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ABSTRACT 

 
Physicochemical processes behind transport mechanisms of water and solute in shales 

have been extensively studied for over fifty years. In hydraulic fracturing or low-salinity 

waterflooding operations, fresh water with a relatively small concentration of ions is injected into 

the formation through the use of large hydraulic heads from the surface. For both techniques, the 

fluid travels through the various scales of artificial and natural fractures until it reaches the 

matrix of the rock. At that point, the fluid interacts with the rock surfaces amongst the micro-

scale fractures and the matrix. Water-to-rock surface interaction has therefore become a critical 

matter for the economic development of source rocks. The objective of this research study is to 

investigate the fundamental physics that dominate physicochemical-dependent water and solute 

transport phenomena in organic-rich source rocks and the interactions between completion/EOR 

fluids and the rock surfaces. The microscopic composition and fabric of the rock and the existing 

relationships between mineralogy, organic matter, porosity and strength are studied, along with 

the implication of these relationships for fluid-rock rheology. In addition, the stress dependence 

of permeability for organic-rich mudrocks using various experimental methods is measured at 

reservoir conditions. In order to address the fundamental questions with regard to 

physicochemical transport phenomena of water and solute, a set of long-term osmosis tests (up to 

120 days) were also completed, showing the transmission of pressure through the matrix due to 

osmosis. In addition to these experiments, a novel conceptual approach to transport phenomena 

is presented. This model pays attention to the fundamentals of water and solute transport. 

Empirical interpretations were compared against the existing theory on the transport mechanisms 

on clay-rich, low-permeability rocks, revealing that pressure behavior could not be explained 

accurately with the current theory. The approach is based on two fundamental modifications of 

prior work: previously, the rock was assumed to be a semi-permeable membrane, while its 

thickness is much larger than a membrane. In addition, osmotic pressure was considered the 

imbibing force, even though it is not, because osmotic pressure is the consequence of the 

selective molecular transport by the solvent. The model captures these modifications and treats 

solute and solvent flow entirely as diffusive transport. 
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CHAPTER 1 - INTRODUCTION 

 

Physicochemical processes behind transport mechanisms of water and solute in shales 

have been extensively studied for over fifty years. In the early years of deepwater drilling, 

wellbore instability problems occurring while drilling through ductile shale formations triggered 

research addressing the operational challenges related to this problem (Clark et al. 1976; Mese 

1988, 1995, 2008; Barbour and Fredlund 1989; Santarelli et al. 1992; Chenevert et al. 1993; 

Mody et al. 1993; Steiget 1993; Yew et al. 1993; Bol et al. 1994; Van Oort et al. 1994, 1995, 

1996, 1997; Chenevert 1998). Among additives such as silicates or polyvinyl alcohols, which 

create physical barriers to flow, potassium chloride was the most widely used additive in Water-

Based-Mud (WBM) systems for drilling sensitive shales, due to the known ability of K+ ions to 

reduce instability as water penetrates the borehole walls and into the formation (Economides et 

al. 2000; Fink 2011). Later, the use of Oil-Base-Mud (OBM) systems became the standard for 

drilling through shales. However, more recently, environmental regulations and the high cost of 

OBM’s prompted the use of WBM systems again in some instances.  

In addition, starting in the early 1990s, and especially in the 2000s, source-rock mudrock 

formations in the United States became drilling targets for combined horizontal drilling and 

hydraulic fracturing operations. Currently, source-rock hydrocarbons represent a large 

percentage of the native oil and gas production in the United States, but the recovery rates are 

still low (<5-10%). Technology is developing fast and secondary and tertiary hydrocarbon 

recovery mechanisms are starting to be noticeable as potential methods to increase recovery. One 

such possibility is Enhanced Oil Recovery (EOR) via low-salinity waterflooding. 

In either hydraulic fracturing or low-salinity waterflooding, fresh water with a relatively 

small concentration of ions is injected into the formation through the use of large hydraulic heads 

from the surface. During hydraulic fracturing operations, fluid pressure usually exceeds that of 

the strength of the formation and hydraulic fractures are created (Economides et al. 2000). In 

contrast, during low-salinity waterflooding, the pressure would not exceed the formation 

breakdown pressure.  A common ground for both techniques is that the fluid travels through the 

various scales of artificial and natural fractures until it reaches the matrix of the rock. At that 

point, the fluid interacts with the rock surfaces amongst the micro-scale fractures and the matrix. 

Water-to-rock surface interaction has become a critical matter, due to the following observations: 
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First, surveillance of well performance after hydraulic fracturing treatments has shown 

empirical progressions, such as improved production rates after long periods of shut-in (Ehlig-

Economides et al. 2011; Longoria et al. 2015), low flowback recoveries, and/or time-dependent, 

gradual increase in flowback water  salinity (Na+, Ca2+, K+, Fe, Sr2+ or Ba2+) after treatment 

(Blauch et al. 2009).  

Second, EOR field studies in several basins have shown that pressure rise, salinity 

reduction and temperature increase in the injected water generally improved oil recovery (Ashraf 

et al. 2010; Cissokho et al. 2010; Al -Shalabi et al. 2015). This has been attributed to a 

mechanism similar to alkaline flooding (wettability change), in which interfacial tension is 

reduced between the reservoir oil and water due to the natural generation of surfactants when 

high-pH waters contact the organics (McGuire et al. 2005). In addition, a possible mechanism 

has been described, in which the electrokinetic surface charges (zeta-potential) are highly 

negative in contact with low salinity water, resulting in repulsion forces between the oil/water 

and water/mineral surfaces, altering the wettability towards increasingly water-wet (Alotaibi et 

al. 2011; Nasralla 2011). This would be especially applicable to divalent ions (Zhang et al. 

2007), but has not been successful in all mineralogies (Thyne et al. 2011). Such effect has been 

proved optimum for mixed-wet, carbonate-rich rocks, where experimental observations of oil 

droplets getting released from the surface when lowering the salinity (Kurtoglu 2013) have been 

made. 

The objective of this research study is to investigate the fundamental physics that 

dominate physicochemical-dependent water and solute transport phenomena in organic-rich 

source rocks and the interactions between completion/EOR fluids and the rock surfaces. Apart 

from Chapter 2, in which the key contributions of this work are briefly summarized, results of 

this research effort have been compiled in three key chapters and two appendices, which cover 

the following topics:  

Chapter 3 focuses on exploring the microscopic composition and fabric of the rock and 

the existing relationships between mineralogy, organic matter, porosity and strength, along with 

the implication of these relationships for fluid-rock rheology. Previous research has focused on 

the various aspects of shale characterization, but only a few studies have delved into the 

implications of shale physical morphology for multiphase fluid transport. The uniqueness of this 

research work derives from (1) adopting the perspective that organic-rich shale matrix acts 
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selectively, and whose rheology is not only influenced by clay minerals but also by the organic 

matter present in the matrix; and (2) characterizing the rock before and after completion fluids 

are flowed through. Observations obtained from this initial work are employed to explain the 

results of stress-dependent permeability (Chapter 4) and osmosis tests (Chapter 5). 

Chapter 4 covers the stress dependence of permeability for organic-rich mudrocks using 

various experimental methods, at reservoir conditions. Specifically, the following topics are 

addressed: (1) the stress dependence of permeability in the organic-rich marl members of the 

upper Eagle Ford and the mathematical fit that best describes pressure behavior in the reservoir; 

(2) the differences between transient and steady state measurement techniques; (3) the 

differences between gas and water permeability in the steady state method; (4) the directional-

dependence of permeability; (5) the correlation between stress-dependent permeability and 

stress-dependent compressional and shear ultrasonic wave velocities; (6) the stress-dependence 

of electric resistivity; (7) the changes in the microstructure of the matrix after samples are 

subjected to increased effective stress; and (8) the implications of the matrix microstructural 

properties for mechanisms of fluid transport. 

Chapter 5 takes into account the knowledge acquired in the first two chapters, to address 

some fundamental questions with regard to physicochemical transport phenomena of water and 

solute. In particular, an effort is made to address the following questions that are key for the 

effective recovery of self-sourced reservoir mudrocks: (1) how the hydraulic and enhanced 

natural fractures connect with the oil and gas-filled porosity?; (2) what are the physics that 

dominate the transport phenomena of low-salinity water within the two most common matrix 

types encountered by the fluid?; (3) once the water arrives at the interface between the 

intergranular porosity and the organic-rich matrix texture, does water flow through the organic 

pore network and, if so, what are the mechanisms controlling enhanced hydrocarbon recovery?; 

(4) does stress-dependent permeability affect fluid transport?; (5) what is the origin of the 

gradual salt concentration increase seen in flowback waters with time?. To address these 

questions, a set of long-term tests (up to 120 days) tests were completed. In these experiments, 

preserved cores from a marl unit of the upper Eagle Ford, containing native fluids, were first 

subject to multiple-step, controlled consolidation until reservoir pressure conditions were 

achieved. Once equilibrium in all testing parameters (deformation, wave velocities and pore 

pressure) was reached, samples were subjected to contact with circulating slickwater.  Various 



4 
 

salt types and concentrations were tested and the transmission of pressure through the sample 

was measured. Pressure was coupled with simultaneous measurements of saturation, strength and 

porosity as a function of time.  Based on the results of these experiments, as well as prior 

theoretical and experimental investigations, a novel conceptual approach to transport phenomena 

is revealed, paying attention to the fundamentals of water and solute transport. This approach 

captures chemical osmosis as a diffusive process.  

