01 3.03 

1.7 5.08 4.86 4.64 3.04 3.01 3.04 

3.4 5.05 4.89 4.66 3.05 3.02 3.04 

5.2 5.07 4.88 4.68 3.05 3.02 3.04 

6.9 5.05 4.89 4.71 3.06 3.03 3.06 

10.3 5.08 4.91 4.71 3.06 3.04 3.07 

13.8 5.07 4.94 4.75 3.08 3.05 3.07 

17.2 5.1 4.98 4.79 3.1 3.07 3.09 

20.7 5.11 5 4.79 3.11 3.08 3.1 

24.1 5.14  4.83 3.13  3.11 

27.6 5.17 5.07 4.86 3.14 3.11 3.12 

24.1 5.16 5.03 4.83 3.12 3.1 3.11 

20.7 5.14 5 4.82 3.12 3.09 3.11 

17.2 5.14 4.98 4.79 3.11 3.09 3.1 

13.8 5.11 4.97 4.77 3.09 3.07 3.09 

10.3 5.09 4.94 4.74 3.08 3.06 3.08 

6.9 5.05 4.92 4.69 3.07 3.04 3.06 

5.2 5.02 4.9 4.68 3.06 3.04 3.06 

3.4 5.03 4.89 4.67 3.05 3.03 3.05 

1.7 5 4.87 4.65 3.04 3.02 3.04 

0.7  4.85 4.66 3.04 3.02 3.03 

0.1 4.94 4.83 4.61 3.03 2.98 3.02 

 

 

 

 

 

  



 

122 
 

Table A.10: The VP and VS measurements with respect to the confining pressure (PC) of the 2-77 

Middle Bakken core sample. The measurement is taken at parallel to bedding ()᷆, 45°, and 

perpendicular to bedding (Ṷ) direction. 

 

Sample  
PC 

(MPa) 

VP  ᷆

(km/s) 

VP 45 

(km/s) 

VP Ṷ 

(km/s) 

VS  ᷆

(km/s) 

VS 45 

(km/s) 

VS Ṷ 

(km/s) 

2-77 

Middle 

Bakken 

0.1 5.05 4.85 4.6 3.07 3.06 3.07 

0.7 5.05 4.88 4.63 3.09 3.07 3.07 

1.7 5.07 4.89 4.63 3.09 3.07 3.08 

3.4 5.08 4.9 4.65 3.1 3.07 3.08 

5.2 5.09 4.9 4.66 3.11 3.07 3.09 

6.9 5.09 4.91 4.66 3.11 3.07 3.1 

10.3 5.1 4.93 4.67 3.13 3.09 3.11 

13.8 5.12 4.94 4.7 3.13 3.09 3.13 

17.2 5.13 4.95 4.72 3.13 3.1 3.13 

20.7 5.14 4.97 4.75 3.14 3.11 3.14 

24.1 5.16 4.99 4.77 3.15 3.11 3.14 

27.6 5.18 5.01 4.82 3.17 3.12 3.15 

24.1 5.18 5.02 4.8 3.15 3.12 3.15 

20.7 5.16 5.01 4.79 3.15 3.11 3.13 

17.2 5.16 5 4.75 3.14 3.1 3.13 

13.8 5.15 4.98 4.74 3.13 3.1 3.12 

10.3 5.12 4.95 4.71 3.12 3.09 3.12 

6.9 5.12 4.93 4.7 3.11 3.08 3.11 

5.2 5.11 4.92 4.68 3.11 3.07 3.1 

3.4 5.09 4.9 4.65 3.11 3.07 3.1 

1.7 5.09 4.9 4.63 3.1 3.07 3.1 

0.7 5.09 4.9 4.65 3.09 3.06 3.09 

0.1 5.02 4.87 4.55 3.07 3.04 3.06 
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Table A.11: The VP and VS measurements with respect to the confining pressure (PC) of the 2-81A 

Lower Bakken Shale core sample. The measurement is taken at parallel to bedding ()᷆, 45°, and 

perpendicular to bedding (Ṷ) direction. 

 

Sample  
PC 

(MPa) 

VP  ᷆

(km/s) 

VP 45 

(km/s) 

VP Ṷ 

(km/s) 

VS  ᷆

(km/s) 

VS 45 

(km/s) 

VS Ṷ 

(km/s) 

2-81A 

Lower 

Bakken 

Shale 

0.1  2.6     

0.7 3.53 2.63 2.21 2.26 1.67  

1.7 4.11 2.79 2.46 2.54 1.98 1.72 

3.4 4.16 2.84 2.62 2.56 2.12 1.87 

5.2 4.17 3.18 2.82 2.58 2.17 1.94 

6.9 4.19 3.21 2.92 2.58 2.19 1.95 

10.3 4.21 3.33 3.05 2.59 2.22 1.99 

13.8 4.22 3.38 3.07 2.59 2.23 2.01 

17.2 4.25 3.43 3.12 2.6 2.23 2.02 

20.7 4.26 3.5 3.22 2.61 2.26 2.04 

24.1 4.27 3.51 3.23 2.61 2.26 2.05 

27.6 4.28 3.53 3.27 2.62 2.28 2.07 

24.1 4.28 3.54 3.28 2.61 2.27 2.07 

20.7 4.25 3.53 3.26 2.61 2.27 2.06 

17.2 4.25 3.51 3.23 2.61 2.26 2.05 

13.8 4.24 3.49 3.21 2.6 2.25 2.04 

10.3 4.21 3.47 3.19 2.59 2.24 2.04 

6.9 4.22 3.44 3.17 2.58 2.23 2.02 

5.2 4.22 3.43 3.18 2.58 2.23 2.02 

3.4 4.21 3.41 3.16 2.56 2.22 2 

1.7 4.07 2.64 2.48 2.52 2.13 1.89 

0.7 3.67 2.59  2.21 1.85  

0.1             
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Table A.12: The VP and VS measurements with respect to the confining pressure (PC) of the 2-85 

Lower Bakken Shale core sample. The measurement is taken at parallel to bedding (᷆ ), 45°, and 

perpendicular to bedding (Ṷ) direction. 

 

Sample  
PC 

(MPa) 

VP  ᷆

(km/s) 

VP 45 

(km/s) 

VP Ṷ 

(km/s) 

VS  ᷆

(km/s) 

VS 45 

(km/s) 

VS Ṷ 

(km/s) 

2-85 

Lower 

Bakken 

Shale 

0.1   2.12   1.52 

0.7 2.67 3.2 2.25 2.63 1.61  

1.7 3.81 3.24 2.2 2.64 1.97 1.68 

3.4 4.19 3.27 2.58 2.65 2.2 1.75 

5.2 4.23 3.3 2.75 2.66 2.29 1.91 

6.9 4.24 3.35 2.92 2.66 2.32 2 

10.3 4.28 3.42 3.13 2.69 2.36 2.09 

13.8  3.52 3.16 2.71 2.41 2.2 

17.2 4.3 3.56 3.24 2.71 2.43 2.23 

20.7 4.32 3.66 3.3 2.73 2.47 2.25 

24.1 4.34 3.67 3.35 2.75 2.46 2.27 

27.6 4.33 3.69 3.39 2.75 2.47 2.28 

24.1 4.31 3.69 3.37 2.75 2.46 2.27 

20.7 4.3 3.66 3.34 2.74 2.46 2.27 

17.2 4.32 3.63 3.32 2.74 2.45 2.26 

13.8 4.31 3.6 3.25 2.72 2.43 2.24 

10.3 4.28 3.53 3.18 2.71 2.41 2.2 

6.9 4.28 3.48 3.11 2.68 2.36 2.08 

5.2 4.23 3.42 3.08 2.67 2.34 2.02 

3.4 4.19 3.34 2.96 2.66 2.3 1.91 

1.7 3.83 3.29 2.8 2.64 2.1 1.7 

0.7       

0.1             

 

 

 

 

 

  



 

125 
 

Table A.13: The VP and VS measurements with respect to the confining pressure (PC) of the 2-96 

Lower Bakken Shale core sample. The measurement is taken at parallel to bedding (᷆), 45°, and 

perpendicular to bedding (Ṷ) direction. 

 

Sample  
PC 

(MPa) 

VP  ᷆

(km/s) 

VP 45 

(km/s) 

VP Ṷ 

(km/s) 

VS  ᷆

(km/s) 

VS 45 

(km/s) 

VS Ṷ 

(km/s) 

2-96 

Lower 

Bakken 

Shale 

0.1 3.89 2.45 2.01    

0.7 4.04 2.48 2.05 2.59 1.81 1.67 

1.7 4.08 2.59 2.32 2.66 2.03 1.82 

3.4 4.13 2.92 2.5 2.68 2.22 1.86 

5.2 4.14 3.05 2.76 2.68 2.3 1.92 

6.9 4.15 3.16 2.83 2.69 2.32 1.97 

10.3 4.17 3.28 2.95 2.71 2.36 2.05 

13.8 4.18 3.37 3.07 2.72 2.38 2.11 

17.2 4.19 3.44 3.18 2.74 2.39 2.21 

20.7 4.22 3.5 3.24 2.74 2.44 2.24 

24.1 4.25 3.58 3.31 2.74 2.47 2.26 

27.6 4.26 3.59 3.34 2.75 2.48 2.28 

24.1 4.26 3.57 3.32 2.74 2.46 2.27 

20.7 4.23 3.53 3.3 2.74 2.44 2.27 

17.2 4.24 3.51 3.26 2.74 2.45 2.24 

13.8 4.22 3.49 3.23 2.73 2.43 2.23 

10.3 4.21 3.44 3.15 2.73 2.41 2.22 

6.9 4.2 3.38 3.04 2.71 2.37 2.07 

5.2 4.18 3.29 2.95 2.7 2.36 2.02 

3.4 4.16 3.22 2.81 2.68 2.29 1.92 

1.7 4.09 3.19 2.73 2.68 2.05 1.81 

0.7       

0.1             
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Table A.14: The VP and VS measurements with respect to the confining pressure (PC) of the 2-105 

Lower Bakken Shale core sample. The measurement is taken at parallel to bedding ()᷆, 45°, and 

perpendicular to bedding (Ṷ) direction. 

 

Sample  
PC 

(MPa) 

VP  ᷆

(km/s) 

VP 45 

(km/s) 

VP Ṷ 

(km/s) 

VS  ᷆

(km/s) 

VS 45 

(km/s) 

VS Ṷ 

(km/s) 

2-105 

Lower 

Bakken 

Shale 

0.1       

0.7       

1.7 4.17 3.04 2.77 2.5 1.92 1.7 

3.4 4.21 3.07 2.8 2.53 2.13 1.92 

5.2 4.21 3.2 2.86 2.54 2.2 1.99 

6.9 4.21 3.29 2.93 2.55 2.24 2.05 

10.3 4.24 3.38 3.04 2.56 2.29 2.08 

13.8 4.24 3.51 3.24 2.57 2.31 2.11 

17.2 4.24 3.58 3.31 2.57 2.34 2.13 

20.7 4.27 3.65 3.43 2.57 2.37 2.17 

24.1 4.28 3.67 3.45 2.58 2.38 2.18 

27.6 4.28 3.69 3.47 2.58 2.39 2.2 

24.1 4.28 3.67 3.47 2.58 2.39 2.19 

20.7 4.27 3.67 3.46 2.58 2.37 2.17 

17.2 4.27 3.65 3.44 2.57 2.37 2.15 

13.8 4.26 3.64 3.42 2.56 2.36 2.14 

10.3 4.27 3.62 3.41 2.55 2.36 2.12 

6.9 4.25 3.59 3.4 2.54 2.35 2.09 

5.2 4.25 3.57 3.38 2.54 2.35 2.08 

3.4 4.25 3.55 3.35 2.54 2.19 2 

1.7       

0.7       

0.1             
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Table A.15: The VP and VS measurements with respect to the confining pressure (PC) of the 2-110 

Three Forks core sample. The measurement is taken at parallel to bedding ()᷆, 45°, and 

perpendicular to bedding (Ṷ) direction. 

 

Sample  
PC 

(MPa) 

VP  ᷆

(km/s) 

VP 45 

(km/s) 

VP Ṷ 

(km/s) 

VS  ᷆

(km/s) 

VS 45 

(km/s) 

VS Ṷ 

(km/s) 

2-110 

Three 

Forks 

0.1 4.91 3.5 2.99 3.06 2.3 2.05 

0.7 4.99 3.53 3.03 3.07 2.38 2.2 

1.7 5 3.61 3.04 3.08 2.48 2.21 

3.4 5.01 3.68 3.08 3.09 2.51 2.25 

5.2 5.01 3.71 3.09 3.09 2.55 2.26 

6.9 4.99 3.74 3.1 3.09 2.57 2.27 

10.3 4.97 3.77 3.12 3.09 2.59 2.29 

13.8 5 3.79 3.15 3.09 2.59 2.31 

17.2 5.01 3.84 3.18 3.09 2.59 2.32 

20.7 5 3.85 3.19 3.09 2.61 2.33 

24.1 5.01 3.88 3.22 3.09 2.61 2.34 

27.6 5.02 3.92 3.23 3.1 2.62 2.36 

24.1 5.02 3.9 3.23 3.1 2.61 2.35 

20.7 5.01 3.88 3.22 3.09 2.6 2.35 

17.2 5.01 3.84 3.19 3.09 2.6 2.34 

13.8 5.01 3.8 3.15 3.09 2.6 2.33 

10.3 4.99 3.76 3.11 3.09 2.57 2.33 

6.9 5 3.72 3.1 3.08 2.55 2.29 

5.2 5 3.71 3.09 3.08 2.53 2.29 

3.4 5 3.64 3.09 3.08 2.51 2.24 

1.7 5.01 3.62 3.04 3.08 2.49 2.23 

0.7 4.96 3.59 3.04 3.07 2.38 2.1 

0.1             
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Table A.16: The VP and VS measurements with respect to the confining pressure (PC) of the 2-114 

Three Forks core sample. The measurement is taken at parallel to bedding ()᷆, 45°, and 

perpendicular to bedding (Ṷ) direction. 

 

Sample  
PC 

(MPa) 

VP  ᷆

(km/s) 

VP 45 

(km/s) 

VP Ṷ 

(km/s) 

VS  ᷆

(km/s) 

VS 45 

(km/s) 

VS Ṷ 

(km/s) 

2-114 

Three 

Forks 

0.1       

0.7 5.04  3.93 3.13 2.74 2.09 

1.7 5.04  3.94 3.13 2.78 2.28 

3.4 5.06 3.99 3.97 3.12 2.85 2.42 

5.2 5.07 4.04 4.02 3.13 2.86 2.45 

6.9 5.06 4.09 4.03 3.13 2.9 2.47 

10.3 5.09 4.15 4.03 3.13 2.93 2.52 

13.8 5.1 4.18 4.07 3.12 2.92 2.54 

17.2 5.12 4.26 4.1 3.12 2.93 2.56 

20.7 5.12 4.32 4.16 3.13 2.95 2.59 

24.1 5.14 4.39 4.19 3.13 2.94 2.62 

27.6 5.15 4.42 4.26 3.14 2.96 2.62 

24.1 5.14 4.39 4.21 3.14 2.96 2.62 

20.7 5.14 4.37 4.18 3.13 2.95 2.61 

17.2 5.13 4.33 4.15 3.12 2.95 2.6 

13.8 5.11 4.28 4.09 3.12 2.94 2.57 

10.3 5.1 4.28 4.08 3.11 2.92 2.54 

6.9 5.08 4.23 4.05 3.11 2.91 2.47 

5.2 5.06 4.16 4.04 3.11 2.9 2.42 

3.4 5.04 4.09 3.99 3.11 2.89 2.4 

1.7 5.02 4.04 3.92 3.1 2.87 2.37 

0.7 4.99 4.02 3.98 3.08 2.86 2.24 

0.1             
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Table A.17: The VP and VS measurements with respect to the confining pressure (PC) of the 2-117 

Three Forks core sample. The measurement is taken at parallel to bedding ()᷆, 45°, and 

perpendicular to bedding (Ṷ) direction. 

 

Sample  
PC 

(MPa) 

VP  ᷆

(km/s) 

VP 45 

(km/s) 

VP Ṷ 

(km/s) 

VS  ᷆

(km/s) 

VS 45 

(km/s) 

VS Ṷ 

(km/s) 

2-117 

Three 

Forks 

0.1 4.82 4.72 4.46 3.07 2.9 2.88 

0.7 4.83 4.7 4.47 3.08 2.89 2.9 

1.7 4.85 4.64 4.41 3.08 2.91 2.92 

3.4 4.86 4.66 4.43 3.08 2.91 2.92 

5.2 4.86 4.67 4.43 3.08 2.91 2.92 

6.9 4.88 4.67 4.45 3.08 2.92 2.92 

10.3 4.88 4.67 4.47 3.08 2.92 2.92 

13.8 4.88 4.7 4.45 3.08 2.92 2.94 

17.2 4.9 4.7 4.48 3.09 2.93 2.93 

20.7 4.91 4.71 4.48 3.1 2.94 2.93 

24.1 4.91 4.72 4.51 3.1 2.94 2.94 

27.6 4.92 4.72 4.53 3.11 2.94 2.95 

24.1 4.93 4.72 4.51 3.1 2.94 2.94 

20.7 4.9 4.72 4.5 3.09 2.94 2.94 

17.2 4.9 4.72 4.49 3.08 2.93 2.94 

13.8 4.9 4.7 4.47 3.07 2.94 2.93 

10.3 4.88 4.69 4.46 3.07 2.93 2.93 

6.9 4.88 4.68 4.46 3.07 2.93 2.92 

5.2 4.86 4.66 4.44 3.07 2.93 2.92 

3.4 4.87 4.66 4.42 3.07 2.93 2.92 

1.7 4.87 4.66 4.42 3.07 2.92 2.91 

0.7 4.86 4.63 4.48 3.07 2.92 2.91 

0.1             
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Table A.18: The VP and VS measurements with respect to the confining pressure (PC) of the 2-120 

Three Forks core sample. The measurement is taken at parallel to bedding ()᷆, 45°, and 

perpendicular to bedding (Ṷ) direction. 

 

Sample  
PC 

(MPa) 

VP  ᷆

(km/s) 

VP 45 

(km/s) 

VP Ṷ 

(km/s) 

VS  ᷆

(km/s) 

VS 45 

(km/s) 

VS Ṷ 

(km/s) 

2-120 

Three 

Forks 

0.1 4.88 4.37  2.99 3.01 2.76 

0.7 4.88 4.27 4.1 2.99 2.92 2.75 

1.7 4.91 4.3 4.12 3.01 2.94 2.76 

3.4 4.93 4.3 4.12 3.02 2.95 2.76 

5.2 4.93 4.31 4.14 3.04 2.95 2.76 

6.9 4.95 4.34 4.16 3.06 2.96 2.79 

10.3 4.99 4.34 4.25 3.07 2.98 2.79 

13.8 5.03 4.38 4.27 3.1 2.99 2.82 

17.2 5.09 4.41 4.28 3.11 3.02 2.86 

20.7 5.17 4.47 4.4 3.14 3.03 2.89 

24.1 5.17 4.49 4.43 3.14 3.05 2.89 

27.6 5.19 4.52 4.43 3.17 3.07 2.9 

24.1 5.19 4.51 4.43 3.17 3.06 2.92 

20.7 5.17 4.51 4.41 3.16 3.05 2.9 

17.2 5.17 4.47 4.4 3.15 3.05 2.89 

13.8 5.13 4.43 4.3 3.13 3.03 2.87 

10.3 5.09 4.4 4.26 3.11 3.01 2.85 

6.9 5.01 4.34 4.2 3.09 2.98 2.82 

5.2 4.99 4.32 4.12 3.06 2.96 2.8 

3.4 4.95 4.31 4.13 3.05 2.96 2.78 

1.7 4.88 4.25 4.1 3.03 2.94 2.76 

0.7 4.88 4.24 4.1 3.01 2.92 2.74 

0.1             
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Table A.19: The VP and VS measurements with respect to the confining pressure (PC) of the 2-129 

Three Forks core sample. The measurement is taken at parallel to bedding ()᷆, 45°, and 

perpendicular to bedding (Ṷ) direction. 