Appendix A gives details of the techniques used to study the mudrock sample 

morphology, studied in Chapter 3. A broad range of experimental procedures were used, 

including: bulk density, porosity and pore size distribution (various methods), X-Ray Diffraction 

(XRD), petrographic thin section analysis (via an optical transmitted light microscope), 

Environmental Scanning Electron Microscope (E-SEM), Field Emission Scanning Electron 

Microscope (FE-SEM) of ion-milled and broken-surface samples, QEMSCAN Microanalysis, 

Source Rock Analysis (SRA), Rock-Eval pyrolysis, Cation Exchange Capacity (CEC), 

spontaneous imbibition, wettability (via contact angle measurements) and triaxial tests. 

Appendix B shows the specifications of the fit-for-purpose experimental setup that was 

designed, built and calibrated to address the questions raised in Chapters 4 and 5. The system 

resembles traditional pressure transmission setups, but with the particularity of being capable of 

sustaining reservoir pressure conditions (up to 10,000 psi of overburden and 7,500 psi of pore 

pressure) and constant temperature. In addition, it is able to record coupled, simultaneous 

measurements of vertical deformation, confining pressure, overburden pressure, porosity 

(through the use of axial compressional and shear wave transit times), flow rate, resistivity and 

rock strength, as a function of time. 
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CHAPTER 2 - KEY CONTRIBUTIONS 

 
The objective of this research study was to investigate the fundamental physics that 

dominate physicochemical-dependent water and solute transport phenomena in organic-rich 

source rocks, in order to improve the understanding of the interactions between completion/EOR 

fluids and rock surfaces. The key contributions can be summarized in the following paragraphs: 

 Matrix bulk mineralogy, but also mineral distribution, plays a critical role in 

water-surface interactions and thus on transport mechanisms. Although the laws 

that dominate fluid transport are the same for all types of mineralogies, those 

mechanisms will be dominating in various proportions for various rocks (e.g. 

mudrocks or seal shales. 

 Rock fabric in the upper Eagle Ford Formation is dominated by two types of 

segregated textures. The first and dominant one is the carbonate texture, 

occupying more than 60% of the volume, while the second is a mix of quartz, 

illite, kaolinite and feldspar grains, some of which are depositional and some 

diagenetic, that are amalgamated with the organic matter. Evidence is shown that, 

in order for water to reach this organic-rich texture, fluids have to create, reopen 

and travel through natural weaknesses in the interparticle spaces between 

carbonate grains in the carbonate-rich texture. Furthermore, it has been confirmed 

that for pure sodium chloride, water cannot enter the organic-rich texture. This 

study also provides evidence of different pathways for water and gas flow.  

 Despite of the large amount of accumulated evidence, numerous research studies 

have been systematically ignoring that a combination of hydrophilic minerals and 

dominant, organic nano-porosity creates heterogeneous wettability. Results from 

this study show that most porosity in the rock is located in the organic material 

and that under stress, microfractures are located in weakness points within the 

intergranular spaces. It has long been believed that economic production from 

tight mudrocks depends on the existence of a network of permeable fractures. 

Although there might be some macrofractures, there is no evidence of such 

kerogen-shaped, open horizontal microfractures under high stress conditions, 

based on petrographic analysis of the upper Eagle Ford Formation. Instead, this 
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study provides evidence of extremely tight pathways between weakness points 

and roughness heterogeneities between mineral grains, which act as flow-paths, 

connecting the relatively isolated network of organic-rich patches with the open 

fractures, reducing matrix pressure and permitting water flow. 

 Although matrix permeability is in the nano-darcy range, retained pressure-

dependent permeability of natural interface microfractures may be enough to 

continue flow after pressure depletion (based on the experimental results shown in 

this research). 

 An extensive set of experiments with mudrocks under reservoir conditions were 

completed in this research. Results from these tests provide confirmation of 

previous experiments in seal shales, and highlight the differences with organic-

rich carbonate source rocks. These results provide a bridge to further study the 

impact of chemical osmosis on EOR and hydraulic fracturing.  

 A novel conceptual approach to transport phenomena is presented. This model 

pays attention to the fundamentals of water and solute transport.  Empirical 

interpretations were compared against the existing theory on the transport 

mechanisms on clay-rich, low-permeability rocks, revealing that pressure 

behavior could not be explained accurately with the current theory. The approach 

is based on two fundamental modifications of prior work: previously, the rock 

was assumed to be a semi-permeable membrane, while its thickness is much 

larger than a membrane. In addition, osmotic pressure was considered the 

imbibing force, even though it is not, because osmotic pressure is the consequence 

of the selective molecular transport by the solvent. The model captures these 

modifications and treats solute and solvent flow entirely as diffusive transport.  

 The effect of organic matter in the transport mechanisms of water and solute was 

studied. Evidence was shown that the addition of specific ions to the water change 

the characteristics of the organic-pore surfaces, which in turn modify pore 

pressure and possibly the wettability of grain, fracture and pore surfaces. This 

topic, however, requires further attention, since its potential applicability to 

enhanced oil recovery processes is vast. 
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CHAPTER 3 - MORPHOLOGY OF ORGANIC-RICH SHALE AND IMPLICATIONS FOR 

THE MECHANISMS OF FLUID TRANSPORT 

The objective of this research study was to investigate the fundamental physics that 

dominate physicochemical-dependent water and solute transport phenomena in organic-rich 

source rocks, in order to improve the understanding of the interactions between completion/EOR 

fluids and rock surfaces. This chapter is focused on exploring the microscopic composition and 

fabric of the rock and the existing relationships between mineralogy, organic matter, porosity 

and strength, along with the implication of these relationships for fluid-rock rheology. Previous 

research has focused on the various aspects of shale characterization, but only a few studies have 

delved into the implications of shale physical morphology for multiphase fluid transport. The 

uniqueness of this research work derives from (1) adopting the perspective that organic-rich 

shale matrix acts selectively, and whose rheology is not only influenced by clay minerals but also 

by the organic matter present in the matrix; and (2) characterizing the rock before and after 

completion fluids are flowed through. Observations obtained from this initial work are employed 

to explain the results of stress-dependent permeability (Chapter 4) and osmosis tests (Chapter 5). 

There is a propensity in engineering studies in mudrocks to emphasize quantitative values 

such as Cation Exchange Capacity (CEC) and semi-quantitative measurements (Stephens 2009) 

such as percent mineral composition from X-ray diffraction (XRD). However, biased research 

towards semi-quantitative analysis disregards the importance of qualitative methods, such as 

petrographic thin section description or Scanning Electron Microscope (SEM) analysis; 

qualitative analyses reveal critical details on the character of specific shale textures and fabric. 

Identification of features such as fractures, pore size distribution, types of pores and their 

connectivity, wettability, consolidation trends, bedding type, and the arrangement of thin layers 

of organic materials contribute to understanding how fluids react with shale. A mixture of well-

established and innovative techniques were combined to study mudrock morphology, including: 

well log analysis, sample description, bulk density, porosity, pore size distribution, XRD, 

petrographic thin section analysis (optical transmitted and reflected light microscopes), 

Environmental Scanning Electron Microscope (E-SEM), Field Emission Scanning Electron 

Microscope (FE-SEM) of argon-milled and broken-surface samples, QEMSCAN Microanalysis, 

Source Rock Analysis (SRA) and Rock-Eval pyrolysis. Laboratory methods for examining rock 
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properties are described below, while details for the step by step procedures used for these 

analyses are presented in Appendix A.  

First, sampling depths were selected via formation evaluation data from well logs. The 

full range of variables used to identify the optimum sampling depths were Gamma Ray (GR), 

formation resistivity, spontaneous potential, spectral Gamma Ray (potassium, thorium and 

uranium curves), total organic carbon (TOC), density-porosity, neutron-porosity, volumetric 

mineralogy (EDAX), pore pressure, acoustic velocities from dipole sonic logs, in-situ stresses 

(derived from sonic velocities and pore pressure measurements) and geomechanical properties 

(dynamic values of Young’s modulus and Poisson’s ratio, obtained from downhole sonic tools). 

Second, the amount and distribution of minerals in the fabric was analyzed. Bulk and clay 

fraction mineralogy was determined by means of X-ray diffraction (XRD) measurements. 

Mineral fabric and volumetric distribution were analyzed through petrographic thin section 

analysis (optical microscope), QEMSCAN microanalysis and last, by using several Scanning 

Electron Microscopes (SEM).  