 

Sample  
PC 

(MPa) 

VP  ᷆

(km/s) 

VP 45 

(km/s) 

VP Ṷ 

(km/s) 

VS  ᷆

(km/s) 

VS 45 

(km/s) 

VS Ṷ 

(km/s) 

2-129 

Three 

Forks 

0.1 5.22 4.55  3.15 3 2.74 

0.7 5.25 4.58 4.51 3.22 3.03 2.75 

1.7 5.25 4.56 4.5 3.22 3.04 2.74 

3.4 5.27 4.6 4.51 3.23 3.03 2.74 

5.2 5.29 4.6 4.51 3.22 3.04 2.75 

6.9 5.3 4.6 4.53 3.23 3.05 2.75 

10.3 5.3 4.61 4.53 3.24 3.06 2.76 

13.8 5.31 4.63 4.55 3.25 3.06 2.77 

17.2 5.33 4.64 4.55 3.25 3.07 2.77 

20.7 5.33 4.64 4.55 3.26 3.08 2.77 

24.1 5.37 4.68 4.56 3.26 3.08 2.78 

27.6 5.35 4.7 4.56 3.26 3.09 2.79 

24.1 5.34 4.68 4.6 3.26 3.09 2.78 

20.7 5.35 4.68 4.56 3.26 3.09 2.78 

17.2 5.35 4.66 4.56 3.26 3.08 2.77 

13.8 5.32 4.63 4.55 3.26 3.07 2.76 

10.3 5.32 4.61 4.53 3.24 3.06 2.76 

6.9 5.3 4.6 4.51 3.24 3.05 2.76 

5.2 5.29 4.58 4.51 3.24 3.04 2.75 

3.4 5.28 4.58 4.51 3.23 3.03 2.75 

1.7 5.25 4.55 4.51 3.23 3.01 2.74 

0.7 5.24 4.55 4.5 3.21 3 2.73 

0.1             
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APPENDIX B 

POROSITY AND PERMEABILITY MEASUREMENT RESULTS 

 

This appendix shows the porosity and permeability of the core samples from the Bakken 

Petroleum System as a function of pressure. The measurement was performed using the Core 

Measurement System (CMS-300). 

 

Table B.1: The porosity and permeability measurements with respect to the confining pressure 

(PC) of the Bakken Petroleum System as a function of pressure. 

 

Sample 
PC 

(MPa) 

Porosity 

(%) 

Permeability 

(mD) 

1-10 

Lodgepole 

3.4 0.96 3.91E-04 

6.9 0.51 1.05E-04 

10.3   
13.8   
17.2   

20.7   

24.1   

27.6     

1-26 

Lodgepole 

3.4 0.97 1.54E-03 

6.9   

10.3   

13.8   

17.2   

20.7   

24.1   

27.6     

2-1 

Lodgepole 

3.4 0.81 5.53E-04 

6.9 0.59 1.86E-04 

10.3   

13.8   

17.2   

20.7   

24.1   

27.6     

Continued on the next page 
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Table B.1: Continued. 

 

Sample 
PC 

(MPa) 

Porosity 

(%) 

Permeability 

(mD) 

2-11 

Lodgepole 

3.4 1.08 8.27E-03 

6.9 1.02 3.78E-03 

10.3 0.97 2.69E-03 

13.8 0.92 2.20E-03 

17.2 0.90 1.92E-03 

20.7 0.87 2.23E-03 

24.1 0.84 1.97E-03 

27.6 0.81 1.73E-03 

2-15 

Upper 

Bakken 

Shale 

3.4 1.33 1.94E-03 

6.9 1.10 4.96E-04 

10.3 0.93 1.96E-04 

13.8 0.54 8.81E-05 

17.2   

20.7   

24.1   

27.6     

2-44 

Middle 

Bakken 

3.4 6.39 1.30E-02 

6.9 6.27 6.51E-03 

10.3 6.13 4.35E-03 

13.8 6.11 3.66E-03 

17.2 6.03 3.40E-03 

20.7 5.91 3.10E-03 

24.1 5.87 4.23E-03 

27.6 5.83 2.80E-03 

2-48 

Middle 

Bakken 

3.4 7.35 1.42E+00 

6.9 6.98 6.41E-01 

10.3 6.88 5.02E-01 

13.8 6.82 4.46E-01 

17.2 6.76 3.73E-01 

20.7 6.71 2.13E-01 

24.1 6.72 1.83E-01 

27.6 6.69 1.03E-01 

Continued on the next page 
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Table B.1: Continued. 

 

Sample 
PC 

(MPa) 

Porosity 

(%) 

Permeability 

(mD) 

2-52 

Middle 

Bakken 

3.4 2.72 7.65E-04 

6.9 2.27 2.08E-04 

10.3 1.78 9.31E-05 

13.8 1.26 5.45E-05 

17.2 0.61 3.80E-05 

20.7 0.17 3.01E-05 

24.1   

27.6     

2-68 

Middle 

Bakken 

3.4 4.65 1.01E-03 

6.9 3.97 2.51E-04 

10.3 3.40 1.25E-04 

13.8 2.77 9.04E-05 

17.2 2.29 7.01E-05 

20.7 1.86 6.10E-05 

24.1 1.62 5.32E-05 

27.6 1.34 4.74E-05 

2-77 

Middle 

Bakken 

3.4 5.29 1.78E-03 

6.9 4.78 4.99E-04 

10.3 3.98 2.67E-04 

13.8 3.62 1.84E-04 

17.2 3.31 1.30E-04 

20.7 2.78 1.17E-04 

24.1 2.50 8.98E-05 

27.6 2.25 6.53E-05 

2-81A 

Upper 

Bakken 

Shale 

3.4 0.69 2.25E-02 

6.9 0.58 1.09E-02 

10.3 0.60 7.65E-03 

13.8 0.56 4.54E-03 

17.2 0.56 3.11E-03 

20.7 0.52 1.92E-03 

24.1 0.41 1.21E-03 

27.6 0.31 7.17E-04 

Continued on the next page 
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Table B.1: Continued. 

 

Sample 
PC 

(MPa) 

Porosity 

(%) 

Permeability 

(mD) 

2-85 

Lower 

Bakken 

Shale 

3.4 3.69 1.70E-01 

6.9 3.02 1.03E-01 

10.3 2.82 3.04E-02 

13.8 2.71 4.70E-02 

17.2 2.61 1.60E-02 

20.7 2.46 1.15E-02 

24.1 2.36 8.49E-03 

27.6 2.21 6.65E-03 

2-114 

Three 

Forks 

3.4 6.87 4.19E+00 

6.9 6.32 2.71E+00 

10.3 6.17 1.64E+00 

13.8 6.11 1.18E+00 

17.2 6.05 8.58E-01 

20.7 6.01 5.41E-01 

24.1 5.97 5.40E-01 

27.6 5.95 4.35E-01 

2-117 

Three 

Forks 

3.4 7.22 4.28E-03 

6.9 7.28 1.59E-03 

10.3 7.27 1.08E-03 

13.8 7.19 8.67E-04 

17.2 6.92 5.29E-04 

20.7 6.56 4.43E-04 

24.1 6.48 3.83E-04 

27.6 6.45 3.44E-04 

2-120 

Three 

Forks 

3.4 7.32 3.56E-03 

6.9 7.37 1.80E-03 

10.3 7.33 1.34E-03 

13.8 7.20 1.13E-03 

17.2 7.07 1.01E-03 

20.7 7.11 1.28E-03 

24.1 7.04 1.23E-03 

27.6 7.10 1.17E-03 

Continued on the next page 
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Table B.1: Continued. 

 

Sample 
PC 

(MPa) 

Porosity 

(%) 

Permeability 

(mD) 

2-126 

Three 

Forks 

3.4 2.93 2.18E-03 

6.9 2.75 9.67E-04 

10.3 2.58 6.07E-04 

13.8 2.49 4.36E-04 

17.2 2.29 2.85E-04 

20.7 2.05 2.02E-04 

24.1 1.71 1.45E-04 

27.6 1.50 1.08E-04 

2-129 

Three 

Forks 

3.4 4.90 8.56E+01 

6.9 4.76 8.70E+01 

10.3 4.73 7.42E+01 

13.8 4.72 6.45E+01 

17.2 4.56 6.06E+01 

20.7 4.46 5.78E+01 

24.1 4.36 5.41E+01 

27.6 4.37 4.75E+01 
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APPENDIX C 

MINERALOGY 

 

This appendix shows the mineralogy of the core samples from the Bakken Petroleum System. The measurement was performed 

using the Quantitative Evaluation of Minerals by Scanning Electron Microscopy (QEMSCAN), courtesy of Rocky Mountain Imaging. 

  

Table C.1: The mineral composition (vol%) of the core samples from the Bakken Petroleum System. ɟ is the bulk density in g/cc. 

 

Sample ɟ Qz Afs Pl Ms Glt Kln Ilt  Chl I/S Cal Dol Ank Ap Py Anh Hl Rt TOC 

Lodgepole                                     

1-10 2.8 9.3 1.2 1.6 0.0 0.0 0.0 0.5 0.2 0.3 85.3 0.9 0.4 0.0 0.2 0.0 0.1 0.1 0.0 

1-14  14.4 13.8 11.2 0.1 0.7 0.0 10.3 0.7 11.2 29.3 3.5 2.6 0.0 1.4 0.3 0.2 0.2 0.0 

1-26 2.7 14.4 13.2 10.3 0.1 0.8 0.0 8.3 0.6 9.3 36.9 2.0 1.7 0.0 1.6 0.3 0.2 0.2 0.0 

2-1 2.7 17.2 15.0 11.3 0.0 0.7 0.0 6.4 0.4 5.5 38.6 1.9 1.7 0.2 0.7 0.2 0.0 0.1 0.0 

2-11 2.5 5.1 3.9 1.4 0.0 0.0 0.0 1.0 0.0 0.0 76.7 7.4 3.6 0.0 0.7 0.1 0.0 0.0 0.0 

Upper Bakken Shale                 

2-15 2.3 16.5 27.3 18.6 0.0 0.7 0.0 3.7 0.2 2.5 0.0 5.1 1.2 0.2 5.3 0.0 0.0 0.1 18.4 

2-19   13.8 27.4 14.6 0.0 0.5 0.0 5.2 0.3 3.5 5.2 5.4 1.8 0.4 1.5 0.0 0.0 0.1 20.4 

Middle Bakken                  

2-44 2.5 30.5 11.7 6.0 0.1 0.4 0.1 4.3 0.7 1.9 9.2 28.5 4.6 0.1 0.9 0.0 0.7 0.3 0.0 

2-48 2.5 39.9 12.4 6.5 0.1 0.3 0.1 4.3 0.5 2.3 6.2 19.9 3.7 0.1 1.0 0.0 2.5 0.2 0.0 

2-52 2.6 24.3 6.3 4.0 0.0 0.2 0.0 1.6 0.2 0.7 53.8 6.1 1.0 0.1 0.6 0.1 0.7 0.1 0.0 

2-68 2.6 32.6 10.3 6.3 0.1 0.2 0.1 3.2 0.5 1.7 29.3 11.1 1.9 0.1 2.0 0.1 0.3 0.2 0.0 

2-77 2.6 33.2 11.9 6.9 0.1 0.5 0.0 2.4 0.5 1.9 28.6 9.0 2.1 0.0 2.0 0.1 0.6 0.2 0.0 

Continued to the next page 
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Table C.1: Continued. 