Third, the organic matter content and types were examined by means of Source Rock 

Analysis (SRA) using the well-known Rock-Eval technique. The distribution of hydrocarbons in 

the micro- and nano-scale, similarly to the mineralogical study, was studied via petrographic thin 

section, QEMSCAN microanalysis and Scanning Electron Microscope (SEM) work. 

Fourth, absolute porosity was investigated for crashed samples by measuring bulk density 

and grain density. Bulk density was measured using the Dean-Stark distillation extraction method 

for cleaning the hydrocarbons, followed by a mercury volume measurement and a weight 

measurement using a precision balance. Results for grain density, on the other hand, were 

compared between the outcomes of two separate methods, the ASTM-D854-14 method 

(pycnometer) and results from X-ray diffraction (XRD). Semi-quantitative porosity was 

characterized by similar methods to those of mineralogy and organic matter: petrographic thin 

section analysis (optical microscope), QEMSCAN microanalysis and Scanning Electron 

Microscope (SEM) image interpretation.  
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3.1    Wellbore Logging Data Analysis for Sample Depth Selection 

Preserved core was available for two wells from the Eagle Ford Formation (Texas), one 

well from the Vaca Muerta Formation (Argentina) and one well from the Bakken Formation 

(North Dakota). In addition, outcrop sandstone cores were obtained from Berea Formation 

(Ohio) and caprock cores from Pierre Shale (Colorado). Extensive log data was available for the 

Eagle Ford and Vaca Muerta wells, but only a limited amount of data was available for the 

Bakken Formation. No log data was available for the outcrop samples used, but outcrop 

properties are well-known through published literature. The fundamental part of this research, 

therefore, was completed using cores from the Eagle Ford Formation due to the availability of 

combined log, preserved core and regional data. Core samples from Vaca Muerta and Bakken 

formations were used for comparative purposes, and core samples from Berea and Pierre were 

used for calibration of the experimental results, since there is plenty of published data for these 

formations. 

Outcrop core samples from Berea sandstone and Pierre shale were directly cut and 

ground by a subcontractor, Kocurek Industries®. Therefore, there is no log-based sample 

selection. These samples were visually inspected and then Computer Tomography (CT) scans 

were used to select the intact ones for testing. For the Eagle Ford cores, CT scans were also 

collected while the cores (waxed in 1 foot intervals) were still preserved. Plug locations were 

selected based on the results of the CT scans together with an analysis of the log data. Samples 

were chosen at the depths that represented the most common Eagle Ford shale mineralogy, 

Gamma Ray and TOC. In order to obtain the right in situ testing conditions for permeability and 

osmosis tests with Eagle Ford cores, a complete study of pore pressure and in-situ stresses from 

dipole sonic logs was also conducted. The same procedure was followed for the Vaca Muerta 

well, but the cores available were not preserved. Thus, their wettability and fluid saturations 

cannot be assumed analogous to in-situ conditions. Therefore, Vaca Muerta cores were only used 

for comparative purposes and no further testing was conducted using this mudrock.           

3.1.1    Sampling from the Eagle Ford, Vaca Muerta and Bakken Formations 

Log data and especially core samples were collected from the Eagle Ford, Vaca Muerta 

and Bakken subsurface (Table 3.1). Outcrop rock was also sampled in Del Rio County, Texas 

(Eagle Ford) and in Colorado (Pierre). Due to the abundance of preserved rock samples as well 
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as the availability of a comprehensive log database, the Eagle Ford Shale Formation is the focus 

of this study, while Vaca Muerta, Bakken and Pierre samples are used for comparative purposes. 

  

Table 3.1-Set of samples cored for Eagle Ford, Bakken, Vaca Muerta and Pierre formations. 

 

 

3.1.1.1    Database for the Eagle Ford Formation, South Texas, USA 

The Eagle Ford Shale is an Upper Cretaceous deposit (late Cenomanian-Turonian) that 

extends across Texas from the northeast to the southwest (Robinson 1997), into the northeast of 

Mexico. It was formed via sediment deposition during a sea level transgression (Figure 3.1B) 

which formed an isolated carbonate platform surrounded by siliciclastics (Figure 3.1C; Donovan 

and Staerker 2010). It has a basal contact (unconformity) with rocks of the Cenomanian 

Woodbine Group in the Houston Embayment/San Marcos Arch area and with the Harris/Sub-

Clarksville Group in East Texas. The sequence overlays the calcareous Buda Formation and tops 

against disconformities of the Austin Chalk throughout most of its extension in the subsurface 

(Figure 3.1A). The Eagle Ford Formation holds two different oil plays, separated by the Stuart 

Base Top Base Top
#GZ-1 9247 9248 9255 9256
#GZ-2 9258 9259 9266 9267
#GZ-3 9265 9266 9273 9274
#GZ-4 9270 9271 9278 9279
#GZ-5 9282 9283 9290 9291
#GZ-6 9291 9292 9299 9300
#GZ-7 9298 9299 9306 9307
#GZ-8 9309 9310 9317 9318
#GZ-9 9334 9335 9342 9343
#GZ-10 9340 9341 9348 9349
#GZ-11 9345 9346 9353 9354
#GZ-12 9354 9355 9362 9363
#LS-1 7994 7995 8000 8001
#LS-2 8003 8004 8010 8011
#LS-3 8024 8025 8030 8031
#LS-4 8033 8034 8040 8041
#LS-5 8048 8049 8055 8056

Outcrop B2-Yellow Unit #OU-1 - - - -
Outcrop B2-V Unit #OU-2 - - - -
Outcrop B2-H Unit #OU-3 - - - -

Vaca Muerta LJE-1010 Neuquen, ArgentinaLoma Jarillosa Este Block #VM-1 - -
Bakken 1 North Dakota *Confidential* #BK-1
Pierre Outcrop Colorado #PI-1 - - - -

Formation Well # County, State Field

Eagle Ford

1 Gonzales, TX Moulton

2 La Salle, TX Eagleville

Outcrop Del Rio, TX

Sample #
Depths (ft) Core

3102.50
*Confidential*

Depths (ft) Log
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City Edwards reef trend (Corbett 2011) which controls migration from the source rock to the 

Navarro and Taylor groups. The structural and tectonic features that influenced the depositional 

extent, depth, and thickness of the Eagle Ford Formation are included in Figure 3.2A. The extent 

of the Eagle Ford Formation and variations in its thickness and stratigraphy are in large part 

constrained by regional tectonic features such as the Maverick Basin, San Marcos Arch, Stuart 

City and Sligo shelf margin, and the East Texas Basin (US Energy Information Administration 

2014). In the subsurface, the Eagle Ford is thickest (500–600 ft) in the Maverick Basin and in 

Brazos County in the northeast, while thinnest (<10 ft) over the crest of the San Marcos arch 

(Condon and Dyman 2003). 

 The organic-rich carbonate mudrock of the lower Eagle Ford is the primary target of the 

Eagle Ford play, grading into the silica-rich Pepper Shale northeast of the San Marcos Arch. The 

Pepper Shale was deposited in the East Texas Basin and is formed of deltaic facies where 

interlayered discontinuous low-permeability sandstone layers are the primary target for drilling 

and completion (United States Energy Information Administration 2014). The Sligo Reef Margin 

is considered the southernmost limit of the Eagle Ford play.  

Up-dip of the reef margin, the formation is a normally pressured oil play, entering oil 

maturity at 6000 ft of burial depth and peak oil at 8000-9000 ft, with extreme lateral variability 

in organic-rich shale abundance and reservoir quality, controlled by the relative position to the 

reef depocenters. Oil saturation usually correlates well with deep resistivities greater than 40 

ohm. Down-dip, the Eagle Ford is an increasingly over-pressured gas reservoir, where horizontal 

variability is controlled by distal turbidite deposition. Therefore, the Eagle Ford source beds 

represent a classic inverted system (Figure 3.2C), similar to that of the Vaca Muerta Formation 

in the Neuquén basin, Argentina, where the oil is up-dip and the gas is down-dip. 

The formation is usually divided into upper and lower units, and the top of the lower unit 

is considered the best proxy for the source rock. The K65sb boundary divides the lower and 

upper sections of the Eagle Ford Formation and is used to identify the transition (an approximate 

contour map of the K65sb is shown in Figure 3.2B). The organic-rich lower shales and 

condensed sections have the highest hydrocarbon-generating potential of any part of the Eagle 

Ford Group (Condon and Dyman 2003). The Eagle Ford Formation consists of (1) organic-rich, 

pyritic, and fossiliferous marine shales and bituminous claystone in the lower part that were 

deposited during a transgressive episode; (2) a condensed section of pyritic, phosphatic, and 
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bentonitic shale beds in the middle part; and (3) shales, limestones, and carbonaceous siltstones 

in the upper part that were laid down during a regressive highstand (Condon and Dyman 2003). 

Outcrop rock is reported to have average TOC contents of up to 5.00 weight percent, with the 

area next to Austin having more average organic content than further southeast (where the 

outcrop rock used in this study comes from), with average contents between 2.00 and 5.00 

weight percent. Sulfur content averages about 1.3 percent. Well preserved, oil-prone marine 

organic matter is common in the study area, whereas rock with a mixed marine and terrestrial, 

gas and oil-prone signatures has been reported in other studies. According to Condon and Dyman 

(2003), these differences may reflect deposition in a subsiding basin versus deposition over an 

arch.  

Log data for this research (Figure 3.2) was available for 13 wells spread throughout a 

region covering from La Salle and McMullen counties in the southwest through Live Oak and 

Gonzales counties in northeast Texas. Preserved cores were available for 2 wells, corresponding 

to the oil/condensate window in La Salle and Gonzales counties. In addition, outcrop rock 

belonging to the lower Eagle Ford was collected from one location in Del Rio County. Figures 

3.3 and 3.4 display the log petrophysical characterization and plug sampling vertical position 

from Gonzales and La Salle wells, respectively.  

The primary use of available log data in this research is to help select core plugging 

depths for permeability and osmosis tests. The objective is to find core samples representative of 

the Eagle Ford Formation, with a significant amount of clays and organic matter. Initially, it is 

critical to distinguish between distinct Eagle Ford units, in order to correlate both wells. 

According to Driskill et al. (2013), the two Eagle Ford units, upper and lower, correlate 

lithologically and chronostratigraphically based on paleo data. Donovan and Staerker (2010) 

gave evidence of these correlations from outcrops in south-east Texas to wells from Webb 

County. Usually, the boundary between the upper and lower units is placed where there is an 

abrupt change from steadily low in the Gamma Ray (GR) log to constantly high GR, as shown in 

column #1 in Figure 3.3 for the well from Gonzales County. In this example, the GR increases 

abruptly when transitioning between the Buda Formation and the lower Eagle Ford. A peak in 

the GR marks the top of the Lower unit and the transition into the Upper unit, where the GR is 

significantly lower. A sharp decrease on the top of the Upper Eagle Ford marks the boundary 

between the shale and the Austin Chalk. Spectral Gamma Ray logs can also be used to 
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differentiate between the two units. A high response in the thorium curve is usually correlated 

with the lower Eagle Ford due to its high TOC and clay content. Column #2 in Figure 3.3 is a 

proof of this concept for the Gonzales County well.  

 

 

Figure 3.1-A, Columnar section of Jurassic and Cretaceous stratigraphic units in southern and 
eastern Texas (Condon and Dyman 2003); B, Correlations between an outcrop section of the 
Eagle Ford in South Texas (Lozier Canyon) and a well in Webb County (Donovan and Staerker 
2010), showing the different lowstand, transgressive and highstand systems and the K65sb 
boundary that divides the lower and upper sections of the Eagle Ford Formation; C, Generalized 
Late Cenomanian paleogeographic map of Texas showing the depositional model of the Eagle 
Ford (Donovan and Staerker 2010).  

A B 

C 
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Figure 3.2-A, major structural tectonic features in the region of the Eagle Ford play; B, thickness 
contours (isopachs) of the top of the lower Eagle Ford; C, initial GOR of Eagle Ford wells, 
calculated using the 2nd through 4th months of liquid and gas production (January 2000 to June 
2014). From NW to SE, the play becomes mature and thus gas-prone. Modified from originals 
by the EIA 2014. Red stars indicate subsurface well logs; yellow stars designate log and 
preserved core data; blue stars show core data from a road cut outcrop in Del Rio County, TX. 
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If well correlation with GR is not straightforward, unit change is also marked by the 

Neutron Porosity – Density Porosity (N-D) cross plot. The boundary occurs at an abrupt increase 

in Density Porosity above which the N-D curves track each other but usually do not overlie. The 

lower Eagle Ford at Gonzales County (Figure 3.3, column #4) has separated N-D curves. At the 

top of the formation, the Density Porosity curve increases abruptly, marking the transition to the 

Upper Eagle Ford. For the well in La Salle County (Figure 3.4) those relationships do not seem 

to work. Neither the GR nor the N-D cross plot seem to have abrupt changes, their response 

seeming particularly similar to that of the Upper Eagle Ford. This well is therefore interpreted as 

having only the Upper Unit present. 

Sampling depths have been chosen to maximize variability in mineralogy and TOC from 

the two locations. For the Gonzales County core (Figure 3.3, sample depths GZ-34 to GZ-36), 

samples were plugged for two intervals of the lower Eagle Ford and for five intervals of the 

Upper Eagle Ford. For the La Salle County core, with only the Upper Eagle Ford available, the 

five intervals with the highest average TOC from log data were chosen (Figure 3.4, sample 

depths LS-1 to LS-5). Due to the better availability of data (cores and logs) from the Upper Eagle 

Ford, samples from this interval were chosen for further testing in permeability and osmosis 

experiments. The depth corresponding to sample GZ-39 (Figure 3.3, column #3) was selected to 

be used in osmosis experiments since it had the largest TOC content from pyrolysis.       

3.1.1.2    Database for the Vaca Muerta Formation, Neuquén Basin, Argentina 

The Neuquén basin, leading producer of hydrocarbons in Argentina, is located in the 

west-central part of that country, covering approximately 137,000 km2. The basin, having up to 7 

km of sediments at its center, is a foreland bounded by the San Rafael Uplift to the northeast, the 

North Patagonia Massif to the south, and the Andean orogenic belt to the west. Three petroleum 

systems have been identified in this basin (Figure 3.5A): Los Molles-Tres Esquinas, Vaca 

Muerta-Sierras Blancas; and Agrio (Sonnenberg 2013).  

The marine source rock facies (Los Molles, Vaca Muerta and Agrio formations) are 

thick, widely distributed and organic-rich (Wren 2011). They were deposited in a back-arc 

embayment which created anoxic conditions that are in sync with the Jurassic-Cretaceous 

eustatic cycles (Legarreta and Villar 2011). The Vaca Muerta Formation is dominated by marine, 

black to dark brown organic-rich mudstones (Lewan 1992) with minor siliciclastic units at the
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Figure 3.3-Petrophysical and geomechanical parameters for a cored well from Gonzales County, TX, showing the vertical location of 
preserved cores (GZ 34 to GZ-45). Columns 1 to 10 stand for: (1) Gamma Ray, Caliper, Spontaneous Potential and Resistivity; (2) 
Spectral Gamma Ray; (3) Core TOC weight % and clay + kerogen volume; (4) Density Porosity – Neutron Porosity cross plot; (5) 
EDS log mineralogy; (6) core XRD mineralogy; (7) main stresses; (8) acoustic velocities; (9) Young’s modulus; (10) Poisson’s ratio.  
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base that gradually transform to limestones towards the top, and can range in thickness from 

1500 to 3600 ft. From a geochemical point of view (Nawratil et al. 2012), it can be divided in 

two units, the lower and upper members. The lower unit (180-200 ft thick) is the primary target 

for unconventional exploration and it is made of clastic sediments deposited in an anoxic 

environment with high contents of TOC, hydrogen index and anomalous concentrations of 

molybdenum, vanadium, nickel and chromium. Above the Vaca Muerta lies a shallow water 

carbonate sequence, the Quintuco Formation, of Kimmeridgian-Berriasian (Early Cretaceous) 

age (Urien and Zambrano 1994).  

 

 

Figure 3.4-Petrophysical and geomechanical parameters for a cored well from La Salle County, 
TX, showing the vertical location of preserved cores (LS-1 to LS-5). Columns 1 to 9 stand for: 
(1) Gamma Ray and Resistivity; (2) Spectral Gamma Ray; (3) Core-TOC and log-TCO weight 
%; (4) Density Porosity – Neutron Porosity cross plot; (5) EDS log mineralogy; (6) core XRD 
mineralogy; (7) main stresses; (8) acoustic velocities; (9) Young’s modulus.  
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The organic carbon content of the Vaca Muerta ranges from 2 to 9 wt. % and the most 

common types of kerogen are Type I and II. Like the Eagle Ford, the Vaca Muerta Formation 

represents an inverted system with up-dip oil and down-dip gas. From an exploratory point of 

view, the extension of the play is divided in immature to early mature, oil, wet gas and 

condensate and dry gas windows (Figure 3.5B). The oil window occurs between vitrinite 

reflectance (VR) values between 0.6 and 1.2; the condensate/wet gas window is between 1.2 and 

1.5; and the gas window starts at approximately VR values greater than 1.5 (Sonnenberg 2013).  