 

Sample ɟ Qz Afs Pl Ms Glt Kln Ilt  Chl I/S Cal Dol Ank Ap Py Anh Hl Rt TOC 

Lower Bakken Shale                 

2-81  26.1 23.7 14.6 0.0 0.5 0.0 4.2 0.2 2.2 0.3 2.3 0.4 0.2 3.7 0.0 0.3 0.2 21.0 

2-81-A 2.3 27.4 23.7 14.5 0.0 0.7 0.0 4.3 0.2 1.8 0.4 2.8 0.5 0.2 4.3 0.0 0.5 0.1 18.5 

2-85 2.3 35.6 16.5 10.2 0.0 0.7 0.0 4.6 0.0 1.1 1.4 7.5 1.3 0.1 2.8 0.0 0.2 0.1 17.7 

2-96 2.3 53.1 13.9 7.5 0.0 0.2 0.0 3.4 0.0 1.0 0.2 1.6 0.2 0.1 1.7 0.0 0.5 0.1 16.4 

2-105 2.3 46.0 15.4 8.9 0.0 0.3 0.0 4.2 0.0 1.1 0.2 1.8 0.3 0.1 1.9 0.0 0.5 0.1 19.3 

2-107 2.3 14.4 30.4 14.5 0.0 0.4 0.0 4.8 0.3 3.8 0.0 4.3 0.6 0.3 4.5 0.0 1.0 0.2 20.6 

Three Forks                  

2-110 2.5 14.5 34.7 13.7 0.2 0.2 0.0 18.8 0.4 4.7 0.0 5.0 0.8 0.0 1.6 0.0 0.1 0.2 5.1 

2-114 2.6 13.7 18.9 8.6 0.1 0.3 0.1 14.1 1.1 5.5 0.6 33.2 2.9 0.1 0.7 0.0 0.0 0.2 0.0 

2-117 2.5 11.6 19.6 8.4 0.1 0.6 0.0 18.8 1.5 4.6 1.1 28.9 2.9 0.1 1.5 0.0 0.1 0.2 0.0 

2-120 2.6 13.4 11.9 6.4 0.1 0.5 0.0 4.6 0.7 2.9 0.6 52.4 5.2 0.1 0.6 0.0 0.4 0.1 0.0 

2-126  20.2 4.9 1.3 0.0 0.0 0.0 0.3 0.0 0.0 0.1 67.9 5.1 0.1 0.1 0.0 0.0 0.1 0.0 

2-129 2.7 12.8 16.7 7.4 0.3 0.5 0.1 14.5 1.6 2.8 0.6 35.5 3.6 0.1 2.3 0.0 0.8 0.2 0.0 

Note: Qz, Afs, Pl, Ms, Glt, Kln, Ilt, Chl, I/S, Cal, Dol, Ank, Ap, Py, Anh, Hl, Rt, and TOC stand for quartz, alkali feldspar, plagioclase, 

muscovite, glauconite, kaolinite, illite, chlorite, interstratified illite/smectite, calcite, dolomite, ankerite, apatite, pyrite, anhydrite, halite, 

rutile, and total organic content, respectively. 
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APPENDIX D 

ANISOTROPY TEMPLATE MATLAB CODE 

 

This appendix contains Matlab codes for the construction of the anisotropy template. The 

Matlab codes include the master code, Cij_base function, hudsondry function, lst function, and 

backusavg function. 

D.1 Master code 

% Written by Gama Firdaus 01/10/2021  
% Edited by Gama Firdaus 02/22/2023  
 
% This is a master code to construct the Anisotropy Template, by using the  
% combination of Backus  averaging and Hudson crack model or Linear Slip Theory (LST)  
 
% The major steps are as follows:  
% Step 1. Create Stiff end member and Compliant end member. The user may choose 
% the composition of each end member and the method to mix the minerals.  
% Step 2. Calculate Cij of the background medium (base case).  
% Step 3. Apply Effective Medium Model: Hudson or LST or others  
% Step 4. Apply Backus averaging  
% Step 5. Gen erate Plot of the Anisotropy Template  
% Step 6. Plot data on the generated Anisotropy Template  
 
%% Step 1. Create Stiff end member and Compliant end member. Here, I use VRH to do 
%the mineral mixing.  
% The user may use any other mineral mixing technique (e.g., Voigt, Reuss,  
% Hashin- Strikman)  
clc, close all , clear all  
%   rhoc, density of compliant r ock (g/cc)  
%   rhos, density of stiff rock (g/cc)  
%   vpc0 or vsc0, compressional or shear velocity in BEDDING - PARALLEL direction, for 
%compliant rock (km/s)  
%   vpc90 or vsc90, compressional or shear velocity in BEDDING - PERPENDICULAR 
%direction, for compl iant rock (km/s)  
%   vps0 or vss0, compressional or shear velocity in BEDDING - PARALLEL direction, for 
%stiff rock (km/s)  
%   vps90 or vss90, compressional or shear velocity in BEDDING - PERPENDICULAR 
%direction, for stiff rock (km/s)  
 
%enter mineral composit ion below  
ca=0.38; dol=0.02; qz=0.6; %composition  
cl=0.8; k=0.2; %composition  
 
if ca+dol+qz ~= 1  
    msg = 'stiff end member composition not equal to 1' ;  
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    error(msg)  
end 
if cl+k ~= 1  
    msg = 'compliant end member composition not equal to 1' ;  
    error(msg)  
end 
     
%calculations  
rho_ca=2.71; rho_dol=2.87; rho_qz=2.65; rho_cl=2.58; rho_k=1.5;  
K_ca=76.8; K_dol=94.9; K_qz=37; K_cl=18; K_k=5;  
G_ca=32; G_dol=45; G_qz=44; G_cl=12; G_k=3.5;  
rhos = (rho_ca*ca + rho_dol*dol + rho_qz*qz); %stiff end member  
rhoc = (rho_cl*cl + rho_k*k); %compliant end member  
% velocity inverted from K and G  
vp_ca=6.64; vp_dol=7.35; vp_qz=6.01; vp_cl=3.63; vp_k=2.54;  
vs_ca=3.44; vs_dol=3.96; vs_qz=4.07; vs_cl=2.16 ; vs_k=1.53;  
 
vpc0 = (1/(cl/vp_cl+k/vp_k)+(cl*vp_cl+k*vp_k))/2; %km/s VRH method 
vpc45 = vpc0;  
vpc90 = vpc0;  
vsc0 = (1/(cl/vs_cl+k/vs_k)+(cl*vs_cl+k*vs_k))/2; %km/s  VRH method 
vsc90 = vsc0;  
 
vps0 = (1/(ca/vp_ca+dol/vp_dol+qz/vp_qz)+(ca*vp_ca+dol*vp_dol+ qz*vp_qz))/2; %km/s VRH 
% method 
vps45 = vps0; %km/s 
vps90 = vps0'; %km/s 
vss0 = (1/(ca/vs_ca+dol/vs_dol+qz/vs_qz)+(ca*vs_ca+dol*vs_dol+qz*vs_qz))/2; %km/s VRH 
% method 
vss90 = vss0; %km/s 
 
%% Step 2. Calculate Cij of the end members.  
[C11cbase, C11sbase, C33cbase, C33sbase, C66cbase, C66sbase, C44cbase, C44sbase, 
C13cbase, C13sbase] = Cij_base (rhoc, rhos, vpc0, vpc45, vpc90, vps0, vps45, vps90, 
vsc0, vsc90, vss0, vss90); % see Cij_base function in Appendix D.2   
 
%% Step 3. Apply Effective Medium Model. Here you can choose to use Hudson Crack 
%Model or Linear Slip Theory. Or any other effective medium models  
% Run this section of the code to use only Hudson Crack Model (2nd order correction). 
%In Hudson, we add cra cks on end members (uncracked medium) only. If the user wants 
%to apply Linear Slip Theory, then  disregard this section. Run the section below 
%instead (Step 3 for Linear slip %theory).  
lamc=rhoc*(vpc0^2 - 2*vsc0^2); lams=rhos*(vps0^2 - 2*vss0^2); %see Hudson (1981)  
muc=rhoc*vsc0^2; mus=rhos*vss0^2; %see Hudson (1981)  
porcr = 0.002; %crack porosity  
ar = [0.02 0.009 0.006 0.0035]'; %aspect ratio. based on the literature, the smallest 
%ar that we can use is 0.0028, even for the Hudson 2nd correction. If we use sm aller 
%ar, the Cij effective will be higher, which physically does not make sense. This is 
%the limitation of Hudson  
%these ar values correspond to crack density = [0 0.03 0.07 0.011 0.14]  
[C11c, C11s, C33c, C33s, C66c, C66s, C44c, C44s, C13c, C13s] = huds ondry 
(rhoc,rhos,lamc,lams,muc,mus,ar,porcr,C11cbase,C11sbase,C33cbase,C33sbase,C66cbase,C6
6sbase,C44cbase,C44sbase,C13cbase,C13sbase);  % see hudsondry function in Appendix D.3  
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%% Step 3. Apply Effective Medium Model. Here you can choose to use Hudson or Linear 
%Slip Theory. Or any other effective medium models  
% Run this section of the code to use Linear slip theory. For this model, compliance 
%of inclusions is added into the end members  
% Use linear slip theory to add compliance to the end members only. If the user wants 
%to apply Hudson crack model, then disregard this section. Run the section in Step 3 
%Hudson.  
 