 

Figure 3.5-A, sequence stratigraphy of the source rocks in Argentina. The red box shows the 
location of the most important source rocks in the Neuquén basin (Legarreta and Villar 2011); B, 
vitrinite reflectance map (Legarreta and Villar 2011) of the Lower Vaca Muerta Formation, 
showing the levels of maturity of hydrocarbons present. Numbers 1 to 2 show the starting and 
end points of the geological cross section shown in C. Number 3 (in blue) shows the location of 
the well with available core; C, NW-SE cross section of the Neuquén basin showing the 
depositional setting of the Vaca Muerta Formation (Mitchum and Uliana 1985). 
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Log data from 15 wells (Figure 3.6A) from the Loma Jarillosa Este Block (Figure 3.5B, 

blue star) have been used in this study. Most boreholes were offset wells whose target was not 

the Vaca Muerta Formation but the Sierras Blancas Formation (conventional play, Figure 3.6B). 

Only two wells targeted the lower Vaca Muerta Formation, yet these two had a comprehensive 

dataset including dipole sonic data. Well LJE-1010 had borehole image logs (BHI), dipole sonic, 

core and microseismic data. Hence, it was chosen for a further study. LJE-1010 is a deviated 

exploratory well drilled in 2012 through a structural high in the Lower unit, after significant oil 

and gas shows were detected in a couple of offset wells. The well found oil at the lower 

Quintuco and the lower Vaca Muerta, and this latter interval was cored.  

Log-based petrophysical and geomechanical parameters for the LJE-1010 cored well are 

shown in Figure 3.7. Similarly to the lower Eagle Ford, the lower Vaca Muerta unit can be 

distinguished by a sharp increase in the gamma ray and spectral gamma ray logs. An increase in 

the Gamma Ray log response corresponds to an increase in the clay and organic content (column 

#5), in addition to an increase in neutron porosity. An increase in the organic content is directly 

related to surges in pore pressure, as shown in column #8, which in this well caused hydrocarbon 

kicks when drilling through the entry and exit points of the overpressured shale. Vaca Muerta 

samples used in this research were plugged from a full core obtained at the lowest 50 ft of the 

lower Vaca Muerta, corresponding to the highest organic content. Shale samples from plug 

#VM-1 were used to compare the microstructure of the rock with that of the Eagle Ford and 

Bakken formations.     

3.1.1.3    Database for the Bakken Formation, North Dakota, USA 

The organic-rich shales of the Bakken Formation have been documented as excellent 

petroleum source-rocks and are believed to have generated large volumes of oil (Meissner 1991). 

The formation is relatively thin (<140 ft) and limited to the deeper parts of the Williston Basin 

(Figure 3.8B). This basin, an intracratonic depression with the deepest part located near 

Williston, North Dakota (Webster 1984), holds a sedimentary column more than 15,000 ft deep, 

with nearly all systems represented in the rock record (Figure 3.8A). Webster (1984) argued that 

increases in thickness are the result of solution and subsequent collapse of extensive salts in the 

Devonian Prairie Formation as well as due to erosion on the surface of the Three Forks prior to 

Bakken deposition.  
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Figure 3.6-Available data for the Vaca Muerta Shale. A, isopach map of the top of the lower 
Vaca Muerta Formation with the location of the 15 wells. Highlighted in grey are the wells with 
logs, and in yellow the only well with a good dataset, including core. Note the regional natural 
fracture strike N30W/S30E that is common in that area of the field; B, location of well LJE-1010 
over a seismic cross section, showing the location of the faults indicated in A; C, only 18 meters 
of core are available for well LJE-1010 at the Lower Vaca Muerta Formation.     
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Figure 3.7-Petrophysical and geomechanical parameters for the LJE-1010 cored well, Neuquén basin, Argentina. (1) 
Gamma Ray; (2) Spectral Gamma Ray; (3) Core-TOC and log-TOC weight %; (4) Neutron Porosity and Effective 
Porosity; (5) EDS log mineralogy; (6) Young’s modulus; (7) Poisson’s ratio; (8) Pore Pressure and Principal Stresses. 
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The Williston Basin is dominated by carbonate rocks (the Madison Group) deposited 

during a major cycle of onlap-offlap sedimentation, which began in the uppermost Devonian, 

followed by a lowermost Mississippian time (Bakken transgression) and extended to the 

upper/middle-Mississippian (Charles regression) (Meissner 1991). Therefore, sediments in the 

basin represent rocks dated from the Cambrian through the Tertiary (Lefever et al. 1991). 

However, the bulk of production comes from carbonate rocks of Paleozoic age (Schmoker and 

Hester 1983). 

The Bakken overlies the Upper Devonian Three Forks Formation. Near the center of the 

Williston Basin, the formation is commonly divided into three members: an upper shale member, 

a middle siltstone member and a lower shale member. These three members can be correlated 

regionally, with most thickness changes taking place in the middle siltstone member, where 

samples have been cored for this study. The upper and lower shale members of the Bakken have 

very similar lithologies throughout the basin and consist of brittle, black-dark brown shales 

composed mostly of indistinct organic material with lesser amounts of clay, silt and dolomite 

grains. The lower Bakken shale is less-organic and more clay-rich, silty, and dolomitic near the 

flanks of the basin. The middle Bakken fluctuates between a medium-gray, dolomitic, fine-

grained siltstone and a very-silty, fine-crystalline dolomite (Meissner 1991).  

The three Bakken units are recognizable on gamma-ray and formation-density logs 

throughout the basin. The type well log and a generalized lithology for the three members of the 

Bakken Formation, as described by Webster (1984), are shown in Figure 3.8A. In addition, the 

gamma ray response for the available well in this research is shown Figure 3.9. The upper and 

lower Bakken shale members are regionally characterized by (1) anomalously high gamma-ray 

radioactivity, caused by uranium associated with organic matter; (2) anomalously low, but highly 

variable sonic velocity (high transit time) and (3) either very-high or very-low resistivity 

(Meissner 1991). The upper and lower shale members are also characterized by a high density-

log porosity response (Schmoker and Hester 1983), which is due primarily to the high organic 

matter composition. Organic matter has a specific gravity near 1.0 g/cm3, which is interpreted 

from density logs as porosity. When intending to calculate organic content from density logs, the 

high content in pyrite of the Bakken organic material should also be taken into account, as it has 

a high density (5.0 g/cm3).  
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Figure 3.8-A, well logs and interpreted lithology of the Tipperary Oil and Gas Corporation Olsen 
No.1 well, SE SW sec 26, Divide County (Webster 1984); B, schematic E-W section across the 
Williston Basin showing source rock maturity, fluid overpressure, fractures, migration and 
hydrocarbon accumulation patterns in the Bakken Formation and adjacent units (Meissner 1991).  
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Figure 3.9-(1) Gamma Ray, (2 and 3) geological description and (4) hydrocarbon shows’ logs of 
the available well targeting the Bakken Formation. Sampling depth for plug #BK-1, from the 
middle Bakken (siltstone), is shown in the red box at the lower part of the Figure. 
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The three members of the Bakken Formation are believed to have formed in a 

depositional environment that changed from open marine to a terrestrial swamp. It is usually 

considered that both the upper and middle shale members were deposited in a vast swamp 

resulting from the retreat of Devonian seas (Lefever et al. 1991), which created stagnant, anoxic 

conditions in which the restriction of circulation was due to a prolific organic development. The 

middle Bakken, however, is the result of a transgression of the sea level that flooded the swamps 

together with an increase in sediments from older Paleozoic and Precambrian rocks, in response 

of the tilting of the northern portion of the basin due to tectonics.     

Petrographic examination of Bakken rock shows that organic material is well-distributed  

and that it is not concentrated into obvious laminations (Meissner 1991), as is characteristic of 

many other source rock formations such as the Eagle Ford and Vaca Muerta. This may have 

great effect on the rock wettability and equilibrium-hydrocarbon saturation, since less-organic-

rich rocks may be mostly water-wet and any hydrocarbon generated or expelled within the 

porosity network may be confined to a low saturation phase, and similarly, if a continuous 

network of laminations composed of organic oil-wet material exists in the otherwise water-wet 

rock, hydrocarbon saturation and expulsion paths may be limited to only a small portion of the 

total rock volume. For Bakken, no formation water is ever recovered during drill-stem tests 

(DST’s) or initial well completions, and only small water cuts (probably extremely fine-pore 

capillary water) have been observed in advanced stages of depletion (Meissner 1991). 

3.2    Fabric and Mineralogy Distribution 

As expressed in the preceding section, the Eagle Ford Formation generally consists of (1) 

an organic-rich, laminated, pyritic and fossiliferous dark grey marine calcareous mudrock (marl) 

in the lower part, that was deposited during a transgressive episode; and (2) a recrystallized 

limestone interbedded by marls and carbonaceous siltstones in the upper part, that was laid down 

during a regressive highstand (Condon and Dyman 2003; Breyer 2014). Depending on the 

location, there is a condensed section (3) of pyritic, phosphatic, and bentonitic shale beds in the 

middle part, which manifests clearly in well #1 (Gonzales County) as a high peak in the total 

Gamma Ray log (Figure 3.3, column 1).  

As opposed to common belief, most source-rock reservoirs are not dominated by clay 

minerals (Hart et al. 2013), and the Eagle Ford is not an exception. Mudstones are typically 
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dominated by fine-grained quartz and calcite or mixtures of these minerals that have a detrital or 

authigenic origin. On the other hand, seal shales such as Pierre have clay contents exceeding 

50% of their weight, but are not considered source rocks neither self-sourced reservoirs.  

The mineralogy dataset obtained from X-ray diffraction (XRD) for the available core 

samples is displayed in Table 3.3. Twenty samples from the Eagle Ford, Buda and Austin Chalk 

are compared against each other and with individual samples from Vaca Muerta and Bakken 

shales. In order to have a reference value with no organic content, a sample from Pierre shale 

was also analyzed. Pierre shale is a seal rock that may be used as a good reference material since 

it is commonly used in the rock-fluid interaction literature, due to its high clay fraction and lack 

of organic matter content.  

The number of minerals contained within these formations is to a certain extent limited to 

a few types. Quartz, carbonates, clays and feldspars dominate the majority of the mineral matrix, 

together with other components such as phosphates, sulfates and pyrite. The standard mineral 

definitions used to identify those minerals during the XRD and QEMSCAN interpretation 

process are shown in Table 3.2. An expanded description of how diffraction data were 

interpreted is covered in Appendix A.  

 
Table 3.2-Chemical composition of the minerals present in the Eagle Ford, Vaca Muerta and 
Bakken formations, used for the XRD and QEMSCAN standards. 

 

SiO2

Calcite CaCO3

Dolomite CaMg(CO3)2

Ankerite (Fe-Dolomite) Ca(Fe,Mg,Mn)(CO3)2
Smectite (Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2 · nH2O

Illite/Smectite Mixed Layer (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)]/Smectite

Illite/Mica Mixed Layer Illite/K(Mg,Fe3AlSi3O10(F,OH)2
Kaolinite Al2Si2O5(OH)4
Chlorite (Mg,Fe,Li)6AlSi3O10(OH)8

K-Feldspar KAlSi3O8

Plagioclase NaAlSi3O8 – CaAl2Si2O8

Phosphates Apatite Ca10(PO4)6(OH,F,Cl)2
Sulfates Gypsum CaSO - 2H2O

Sulfides Pyrite FeS2

Quartz

Carbonates

Clays

Feldspars
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Table 3.3-Mineralogy dataset obtained from X-Ray Diffraction (XRD) of available cores. Sample series GZ and LS correspond to 
Eagle Ford wells from Gonzales and La Salle Counties; OU series corresponds to outcrop Eagle Ford core from Del Rio County, TX; 
VM, BK and PI samples were obtained from subsurface cores from Vaca Muerta, Bakken and Pierre formations, respectively.    
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#GZ-1 9256 4.96 89.22 2.97 0.99 0.87
#GZ-2 9267 4.95 88.15 1.98 2.97 0.99 0.95
#GZ-3 9274 4.93 80.90 3.95 4.93 2.96 0.99 1.34
#GZ-4 9279 7.80 80.96 1.95 2.93 2.93 0.98 2.46
#GZ-5 9291 11.77 65.46 10.83 3.29 0.42 1.88 5.82
#GZ-6 9300 12.45 63.68 12.45 4.79 1.63 3.17
#GZ-7 9307 9.61 75.75 5.89 0.96 2.80 1.54 3.45
#GZ-8 9318 14.80 48.20 0.63 14.15 6.92 6.28 2.20 5.56 1.26
#GZ-9 9343 29.19 7.78 29.19 19.46 2.92 6.81 2.70
#GZ-10 9349 22.26 12.58 33.88 15.49 2.90 9.68 3.20
#GZ-11 9354 4.96 87.26 4.96 0.99 0.84
#GZ-12 9363 10.86 24.68 47.39 9.87 2.96 0.99 1.28
#LS-1 8001 18.65 54.89 1.88 6.84 4.06 3.43 1.56 6.54
#LS-2 8011 24.66 48.37 1.57 7.81 3.72 4.68 2.18 6.39
#LS-3 8031 19.60 45.65 13.08 4.66 5.12 2.80 6.78
#LS-4 8041 22.57 48.84 0.70 2.80 9.15 5.69 2.47 2.28 5.08
#LS-5 8056 14.29 55.24 0.97 4.40 5.57 10.32 0.90 1.88 5.04
#OU-1 24.37 62.39 0.97 8.77 2.52
#OU-2 14.57 67.98 8.74 4.86 2.89
#OU-3 13.70 73.40 0.98 4.89 0.98 0.98 2.14

Vaca Muerta #VM-1 25.82 23.97 27.66 9.22 2.77 7.79 2.77
Bakken #BK-1 42.81 9.96 4.98 24.89 8.96 7.96 0.45
Pierre #PI-1 20.00 2.00 1.00 65.00 7.00 5.00

Carbonates Clays Feldspars Other Minerals

Eagle Ford
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XRD mineralogy data from Table 3.3 are plotted in the ternary diagram shown in Figure 

3.10. From this diagram it is patent that the mineralogy of the Upper and Lower sections of the 

Eagle Ford is dissimilar. The upper Eagle Ford is a mixed carbonate rich mudstone, with clay 

and quartz contents ranging from 5% to 25%, and the lower Eagle Ford ranges from a silica-rich 

argillaceous mudstone to a mixed argillaceous mudstone, with clay content in the 50% - 60% 

range, less than 20% of carbonates and quartz content ranging between 25% and 35%. The Buda 

and Austin Chalk carbonates, underlying and overlying the Eagle Ford, respectively, lay close to 

the mineralogy of the upper section, due to their even greater carbonate content. The same trend 

is shown for the outcrop samples collected at Del Rio County, Texas.  

 

Figure 3.10-Ternary diagram showing the mineralogy of available core samples. Data was 
obtained from X-Ray Diffraction (XRD). The plot shows the relative proportion of Quartz-
Feldspar-Mica (QFM), carbonates (CAR) and clays (CLA) present in the samples. Boundaries 
are plotted using an extensive database of XRD data available.     
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Compared with other self-sourced reservoirs (Figure 3.11), the Eagle Ford has 

significantly higher carbonate content. Vaca Muerta shale, for instance, is located approximately 

at the center of the ternary diagram, indicating a mineralogy corresponding to a mixed siliceous 

mudstone. Although only a single data point is shown in the ternary diagram, XRD data from 

two full Vaca Muerta cores has been used to draw the red boundary in the ternary diagram, 

showing that depending on the specific interval and also due to existing lateral heterogeneity, the 

mineralogy of the Vaca Muerta Formation can range from a siliceous mudstone to a carbonate-

rich argillaceous mudstone or a mixed carbonate mudstone. It is usually considered to be 

relatively similar to that of the Horn River, Barnett or Bakken shales (Driskill et al. 2013).  

Figure 3.11-Mineralogy of the Vaca Muerta, Bakken and Pierre shale core samples available for 
this study. These three shale samples function as reference rocks to compare the results obtained 
for the Eagle Ford Formation.  

 

Similar behavior is seen in Bakken cores. The Bakken plug used in this study is best 

described as a clay-rich siliceous mudstone, but data from other wells in North Dakota show 

great heterogeneity in the mineralogy of the Bakken Formation, which can fluctuate to a mixed 

mudstone or a marl (argillaceous/carbonate mudstone).  Pierre shale is also shown in Figures 
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3.10 and 3.11. The seal shale obtained from outcrop is rather different to that of the source rocks. 

Pierre shale belongs to a clay-dominated lithotype, with smectite and illite contents of 65% and 

7%, as well as 20% quartz. If the sample are to be from the subsurface instead of that of outcrop, 

most of the smectite content would be replaced by illite. However, the overall abundant clay 

content would still be present. 

Eagle Ford mineralogy from XRD analysis is displayed versus depth in Figure 3.12 for 

well #1 from Gonzales County, TX. Samples #G4 to #G8 correspond to the Upper section and 

samples #G9 and #G10 to the Lower section. The purpose of showing this Figure is to illustrate 

the variability in mineral composition with depth for a single location. Besides, it is important to 

note that the organic content of the upper Eagle Ford is greater than that of the lower Eagle Ford. 

This is in conformity to the work accomplished by Gibson (2014), who stated the best reservoir 

quality in wells in western Gonzales County, TX lies within the upper section, due to the 

quantities of S1 in Rock-Eval data being greater than those of TOC. Their argument is that the 

quantity of producible oil in the low permeability matrix is higher in the upper section than in the 

lower section, being contrary to conventional knowledge that facies B (in outcrop) in the Lower 

section is the primary reservoir rock. This would be in compliance with the lower clay content 

and higher carbonate content of the upper section, too. A possible explanation for the difference 

in organic matter content is that an increase in clay (and/or quartz) input causes dilution of the 

organic content in the formation, the organic input being constant.   

Apart from the mineral composition, the diagenetic processes that follow deposition 

affecting both the mineral grains and the organic matter are critical components controlling the 

flow characteristics of mudrocks and their reservoir quality. Regrettably, XRD analyses do not 

discriminate between the diagenetic, biogenic and detrital components of the matrix (Hart et al. 