cd = [0 0.03 0.07 0.011 0.14]'; %   cd, crack density. these cd values can be set 
%arbitrarily by the user  
[C11cDD,C33cDD,C11sDD,C33sDD,C66cDD,C66sDD,C44cDD,C44sDD,C13cDD,C13sDD] = lst 
(cd,rhoc,rhos, vpc0, vps0, vsc0, vss0);  % see lst function in Appendix D. 4 
 
%% Step 4. Backus averaging. Use this code to mix end members that con tain cracks (if 
%you choose Hudson) or that contains compliant inclusions (if you choose DDM)  
 
% turn on below to activate backus when using hudson. Both Hudson and LST can be 
%turned on at  the same time (to show model lines for both at the same time). Check 
%the outputs in the Workspace in Matlab  
% [C11eff,  C33eff, C66eff, C44eff, C13eff, rhoeff] = backusavg (rhoc, rhos, C11c, 
C11s, C33c, C33s, C66c, C66s, C44c, C44s, C13c, C13s);  
 
% turn o n below to activate backus when using DDM. Both Hudson and LST can be turned 
%on at  
% the same time (to show model lines for both at the same time). Check the outputs in 
the Workspace in Matlab  
[C11effdd, C33effdd, C66effdd, C44effdd, C13effdd, rhoeff] = b ackusavg (rhoc, rhos, 
C11cDD, C11sDD, C33cDD, C33sDD, C66cDD, C66sDD, C44cDD, C44sDD, C13cDD, C13sDD);  
% see backusavg function in Appendix D.5  
 
%% Step 5. Plot Anisotropy Template for S - wave elastic moduli. This include the 
%template itself (the curves), the isotropy line (diagonaly line), and the anisotropy 
%lines  
 
figure()  
h = axes( 'FontSize' ,18, 'FontName' , 'Times New Roman' );  
for i=1:numel(C66cDD) %i is the variability of the crack density. i=1 is for the end 
%member medium.  
    %i=2 is for the first crack density number.etc. You can also change C66c to other 
%variable.  
    %for example, C66eff or C66effDD, or other. Change to C6 6c for Hudson.  
    %C66cDD for DDM. If the matrix size of C66c and C66cDD is the same,  
    %then it doesn't matter what you use.  
     
% turn on below to show hudson lines. You can turn one or the other, or turn  
% on both  
%     plot(C66eff(:,i),C44eff(:,i), ' - k','LineWidth',1.5)  
%     hold on  
 
% turn on below to show LST lines. You can turn one or the other, or turn  
% on both  
    plot(C66effdd(:,i),C44effdd(:,i), ' - K' , 'LineWidth' ,1)  
    hold on  
 
%creating lines to connect 0%, 25%, 50%, 75%, 100% between each curve (each  
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%curve is represented by different crack density)  
    if (i+1)<(numel(C66cDD)+1) %Change to C66c for Hudson. C66cDD for LST. If the 
%matrix size of C66c and C66cDD is the same,  
    %then it doesn't matter what you use.  
     
    % turn on below to show Hudson lines  
%     A1(i,:)=[C66eff(1,i) C66eff(1,i+1)]; %C|| points, stiff 100% -  compliant 0%  
%     A2(i,:)=[C44eff(1,i) C44eff(1,i+1)]; %Cperp points, stiff 100% -  compliant 0%  
%     B1(i,:)=[C66eff(26,i) C66eff(26,i+1)]; %C|| points, stiff 75% -  compliant 25%  
%     B2(i,:)=[C44eff(26,i) C44eff(26,i+1)]; %Cperp points, stiff 75% -  compliant 25%  
%     C1(i,:)=[C66eff(51,i) C66eff(51,i+1)]; %C|| points, stiff 50% -  compliant 50%  
%     C2(i,:)=[C44eff(51,i) C44eff(51,i+1)]; %Cperp points, stiff 50% -  compliant 50%  
%     D1(i,:)=[C66eff(76,i) C66eff(76,i+1)]; %C|| points, stiff 25% -  compliant 75%  
%     D2(i,:)=[C44eff(76,i) C44eff(76,i+1)]; %Cperp points, stiff 25% -  compliant 75%  
%     E1(i,:)=[C66eff(101,i) C66eff(101,i+1)]; %C|| points, stiff 0% -  compliant 100%  
%     E2(i,:)=[C44eff(101,i) C44eff(101,i+1)]; %Cperp points, stiff 0% -  compliant 
%100%              
%     line(A1(i,:),A2(i,:),'Color','k','LineStyle',' - ','LineWidth',1.5) %connecting 
%the line, stiff 100% -  compliant 0%  
%     l ine(B1(i,:),B2(i,:),'Color','k','LineStyle',' - ','LineWidth',1.5) %connecting 
%the line, stiff 75% -  compliant 25%  
%     line(C1(i,:),C2(i,:),'Color','k','LineStyle',' - ','LineWidth',1.5) %connecting 
%the line, stiff 50% -  compliant 50%  
%     line(D1(i,:),D2 (i,:),'Color','k','LineStyle',' - ','LineWidth',1.5) %connecting 
%the line, stiff 25% -  compliant 75%  
%     line(E1(i,:),E2(i,:),'Color','k','LineStyle',' - ','LineWidth',1.5) %connecting 
%the line, stiff 0% -  compliant 100%  
%     end  
    
    %     turn on bel ow to show LST lines  
    AA1(i,:)=[C66effdd(1,i) C66effdd(1,i+1)]; %C|| points, stiff 100% -  compliant 0%  
    AA2(i,:)=[C44effdd(1,i) C44effdd(1,i+1)]; %Cperp points, stiff 100% -  compliant 
%0% 
    BB1(i,:)=[C66effdd(26,i) C66effdd(26,i+1)]; %C|| points, s tiff 75% -  compliant 
%25% 
    BB2(i,:)=[C44effdd(26,i) C44effdd(26,i+1)]; %Cperp points, stiff 75% -  compliant 
%25% 
    CC1(i,:)=[C66effdd(51,i) C66effdd(51,i+1)]; %C|| points, stiff 50% -  compliant 
%50% 
    CC2(i,:)=[C44effdd(51,i) C44effdd(51,i+1)]; %Cperp points, stiff 50% -  compliant 
%50% 
    DD1(i,:)=[C66effdd(76,i) C66effdd(76,i+1)]; %C|| points, stiff 25% -  compliant 
%75% 
    DD2(i,:)=[C44effdd(76,i) C44effdd(76,i+1)]; %Cperp points, stiff 25% -  compliant 
%75% 
    EE1(i,:)=[C66effdd(101,i) C66effdd(1 01,i+1)]; %C|| points, stiff 0% -  compliant 
%100% 
    EE2(i,:)=[C44effdd(101,i) C44effdd(101,i+1)]; %Cperp points, stiff 0% -  compliant 
%100% 
    line(AA1(i,:),AA2(i,:), 'Color' , 'k' , 'LineStyle' , ' - ' , 'LineWidth' ,0.3) %connecting 
%the line, stiff 100% -  compliant 0%  
    line(BB1(i,:),BB2(i,:), 'Color' , 'k' , 'LineStyle' , ' - ' , 'LineWidth' ,0.3) %connecting 
%the line, stiff 75% -  compliant 25%  
    line(CC1(i,:),CC2(i,:), 'Color' , 'k' , 'LineStyle' , ' - ' , 'LineWidth' ,0.3) %connecting 
%the line, stiff 50% -  compliant 50%  
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    line(DD1(i,:),DD2(i,:), 'Color' , 'k' , 'LineStyle' , ' - ' , 'LineWidth' ,0.3) %connecting 
%the line, stiff 25% -  compliant 75%  
    line(EE1(i,:),EE2(i,:), 'Color' , 'k' , 'LineStyle' , ' - ' , 'LineWidth' ,0.3) %connecting 
%the line, stiff 0% -  compliant 100%  
     
    end 
end 
 
%plotting isotropy line  
x = [0 120];  
y = [0 120];  
line(x,y, 'Color' , 'red' , 'LineStyle' , ' - ' )  
 
%plot anisotropy lines (S - wave Thomsen anisotropy, gamma)  
y= x/1.2; line(x,y, 'Color' , 'b' , 'LineStyle' , ' -- ' ) %gamma=10% 
y= x/1.4; line(x,y, 'Color' , 'b' , 'LineStyle' , ' -- ' ) %gamma=20% 
y= x/1.6; line(x,y, 'Color' , 'b' , 'LineStyle' , ' -- ' ) %gamma=30% 
y= x/1.8; line(x,y, 'Color' , 'b' , 'LineStyle' , ' -- ' ) %gamma=40% 
y= x/2; line(x,y, 'Color' , 'b' , 'LineStyle' , ' -- ' ) %gamma=50% 
y= x/2.2; line(x,y, 'Color' , 'b' , 'LineStyle' , ' -- ' ) %gamma=60% 
y= x/2.4; line(x,y, 'Color' , 'b' , 'LineStyle' , ' -- ' ) %gamma=70% 
y= x/2.6; line(x,y, 'Color' , 'b' , 'LineStyle' , ' -- ' ) %gamma=80% 
y= x/2.8; line(x,y, 'Color' , 'b' , 'LineStyle' , ' -- ' ) %gamma=80% 
 
xlabel( 'C_{||} (GPa)' , 'FontWeight' , 'bold' , 'FontSize' ,20, 'FontName' , 'Times New Roman' )  
ylabel( 'C_{ \ perp} (GPa)' , 'FontWeight' , 'bold' , 'FontSize' ,20, 'FontName' , 'Times New 
Roman')  
set(h, 'LineWidth' ,2, 'TickLength' ,[0.02 0.025], 'FontSize' ,18, 'FontName' , 'Times New 
Roman')  
set(gcf, 'Position' ,[80 80 620 620])  
axis([0 50 0 50])  
box on 
pbaspect([1 1 1])  
hold on 

 

%% Step 5. Plot Anisotropy Template for P - wave elastic moduli. This include the 
%template itself (the curves), the isotorpy line (diagonaly line), and the anisotropy 
%lines  
 
figure()  
h = axes( 'FontSize' ,18, 'FontName' , 'Times New Roman' );  
for i=1:numel(C11cDD) %i is the variability of the crack density. i=1 is for the end 
%member medium.  
    %i=2 is for the first crack density number.etc. You can also change C11c to other 
%variable.  
    %for example, C11eff or C11effDD , or other. Change to C11c for Hudson.  
    %C11cDD for LST. If the matrix size of C11c and C11cDD is the same,  
    %then it doesn't matter what you use.  
     