2013). Hence, XRD studies need to be complemented by petrographic evaluation in order to 

unlock the textural information of the mudrock. Color-enhanced Scanning Electron Microscope 

(SEM) pictures of the upper (left) and lower (right) Eagle Ford are shown in Figure 3.13, 

showing the relevance of textural information. These images highlight the amount and 

distribution of clays in the reservoir. In the upper Eagle Ford, the lithology is dominated by 

carbonates, and clays are aggregated in lenticular shapes throughout the matrix, whose geometry 

is controlled by the distribution of calcite grains. On the other hand, matrix texture in the lower 
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Figure 3.12-Variability in XRD mineral composition displayed versus depth for well #1 from Gonzales County, TX. Samples #G4 to 
#G8 belong to the upper section and samples #G9 and #G10 to the lower section. 
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Eagle Ford is dominated by clays. These are scattered through the matrix instead of being 

distributed in lenses. We will see in the following paragraphs how clay abundance, distribution 

geometry and its association with quartz and organic matter are critical to fluid transport 

mechanisms. 

 

Figure 3.13-Color-enhanced Scanning Electron Microscope (SEM) pictures of the Upper (A) and 
Lower (B) Eagle Ford.  
 

Petrographic information of the upper Eagle Ford is shown in Figures 3.14 to 3.19 and 

Table 3.4. This upper section consists of a mix of marl and limestone layers, with predominance 

of carbonate minerals in both facies, as shown in the previous paragraphs. 

The marls (Figure 3.14) were deposited under euxinic conditions beneath a stratified 

water column (Breyer 2014) and are dominated by clay-sized coccoliths with varying amounts of 

sand-sized planktonic foraminifera, which are either scattered throughout the matrix (Figures 

3.14C and 3.14D) or accumulated in layers (Figure 3.14A). Foraminifera are planktic or benthic 

organisms found in all marine environments. They are considered testate protozoa (a single 

celled organism that is characterized by the absence of tissues and organs and therefore gathers 

and possesses a shell from other organism) which hold thread-like extensions, including grains or 

small particles of various materials (Loeblich and Tappan (1964). Foraminifera in the upper 

Eagle Ford are not only frequently filled with calcite and chert (Figure 3.14B) but also with clays 

and bitumen (Figure 3.14E). Kerogen and bitumen are abundant throughout the matrix, the 
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Figure 3.14-Petrographic thin sections of facies type I (marl) in the upper Eagle Ford, showing the textural characteristics of the 
formation at low magnification. A, fossiliferous marl with an abundance of clay-size coccoliths; B, detail of the marl at greater 
magnification, showing the distribution of organic matter and a first approach to some of the cements available (chert, calcite, pyrite); 
C, planktonic foraminifera abound in the matrix; D, detail of one of the fossiliferous layer from (A), showing pyrite grains, bitumen 
and calcite-filled foraminifera; E, reflected light photomicrograph of a marl unit showing a mixture of fillings in the bodies of 
foraminifera, including bitumen, clays, chert and calcite. Pyrites are distinguished from organic matter since they reflect the light 
producing a strong blue color, while organic matter remains brown-dark brown.     
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former being deposited in lenses (Figure 3.14B) and laminations and the latter occupying most 

pore spaces available in the matrix (Figure 3.14E). A closer look to the most common textures 

and fossils present is shown in Figure 3.15 through the use of SEM, including calcispheres, 

coccoliths, framboidal pyrites and clays. Calcispheres are quite abundant throughout the matrix 

and although some of the structures are compacted, their shape and geometry have been well 

preserved (Figure 3.15A). Illite, kaolinite, smectite, mica and chlorite are present, but clay 

content is dominated by illite books (Figures 3.15B and 3.15E), compacted and oriented in the 

horizontal direction. In addition, pyrite framboids are abundant throughout the matrix, but 

especially where primary porosity has been greater, such as inside foraminifer’s bodies (Figure 

3.16C). 

Textural information from the marls in the upper Eagle Ford provides evidence of several 

diagenetic processes occurring during deposition (Figure 3.16). Clay distribution is directly 

related not only to fossil abundance and geometry but also to the amount of fluid flow circulation 

and chemistry differences between the relatively isolated fossil chambers and the matrix pore 

network (Camp 2014). Illite and smectite are abundant within lenticular accumulations in the 

matrix, but kaolinite is restricted to the inner bodies of foraminifera (Figures 3.16B, 3.16C and 

3.16D). This is related to the distinct diagenetic processes that create these minerals. Illite, 

especially when interstratified illite/smectite (I/S) is present, such as in this case, is the most 

abundant clay mineral in deeply buried shales. It is formed from smectite in profound diagenetic 

conditions and does not require large amounts of porosity or fluid flow to form; hence it can 

grow in compacted smectite/organic layers (Moore and Reynolds 1989). On the other hand, 

kaolinite is found commonly as a diagenetic mineral filling pore spaces and is typically 

associated with feldspar dissolution. When relatively large pore space is available in carbonate 

rocks, kaolinite will form minerals with high structural order. An example of high order kaolinite 

mixed with illite inside of compacted foraminifera is shown in Figure 3.16D. In addition to clay, 

calcite and pyrite minerals are diagenetic products formed inside the pore spaces of foraminifera 

(Figure 3.16C). Large calcite crystals are an indication that there was a great amount of pore 

space available when precipitation was taking place. The irregular shape of the thin foraminifera 

walls (likewise made of calcite) indicate that their inner part was emptied at an early stage of 

diagenesis, to be replaced by other minerals at a later stage. 
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Figure 3.15-Close SEM look at the most common textures and fossils present in Eagle Ford samples. A, calcispheres are quite 
abundant throughout the matrix. Their shape and geometry have been well preserved; B, illite plates; C, pyrite framboid embedded in 
the calcite/clay matrix; D, coccoliths; E, illite books. 
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Figure 3.16-Textural properties of the upper Eagle Ford. A, Color-enhanced QEMSCAN image 
showing mineral distribution in the matrix. Note that foraminifera bodies are being filled by 
kaolinite; B, equivalent SEM picture at the same location of the QEMSCAN;  C, FE-SEM image 
displaying different types of mineral dissolution and growth due to subsequent diagenetic 
processes; D, FE-SEM image showing a enlargement of the minerals filling the body of 
foraminifera.    

 

Another feature that is clearly noticeable in the fabric of the upper Eagle Ford Formation 

is the relationship between quartz, clay and organic matter. Quartz is either associated with the 

illite (Figure 3.17C) or present in relatively large pore spaces between calcite grains (Figure 

3.17B). Evidence of the association between the quartz and illite is shown in Table 3.4. 
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Figure 3.17-QEMSCAN and FE-SEM images of the Upper Eagle Ford showing mineral 
associations. A, Quartz is associated with a relatively large pore space between calcite grains; B, 
equivalent FE-SEM image to (A) showing the association of quartz with bitumen; C, quartz 
associated with clay minerals; D, equivalent FE-SEM image to (C) showing main textural 
properties.   

 

Results from QEMSCAN analysis of enhanced-color images, where transitions between different 

minerals are calculated, are shown in Figure 3.18. According to these results, the boundaries 

between quartz and illite minerals are strongly associated. One more issue that should be 
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addressed here is the origin of the quartz minerals, since it has implications with regard to the 

type and abundance of porosity and its relationship with mineralogy. Mudrocks such as the Eagle 

Ford are made of three primary types of constituents, detrital, biogenic and diagenetic. We have 

found (Figure 3.16C) that part of the calcite content, as well as pyrite, has a diagenetic origin, 

and that some of the quartz (Figures 3.17A and 3.17B) is occupying the intercrystalline pore 

space left between calcite grains. The answer to the origin of the quartz is in the limestones that 

are interlayered within the marls. The limestones (Figure 3.19A), were primarily formed during 

periods of increased mixing of the water column, which enhanced organic productivity and 

increased the oxygenation of the bottom waters (Breyer 2014). They are primarily dominated by 

calcite grains but quartz is also present. This quartz, largely in the silt-size range, has been 

traditionally considered of detrital origin, transported by water or air currents into the coastline 

and deposited together with the clay minerals. The amount of quartz is then being used to 

determine paleocurrents and the distance to shore margins, so interpreting its origin is of great 

importance. Schieber et al. (2000) disputed this concept in Devonian mudstones, claiming that 

shale contained between 20% and 50% of quartz near paleo shore settings but that even at 300 to 

600 km offshore, the quartz content was still averaging 40%. If the quartz was of detrital origin 

(either fluvial or aeolian), its content should had diminished in the offshore direction, but instead 

its proportion was rather maintained with the distance to the coastline. They claimed that a large 

proportion of the quartz silt-size is not detrital but instead precipitated very early in diagenesis in 

algal cysts and other pore spaces. Hart et al. (2013) also included other fine-grained biogenic 

components such as calcite, phosphates and organic matter as of diagenetic origin. Hence, there 

is a debate whether these components and especially silica derived from the dissolution of 

radiolarian and diatomic opal (Schieber et al. 2000). The majority of this silica produced in 

shallow water never gets deposited within deep ocean sediments since it dissolves while settling 

through large water columns, but in relatively shallow waters this dissolution effect would be 

much less important, and a substantial portion of surface production can be preserved in the 

sediment record. In the upper Eagle Ford, although some quartz may have a detrital origin, some 

of the silica present in the matrix may have a biogenic origin too. Evidence is shown in Figure 

3.19, with details of a thin recrystallized limestone between marl units, containing a large 

amount of radiolarians in which a significant amount of quartz minerals have been substituted by
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Table 3.4-Set of QEMSCAN data showing transition relationships between various minerals, in pixels. 