% turn on below to show Hudson lines  
%     plot(C66eff(:,i),C44eff(:,i),' - k','LineWidth',1.5)  
%     hold on  
 
% turn on below to show LST lines  
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    plot(C11effdd(:,i),C33effdd(:,i), ' - K' , 'LineWidth' ,1)  
    hold on  
 
%creating lines to connect 0%, 25%, 50%, 75%, 100% between each curve (each  
%curve is  represented by different crack density)  
    if (i+1)<(numel(C11cDD)+1) %Change to C11c for Hudson. C11cDD for LST. If the 
%matrix size of C11c and C11cDD is the same,  
    %then it doesn't matter what you use.  
     
% turn on below to show Hudson lines  
%     A1(i,:)=[C11eff(1,i) C11eff(1,i+1)]; %C|| points, stiff 100% -  compliant 0%  
%     A2(i,:)=[C33eff(1,i) C33eff(1,i+1)]; %Cperp points, stiff 100% -  compliant 0%  
%     B1(i,:)=[C11eff(26,i) C11eff(26,i+1)]; %C|| points, stiff 75% -  compliant 25%  
%     B2( i,:)=[C33eff(26,i) C33eff(26,i+1)]; %Cperp points, stiff 75% -  compliant 25%  
%     C1(i,:)=[C11eff(51,i) C11eff(51,i+1)]; %C|| points, stiff 50% -  compliant 50%  
%     C2(i,:)=[C33eff(51,i) C33eff(51,i+1)]; %Cperp points, stiff 50% -  compliant 50%  
%     D1( i,:)=[C11eff(76,i) C11eff(76,i+1)]; %C|| points, stiff 25% -  compliant 75%  
%     D2(i,:)=[C33eff(76,i) C33eff(76,i+1)]; %Cperp points, stiff 25% -  compliant 75%  
%     E1(i,:)=[C11eff(101,i) C11eff(101,i+1)]; %C|| points, stiff 0% -  compliant 100%  
%     E2( i,:)=[C33eff(101,i) C33eff(101,i+1)]; %Cperp points, stiff 0% -  compliant 
%100%     
%          
%     line(A1(i,:),A2(i,:),'Color','k','LineStyle',' - ','LineWidth',1.5) %connecting 
%the line, stiff 100% -  compliant 0%  
%     line(B1(i,:),B2(i,:),'Color','k',' LineStyle',' - ','LineWidth',1.5) %connecting 
%the line, stiff 75% -  compliant 25%  
%     line(C1(i,:),C2(i,:),'Color','k','LineStyle',' - ','LineWidth',1.5) %connecting 
%the line, stiff 50% -  compliant 50%  
%     line(D1(i,:),D2(i,:),'Color','k','LineStyle',' - ' ,'LineWidth',1.5) %connecting 
%the line, stiff 25% -  compliant 75%  
%     line(E1(i,:),E2(i,:),'Color','k','LineStyle',' - ','LineWidth',1.5) %connecting 
%the line, stiff 0% -  compliant 100%  
%     end  
     
%     turn on below to show LST lines  
    AA1(i,:)=[C 11effdd(1,i) C11effdd(1,i+1)]; %C|| points, stiff 100% -  compliant 0%  
    AA2(i,:)=[C33effdd(1,i) C33effdd(1,i+1)]; %Cperp points, stiff 100% -  compliant 
%0% 
    BB1(i,:)=[C11effdd(26,i) C11effdd(26,i+1)]; %C|| points, stiff 75% -  compliant 
%25% 
    BB2(i,:)=[C33effdd(26,i) C33effdd(26,i+1)]; %Cperp points, stiff 75% -  compliant 
%25% 
    CC1(i,:)=[C11effdd(51,i) C11effdd(51,i+1)]; %C|| points, stiff 50% -  compliant 
%50% 
    CC2(i,:)=[C33effdd(51,i) C33effdd(51,i+1)]; %Cperp points, stiff 50% -  compliant 
%50% 
    DD1(i,:)=[C11effdd(76,i) C11effdd(76,i+1)]; %C|| points, stiff 25% -  compliant 
%75% 
    DD2(i,:)=[C33effdd(76,i) C33effdd(76,i+1)]; %Cperp points, stiff 25% -  compliant 
%75% 
    EE1(i,:)=[C11effdd(101,i) C11effdd(101,i+1)]; %C|| points, stiff 0% -  compliant 
%100% 
    EE2(i,:)=[C33effdd(101,i) C33effdd(101,i+1)]; %Cperp points, stiff 0% -  compliant 
%100% 
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    line(AA1(i,:),AA2(i,:), 'Color' , 'k' , 'LineStyle' , ' - ' , 'LineWi dth' ,0.3) %connecting 
%the line, stiff 100% -  compliant 0%  
    line(BB1(i,:),BB2(i,:), 'Color' , 'k' , 'LineStyle' , ' - ' , 'LineWidth' ,0.3) %connecting 
%the line, stiff 75% -  compliant 25%  
    line(CC1(i,:),CC2(i,:), 'Color' , 'k' , 'LineStyle' , ' - ' , 'LineWidth' ,0.3) %connecting 
%the line, stiff 50% -  compliant 50%  
    line(DD1(i,:),DD2(i,:), 'Color' , 'k' , 'LineStyle' , ' - ' , 'LineWidth' ,0.3) %connecting 
%the line, stiff 25% -  compliant 75%  
    line(EE1(i,:),EE2(i,:), 'Color' , 'k' , 'LineStyle' , ' - ' , 'LineWidth' ,0.3) %connecting 
%the line, stiff 0% -  compliant 100%  
    end 
end 
 
%plotting isotropy line  
x = [0 120];  
y = [0 120];  
line(x,y, 'Color' , 'red' , 'LineStyle' , ' - ' )  
 
% plot anisotropy lines (P - wave Thomsen anisotropy, epsilon)  
y= x/1.2; line(x,y, 'Color' , 'b' , 'LineStyle' , ' -- ' ) %epsilon=10% 
y= x/1.4; line(x,y, 'Color' , 'b' , 'LineStyle' , ' -- ' ) %epsilon=20% 
y= x/1.6; line(x,y, 'Color' , 'b' , 'LineStyle' , ' -- ' ) %epsilon=30% 
y= x/1.8; line(x,y, 'Color' , 'b' , 'LineStyle' , ' -- ' ) %epsilon=40% 
y= x/2; line(x,y, 'Color' , 'b' , 'LineStyle' , ' -- ' ) %epsilon=50% 
y= x/2.2; line(x,y, 'Color' , 'b' , 'LineStyle' , ' -- ' ) %epsilon=60% 
y= x/2.4; line(x,y, 'Color' , 'b' , 'LineStyle' , ' -- ' ) %epsilon=70% 
y= x/2.6; line(x,y, 'Color' , 'b' , 'LineStyle' , ' -- ' ) %epsilon=80% 
y= x/2.8; line(x,y, 'Color' , 'b' , 'LineStyle' , ' -- ' ) %epsilon=90% 
 
xlabel( 'C_{||} (GPa)' , 'FontWeight' , 'bold' , 'FontSize' ,20, 'FontName' , 'Times New Roman' )  
ylabel( 'C_{ \ perp} (GPa)' , 'FontWeight' , 'bold' , 'FontSize' ,20, 'FontName' , 'Times New 
Roman')  
set(h, 'LineWidth' ,2, 'TickLength' ,[0.02 0.025], 'FontSize' ,18, 'FontName' , 'Times New  
Roman')  
set(gcf, 'Position' ,[80 80 620 620])  
axis([0 120 0 120])  
box on 
pbaspect([1 1 1])  
hold on 

 

%% Step 6. Plot elastic moduli data on the generated anisotropy template . Below is an 
%example of plotting P - wave elastic stiffnesses from Lower Bakken Shale cores  onto 
%the P - wave anisotropy template .  
 
C11LBS_core  =  [41.538, 43.1745, 40.2042, 41.3003];  
C33LBS_core  =  [24.3255, 25.1934, 23.6994, 26.6493];  
scatter(C11LBS_core(:,:),C33LBS_core(:,:), 'filled' , 'sk' , 'LineWidth' ,1, 'MarkerEdgeColo
r' , 'flat' )  
% see Appendix D. 6 for the generated P - wave anisotropy template along with elastic 
%stiffnesses from the LBS cores  
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D.2 Cij_base function 

function [C11cbase, C11sbase, C33cbase, C33sbase, C66cbase, C66sbase, C44cbase, 
C44sbase, C13cbase, C13sbase] = Cij_base (rhoc, rhos, vpc0, vpc45, vpc90, vps0, 
vps45, vps90, vsc0, vsc90, vss0, vss90)  
% Written by Gama Firdaus, 12/8/2020  
% Edited by Gama Firdaus 02/22/2023  
 
% This function calculates the Cij base, for the end member, an uncracked/unfractured 
%isotropic rock.  
% The calculation is using the calculated Vp, Vs, and density from mineral  
% mixing  
% There are two end members, which are "c" and "s". c stands for compliant rock. s 
%stands for stiff rock  
% The assumed co nstituent of c and s rock will affect its vp, vs, and density  
% values  
 
% Inputs:  
%   rhoc, density of compliant rock (g/cc)  
%   rhos, density of stiff rock (g/cc)  
%   vpc0 or vsc0, compressional or shear velocity in bedding parallel direction, for 
%compliant rock (km/s)  
%   vpc45, compressional velocity in 45deg direction (km/s)  
%   vpc90 or vsc0, compressional or shear velocity in bedding perpendicular 
%direction, for compliant rock (km/s)  
%   vps0 or vss0, compressional or shear velocity in bedding paral lel direction, for 
%stiff rock (km/s)  
%   vps45, shear velocity in 45deg direction (km/s)  
%   vps90 or vss90, compressional or shear velocity in bedding perpendicular 
%direction, for stiff rock (km/s)  
% Outputs:  
%   C11cbase or C11sbase, compressional stif fness tensor in bedding parallel 
%direction, for uncracked compliant or stiff rock (GPa)  
%   C33cbase or C33sbase, compressional stiffness tensor in bedding perpendicular 
%direction, for  uncrackedcompliant or stiff rock (GPa)  
%   C66cbase or C66sbase, she ar stiffness tensor in bedding parallel direction, for c 
%uncrackedompliant or stiff rock (GPa)  
%   C44cbase or C44sbase, shear stiffness tensor in bedding perpendicular direction, 
%for  uncrackedcompliant or stiff rock (GPa)  
%   C13cbase or C13sbase, stif fness tensor in 1 - 3 direction, for uncracked compliant 
%or stiff rock (GPa)  
 
for i=1:numel(vpc0) %i is the pressure steps, if available  
%step 1: calculate C stiffness coefficients for all confining pressures, if available     
    C11cbase(i,:) = rhoc*vpc0(i,:)^2; C11sbase(i,:) = rhos*vps0(i,:)^2;  
    C33cbase(i,:) = rhoc*vpc90(i,:)^2; C33sbase(i,:) = rhos*vps90(i,:)^2;  
    C66cbase(i,:) = rhoc*vsc0(i,:)^2; C66sbase(i,:) = rhos*vss0(i,:)^2;  
    C44cbase(i,:) = rhoc*vsc90(i,:)^2; C44sbase(i,:) = rhos*vss90(i,:)^2;  
    C13cbase(i,:) = - C44cbase(i,:)+s qrt((4*rhoc^2*vpc45(i,:)^4) -
(2*rhoc*vpc45(i,:)^2*(C11cbase(i,:)+C33cbase(i,:)+2*C44cbase(i,:)))+(C11cbase(i,:)+C4
4cbase(i,:))*(C33cbase(i,:)+C44cbase(i,:)));  
    C13sbase(i,:) = - C44sbase(i,:)+sqrt((4*rhos^2*vps45(i,:)^4) -
(2*rhos*vps45(i,:)^2*(C11sbase(i,: )+C33sbase(i,:)+2*C44sbase(i,:)))+(C11sbase(i,:)+C4
4sbase(i,:))*(C33sbase(i,:)+C44sbase(i,:)));  
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end 
 
end 

 

D.3 Hudsondry function 

function [C11c, C11s, C33c, C33s, C66c, C66s, C44c, C44s, C13c, C13s] = hudsondry 
(rhoc,rhos,lamc,lams,muc,mus,ar,porcr,C11cbas e,C11sbase,C33cbase,C33sbase,C66cbase,C6
6sbase,C44cbase,C44sbase,C13cbase,C13sbase)  
% Written by Gama Firdaus, 12/8/2020  
% Edited by Gama Firdaus 02/22/2023  
 
% This function calculates teh effective elastic stiffness, Cij, for cracked rock   
% (rock with i nclusions) for dry cracks,  
% using Hudson (1981) 1st and 2nd order inclusion theory valid for small crack 
%density and aspect ratios.  
% Assumes a single crack set with all normals aligned along 1 or 3 - axis.  
% The cracks or inclusions in the rock are added to the host rock only (the  
% uncracked "c" or "s" isotropic rock, or the end members. See function: Cij_base), 
%causing Cij with inclusions to be lower with respect to Cij base.  
% c is compliant. s is stiff.  
 
% See also function: Cij_base  
 
% Inputs:  
%   ar, aspect ratio of inclusions  
%   porcr, crack porosity  
%   lamc and lams, lambda for "c" and "s" rock. Equation in Hudson (1981)  
%   muc and mus, mu for "c" and "s" rock. Equation in Hudson (1981)  
%   see function: Cij_base for other inputs  
% Outputs:  
%   C11c or C11s, compressional stiffness tensor in bedding parallel direction, for 
%compliant or stiff rock (GPa)  
%   C33c or C33s, compressional stiffness tensor in bedding perpendicular direction, 
%for compliant or stiff rock (GPa)  
%   C66c o r C66s, shear stiffness tensor in bedding parallel direction, for compliant 
%or stiff rock (GPa)  
%   C44c or C44s, shear stiffness tensor in bedding perpendicular direction, for 
%compliant or stiff rock (GPa)  
%   C13c or C13s, stiffness tensor in 1 - 3 direc tion, for compliant or stiff rock  
% (GPa) 
%   example: C11c(1,:) is the C11c of the host (uncracked rock). C11c(2,:) is the 
C11c of rock with inclusions of small aspect ratio  
 
u3c=4/3.*(lamc+2.*muc)./(lamc+muc); u3s=4/3.*(lams+2.*mus)./(lams+mus);  
u1c=16/3.*(lamc+2.*muc)./(3.*lamc+4.*muc); u1s=16/3.*(lams+2.*mus)./(3.*lams+4.*mus);  
 
%Allocating Cijbase in Cij(k,:)     
    C11c(1,:)=C11cbase(1,:); C11s(1,:)=C11sbase(1,:); C33c(1,:)=C33cbase(1,:); 
C33s(1,:)=C33sbase(1,:);  
    C66c(1,:)=C66cbase(1,:); C66s(1 ,:)=C66sbase(1,:); C44c(1,:)=C44cbase(1,:); 
C44s(1,:)=C44sbase(1,:);  
    C13c(1,:)=C13cbase(1,:); C13s(1,:)=C13sbase(1,:);  
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for k=1:numel(ar) %k is the aspect ratio. as k increases, we change the aspect ratio  
    cd(k,:)=3*porcr/(4*pi()*ar(k,:)); %crack de nsity Equation in Hudson (1981), 
%denoted as small epsilon  
    
%1st order correction  
    C11cone(k,:)= - lamc.^2.*cd(k,1).*u3c./muc; C11sone(k,:)= -
lams.^2.*cd(k,1).*u3s./mus;  
    C13cone(k,:)= - lamc.*(lamc+2.*muc).*cd(k,1).*u3c./muc; C13sone(k,:)= -
lams.*(lams+2.*mus).*cd(k,1).*u3s./mus;  
    C33cone(k,:)= - (lamc+2.*muc).^2.*cd(k,1).*u3c./muc; C33sone(k,:)= -
(lams+2.*mus).^2.*cd(k,1).*u3s./mus;  
    C44cone(k,:)= - muc.*cd(k,1).*u1c; C 44sone(k,:)= - mus.*cd(k,1).*u1s;  
    C66cone(k,:)=0; C66sone(k,:)=0;  
 
%2nd order correction  
    qc=(15*lamc.^2./(muc.^2))+(15*lamc./muc)+28; 
qs=(15*lams.^2./(mus.^2))+(15*lams./mus)+28;  
    C11ctwo(k,:)=qc.*(lamc.^2).*((cd(k,1).*u3c).^2)./(15.*(lamc+2.*muc) ); 
C11stwo(k,:)=qs.*(lams.^2).*((cd(k,1).*u3s).^2)./(15.*(lams+2.*mus));  
    C13ctwo(k,:)=qc.*lamc.*((cd(k,1).*u3c).^2)./15; 
C13stwo(k,:)=qs.*lams.*((cd(k,1).*u3s).^2)./15;  
    C33ctwo(k,:)=qc.*(lamc+2.*muc).*((cd(k,1).*u3c).^2)./15; 
C33stwo(k,:)=qs.*(lams +2.*mus).*((cd(k,1).*u3s).^2)./15;  
    C44ctwo(k,:)=2.*muc.*(3.*lamc+8.*muc).*((cd(k,1).*u1c).^2)./(15.*(lamc+2.*muc)); 
C44stwo(k,:)=2.*mus.*(3.*lams+8.*mus).*((cd(k,1).*u1s).^2)./(15.*(lams+2.*mus));  
    C66ctwo(k,:)=0; C66stwo(k,:)=0;  
       
%Cij effecti ve = Cij base + Cij 1st correction + Cij 2nd correction. the  
%correction is always added from the base rock (Cij base)  
    C11c(k+1,:)=C11cbase(1,:)+C11cone(k,:)+C11ctwo(k,:); 
C11s(k+1,:)=C11sbase(1,:)+C11sone(k,:)+C11stwo(k,:);  
    C33c(k+1,:)=C33cbase(1,:)+C33cone(k,:)+C33ctwo(k,:); 
C33s(k+1,:)=C33sbase(1,:)+C33sone(k,:)+C33stwo(k,:);  
    C66c(k+1,:)=C66cbase(1,:)+C66con e(k,:)+C66ctwo(k,:); 
C66s(k+1,:)=C66sbase(1,:)+C66sone(k,:)+C66stwo(k,:);  
    C44c(k+1,:)=C44cbase(1,:)+C44cone(k,:)+C44ctwo(k,:); 
C44s(k+1,:)=C44sbase(1,:)+C44sone(k,:)+C44stwo(k,:);  
    C13c(k+1,:)=C13cbase(1,:)+C13cone(k,:)+C13ctwo(k,:);  
    C13s(k+1,:) =C13sbase(1,:)+C13sone(k,:)+C13stwo(k,:);  
end     
end 

 

D.4 Lst function 

function [C11cDD,C33cDD,C11sDD,C33sDD,C66cDD,C66sDD,C44cDD,C44sDD,C13cDD,C13sDD] = 
lst (cd,rhoc,rhos, vpc0, vps0, vsc0, vss0)  
% Written by Gama Firdaus, 12/9/2020  
% Edited by Gama Firdaus 02/22/2023  
 
% This function calculates effective Cij using Linear Slip Theory (LST).  
% following Liu et al (2000): "Equivalent medium representation of  
% fractured rock".  
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% Cracks are modeled following Model 1: Fracture Modeled as a Planar  
% Dist ribution of Small Isolated Areas of Slip or Cracks,  
% for higher order (2nd order).  
% LST uses Compliance to model cracks. However, the equations here  
% are already inverted to stiffness (Cij), and the variables are similar to  
% that in Hudson (1981).  
% IMPORTANT NOTE. In Liu et al (2000), C33 and C44 is bedding parallel, and C11 and 
%C66 are bedding perpendicular. This convention is the opposite to what we have in 
%this code.  
% See outputs below for details  
 
% See also function:  
 
% Inputs:  
%   cd, crac k density  
%   rhoc, density of compliant rock (g/cc)  
%   rhos, density of stiff rock (g/cc)  
%   vpc0 or vsc0, compressional or shear velocity in bedding parallel direction, for 
%compliant rock (km/s)  
%   vpc90 or vsc0, compressional or shear velocity in b edding perpendicular 
%direction, for compliant rock (km/s)  
%   vps0 or vss0, compressional or shear velocity in bedding parallel direction, for 
%stiff rock (km/s)  
%   vps90 or vss90, compressional or shear velocity in bedding perpendicular 
%direction, for stiff rock (km/s)  
 
%   see function: Cij_base for other inputs  
% Outputs:  
%   C11cDD or C11sDD, compressional stiffness tensor in bedding parallel direction, 
%for compliant or stiff rock (GPa)  
%   C33cDD or C33sDD, compressional stiffness tensor in bedding perpendicular 
%direction, for compliant or stiff rock (GPa)  
%   C66cDD or C66sDD, shear stiffness tensor in bedding parallel direction, for 
%compliant or stiff rock (GPa)  
%   C44cDD or C44sDD,  shear stiffness tensor in bedding perpendicular direction, for 
%compliant or stiff rock (GPa)  
%   C13cDD or C13sDD, stiffness tensor in 1 - 3 direction, for compliant or stiff rock 
% (GPa) 
%   example: C11cDD(1,:) is the effective C11c of the host (uncracke d rock). 
%C11cDD(2,:) is the effective C11c of rock with cracks of small aspect ratio  
 
% porcr = 0.002; %crack porosity  
cdc = cd./0.5; %cdc is NOT crack density (cd). It is cdc = epsilon c = (gamma_c x 
%ac^2) see Liu et al (2000) the paragraph above eqn 1 8a. Decreasing cdc corresponds 
%to increasing level of clustering of cracks in a fracture plane. Here we assume 
%ac/Hf=0.5. and ac/Hf=cd/cdc. this means that the mean space between frac planes is 
%twice the radius of the crack  
%Hf is the mean space between frac planes. If Hf is smaller, then we will  
%have more cracks in a unit volume. Therefore, we are increasing cra ck 
%density.  
lamc=rhoc*(vpc0^2 - 2*vsc0^2); lams=rhos*(vps0^2 - 2*vss0^2); %   lamc and lams, lambda 
%for "c" and "s" rock. Equation in Hudson (1981)  
muc=rhoc*vsc0^2; mus=rhos*vss0^2; %   muc and mus, mu for "c" and "s" rock. Equation 
%in Hudson (1981)  
u3c=4/3. *(lamc+2.*muc)./(lamc+muc); u3s=4/3.*(lams+2.*mus)./(lams+mus); %see Hudson  
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% (1981) or Cheng (1992)  
u1c=16/3.*(lamc+2.*muc)./(3.*lamc+4.*muc); u1s=16/3.*(lams+2.*mus)./(3.*lams+4.*mus); 
%see Hudson (1981) or Cheng (1992)  
     
for k=1:numel(cd)  
     
    atc(k,:) = u1c.*(1+(cdc(k,:)).^1.5.*u1c.*pi()./4.*(3 - 2.*vsc0.^2./vpc0.^2)); %Liu 
%et al 2000 eq 14a  
    ats(k,:) = u1s.*(1+(cdc(k,:)).^1.5.*u1s.*pi()./4.*(3 - 2.*vss0.^2./vps0.^2)); %Liu 
%et al 2000 eq 14a  
    anc(k,:) = u3c.*(1+(cdc(k,:)).^1.5.*u3c.*pi().*(1 - vsc0.^2./vpc0.^2)); %Liu et al 
%2000 eq 14b  
    Ans(k,:) = u3s.*(1+(cdc(k,:)).^1.5.*u3s.*pi().*(1 - vss0.^2./vps0.^2)); %Liu et al 
%2000 eq 14b. A in Ans is capital to avoid conflict with the word "ans" in matlab  
     
    ATc(k,:) = 
atc(k,:)./(1+3.*pi()./16 .*cdc(k,:).*0.1.*atc(k,:).*((3.*lamc+4.*muc)./(lamc+2.*muc)))
;  %Liu et al 2000 eq 16b  
    ATs(k,:) = 
ats(k,:)./(1+3.*pi()./16.*cdc(k,:).*0.1.*ats(k,:).*((3.*lams+4.*mus)./(lams+2.*mus)))
;  %Liu et al 2000 eq 16b  
    ANc(k,:) = 
anc(k,:)./(1+3.*pi()./4.*cdc(k,:).*0.1.*anc(k,:).*((lamc+muc)./(lamc+2.*muc)));  %Liu 
%et al 2000 eq 16a  
    ANs(k,:) = 
Ans(k,:)./(1+3.*pi()./4.*cdc(k,:).*0.1.*Ans(k,:).*((lams+mus)./(lams+2.*mus)));  %Liu 
%et al 2000 eq 16a  
     
    %Cij effective calculated to the 2nd order. Substituting U11 and U33 with A'T and 
%A'N (see Liu et al 2000, the paragrpah right above eq 18a)  
    C33cDD(k,:) = (lamc+2.*muc)./(1+(lamc+2.*muc)./muc.*cd(k,:).*ANc(k,:));  %Liu et 
%al 2000 eq 18a  
    C33sDD(k,:) = (lams+2.*mus)./(1+(lams+2.*mus)./mus.*cd(k,:).*ANs(k,:)); %Liu et 
%al 2000 eq 18a  
    C11cDD(k,:) = 
((lamc+2.*muc)+4.*(lamc+muc).*cd(k,:).*ANc(k,:))/(1+(lamc+2.*muc)./muc.*cd(k,:).*ANc(
k,:)); %Liu et al 2000 eq 18b  
    C11sDD(k,:) = 
((lams+2.*mus)+4.* (lams+mus).*cd(k,:).*ANs(k,:))/(1+(lams+2.*mus)./mus.*cd(k,:).*ANs(
k,:)); %Liu et al 2000 eq 18b  
    C22cDD(k,:) = C11cDD(k,:); C22sDD(k,:) = C11sDD(k,:);  
    C13cDD(k,:) = lamc./(1+(lamc+2.*muc)./muc.*cd(k,:).*ANc(k,:)); %Liu et al 2000 eq 
%18c 
    C13sDD(k,:) = lams./(1+(lams+2.*mus)./mus.*cd(k,:).*ANs(k,:)); %Liu et al 2000 eq 
%18c 
    C44cDD(k,:) = muc./(1+cd(k,:).*ATc(k,:)); %Liu et al 2000 eq 18e  
    C44sDD(k,:) = mus./(1+cd(k,:).*ATs(k,:)); %Liu et al 2000 eq 18e  
    C66cDD(k,:) = muc;  %see Liu et a l 2000 in the paragraph equation right below 18e  
    C66sDD(k,:) = mus;  %see Liu et al 2000 in the paragraph equation right below 18e  
     
end 
end 
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D.5 Backusavg function 

function [C11eff, C33eff, C66eff, C44eff, C13eff, rhoeff] = backusavg (rhoc, rhos, 
C11c, C11s, C33c, C33s, C66c, C66s, C44c, C44s, C13c, C13s)  
% Written by Gama Firdaus, 12/8/2020  
% Edited by Gama Firdaus 02/22/2023  
 
% This function performs Backus averaging to calculate effective Cij of layered 
%medium made of thin isotropic layer s.  
% The calculation is using Cij base values that are calculated using function: 
%Cij_base.  
% It mixes volumetric concentration of each end members: "c" and "s" (from 100% to 
%0%, and vice versa. It is basically a volumetric average), causing Cij eff to vary.  
 
% See also function: Cij_base  
 
% Inputs:  
%   rhoc, density of compliant rock (g/cc)  
%   rhos, density of stiff rock (g/cc)  
%   C11c or C11s, compressional stiffness tensor in bedding parallel direction, for 
%compliant or stiff rock (GPa)  
%   C33c  or C33s, compressional stiffness tensor in bedding perpendicular direction, 
%for compliant or stiff rock (GPa)  
%   C66c or C66s, shear stiffness tensor in bedding parallel direction, for compliant 
%or stiff rock (GPa)  
%   C44c or C44s, shear stiffness ten sor in bedding perpendicular direction, for 
%compliant or stiff rock (GPa)  
%   C13c or C13s, stiffness tensor in 1 - 3 direction, for compliant or stiff rock  
% (GPa) 
% Outputs:  
%   C11eff, effective compressional stiffness tensor in bedding parallel directi on  
% (GPa) 
%   C33eff, effective compressional stiffness tensor in bedding perpendicular 
%direction (GPa)  
%   C66eff, effective shear stiffness tensor in bedding parallel direction (GPa)  
%   C44eff, effective shear stiffness tensor in bedding perpendicula r direction (GPa)  
%   C13eff, effective stiffness tensor in 1 - 3 direction (GPa)  
%   rhoeff, effective density (g/cc)  
 
for l=1:numel(C11c)     
    for j=1:101 %j is the velocity array and the Cij array. Cijeff (j,:) is the j - th 
%point of the calculated effe ctive Cij. So 101 is the total number of points  
        vol = (j - 1)/100;  
        C11eff(j,l) = (C11c(l,:)*vol+C11s(l,:)*(1 -
vol))+((C13c(l,:)/C33c(l,:))*vol+(C13s(l,:)./C33s(l,:))*(1 -
vol))^2*(1/((1/C33c(l,:))*vol+(1/C33s(l,:))*(1 - vol))) -
((C13c(l,:)^2./C33c( l,:))*vol+(C13s(l,:)^2/C33s(l,:))*(1 - vol));  
        C33eff(j,l) = 1/((1/C33c(l,:))*vol+(1/C33s(l,:))*(1 - vol));  
        C66eff(j,l) = C66c(l,:)*vol+C66s(l,:)*(1 - vol);  
        C44eff(j,l) = 1/((1/C44c(l,:))*vol+(1/C44s(l,:))*(1 - vol));  
        C55eff(j,l) = C44eff(j,l);  
        C13eff(j,l) = ((C13c(l,:)/C33c(l,:))*vol+(C13s(l,:)/C33s(l,:))*(1 -
vol))*(1/((1/C33c(l,:))*vol+(1/C33s(l,:))*(1 - vol)));  
        rhoeff(j,l) = rhoc* vol+rhos*(1 - vol);  
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    end 
end 
end 

 

D.6 Generated P- and S-wave Anisotropy Template 

The figure below shows the P- and S-wave anisotropy templates that are generated by 

applying the Matlab codes in Appendix D.1, D.2, D.3, D.4, and D.5. Figure D.1a shows the 

example of LBS core elastic stiffnesses data. 

 

Figure D.1: The anisotropy template for (a) compressional wave and (b) shear wave generated by 

applying the Matlab codes in Appendix D.1, D.2, D.3, D.4, and D.5.  
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