 

 
Figure 3.18-Results from an analysis of QEMSCAN enhanced-color images where transitions between different minerals are 
calculated. The boundaries between quartz and illite minerals are strongly associated. 
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Plagioclase 277 2761 4351 777 635 13 294 6290 1107 16 360 33 38 128
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Apatite 244 65 83 15 5 1 38 696 2696 6 19 4 268
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Figure 3.19-details of a thin recrystallized limestone between marl units, containing a large 
amount of radiolarians in which a significant amount of quartz minerals have been substituted by 
calcite. 
 

calcite. Original silica has been dissolved and then recrystallized in the pore network and 

between clays. 

Petrographic information of the lower Eagle Ford is shown in Figures 3.20 to 3.22. The 

lower section consists of a fossiliferous silica-rich argillaceous mudstone with abundance of 

compacted pellets, radiolarians and foraminifera. The major mineralogical difference with the 

upper Eagle Ford is that it contains higher quartz and clay contents and much lower carbonate 

content. In terms of their textural differences, the lower section is dominated by a continuous 

network of mixed clay and organic matter layers (Figure 3.20E), interrupted by recurrent 

bedding parallel laminations of silt-size bioclast fragments, which are much more abundant than 

at the upper formation. In addition, there is a considerable amount of pyrite grains concentrated
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Figure 3.20-Thin sections of the lower Eagle Ford displaying basic textural information. A, Abundance of pyrite grains accumulated 
in laminations; B, quartz-rich fossiliferous laminations embedded within a clay rich matrix; C, two types of alternating matrix, one 
with silt-sized quartz and clay rich, well sorted matrix, and a second with an abundance of calcispheres, pellets and foraminifera of 
larger size mixed with lenses of organic matter (bitumen and kerogen); E, petrographic thin section showing the continuous network 
of organic and clay material dispersed throughout the entire section.     
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in these laminations. Pyrite can be easily distinguished from opaque organic matter in crossed-

polars at the petrographic microscope since it strongly reflects the light (Figure 3.20A). 

Computerized Tomography (Figure 3.21) also provides a means of observing the abundance of 

pyrite-rich bedding parallel laminations due to their opaqueness to X-Rays.  

 

 

Figure 3.21-Computerized Tomography Scan (CT-Scan) of a plug from the lower Eagle Ford 
showing the abundance of pyrite-rich bedding parallel laminations in the matrix. Pyrite displays 
bright in the images due to their opaqueness to X-Rays. 
 

The types of clays in the lower Eagle Ford are similar to those at the upper Eagle Ford 

(Figure 3.22). Illite books (Figures 3.22A and 3.22C) dominate the matrix, although similarly to 

the upper section, kaolinites replace the inner body of most foraminifera (Figure 3.22B). Some 

fossils, though, are partially filled with recrystallized calcites (Figures 3.22E and 3.22F) which, 

however, occupy only a small portion of the open matrix. 

The Bakken and Vaca Muerta Formations are the two shales used for comparative 

purposes, to show the existing variability between mudrocks. Petrographic information of the 

Bakken Formation is summarized in Figure 3.23. This sample has been plugged from the middle 

Bakken, which is strictly a silt-rich dolomitic carbonate, and therefore cannot be rigorously 

considered a mudstone. However, the middle Bakken was deposited between two mudstone 

sequences and belongs to the same depositional setting. The middle Bakken is a quite 

homogeneous formation if compared to the Eagle Ford (Figure 3.23A). Its fabric is primarily 

composed of homogeneous-size mixed dolomite, calcite and quartz grains interbedded by clay

B A C 



43 
 

 

Figure 3.22-Textural properties of the lower Eagle Ford. A, Quartz grain embedded within the illite-dominated matrix; B, foraminifera 
bodies with recrystallized kaolinite and calcite cements; C, detail of the flaky texture created by the extremely high abundance of illite 
books; D, QEMSCAN image showing the abundance of quartz and clays in the matrix; E, equivalent SEM image to (E); F, 
QEMSCAN image where only carbonate minerals are shown.  
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layers containing a large amount of hydrocarbons (Figures 3.23A and 3.23B). The matrix, 

although dominated by dolomite, contains interparticle spaces that are filled with clay minerals, 

especially illite (Figure 3.23C). Associated with the illite is also organic matter, which is 

dominated by bitumen and oil that have migrated from the Upper and Lower Bakken shales into 

the Middle Bakken, and is, at the present day, filling the pore spaces.  

Similarly, petrographic information of the lower Vaca Muerta Formation is summarized 

in Figure 3.24. The Vaca Muerta Formation is a good analog to the lower Eagle Ford Formation, 

due to its similar log character (Figures 3.3 and 3.7), a mineralogy indicating a carbonate-rich, 

low-clay mudrock, and similar organic contents. The lower Eagle Ford usually contains a 

slightly higher amount of quartz than the Vaca Muerta, and less carbonate content. The Vaca 

Muerta usually consists of micritic (recrystallized) mudstone, micritic marl or limestone, and it 

contains calcareous concretions throughout its thickness. In term of its textural characteristics, it 

could be considered an analogous to a transition facies between the lower and the upper Eagle 

Ford, with its mineralogy being closer to that of the lower section.   

3.3    Organic Matter Content and Distribution 

Kerogen is the most abundant form of organic carbon on Earth, about 1000 times more 

abundant than coal (Whelan and Thompson-Rizer 2013), and the foremost initial material for oil 

and gas generation as organic matter is subjected to increased heat flow during burial. 

Historically, kerogen has been represented as high-molecular-weight material formed as a result 

of the enzymatic depolymerization-recondensation pathway generating oligo- and monomers, by 

the breakdown of polymeric biological precursor molecules after deposition (De Leeuw et al. 

2013; Whelan and Thompson-Rizer 2013). Most oligo- and monomers mineralize during 

diagenesis, but part of the organic matter condenses in other low-molecular weight substances, 

such as lipids. During this process, these substances are transformed (in non-polar organic 

solvents and in non-oxidizing mineral acids such as HCI and HF; Whelan and Thompson-Rizer 

2013) into increasingly insoluble  and resistant kerogens, which in turn expel bitumen and oil 

and gas when exposed to increasing temperatures and pressures.   

Recent evidence has shown, however, that kerogen formation has extensive input from 

biological macromolecules that have undergone varying degrees of alteration during the entire 

burial process. One of the current hypotheses is based on the principle of selective preservation,
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Figure 3.23-Textural characteristics of the middle Bakken Formation from petrographic thin section analysis. A, low magnification 
image; B, mixture of dolomite and quartz minerals on top, and of clay and organic matter at the lower part; C, Scanning Electron 
Microscope image of an argon-milled sample, showing mineral distribution at the microscopic scale; D, QEMSCAN analysis of a 
SEM image; E, SEM image showing the distribution of clays in isolated laminae; F, SEM analysis of a broken-surface fresh sample 
showing mineralogy distribution. 
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Figure 3.24-Textural characteristics of the lower Vaca Muerta Formation from petrographic thin section analysis. A, Low 
magnification thin section of the quartz-rich and bitumen-rich Vaca Muerta Formation; B, higher magnification showing the matrix 
rich in quartz, clay and bitumen. In the center of the image, a fish scale replaced by apatite; C, SEM image displaying the textural 
arrangement of various grains and the matrix; D, QEMSCAN microanalysis of the matrix, showing the abundance of quartz in the 
matrix; E, SEM image equivalent to (D); F, detail of an illite mineral embedded in a quartz an clay-rich matrix with abundance of 
coccoliths and framboidal pyrites. 
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a concept borrowed from coal geochemistry, which assumes that specific organic 

macromolecular substances are selectively preserved during the processes of sedimentation and 

during diagenesis. During this process, molecules highly resistant to biological and chemical 

degradation (e.g. hydrolysis or oxidation) are selectively preserved in the geological record and, 

even if they are a small fraction of the originally deposited organic matter, they become 

proportionally important in the final kerogen product (Whelan and Thompson-Rizer 2013). It is 

important to realize when considering relative proportions that the volume occupied by organic 

matter is much larger than that indicated by weight percent measurements (Passey et al. 2010), 

due to its low grain density compared to that of other common minerals (1.1-1.4 g/cc versus 2.6-

2.8 g/cc). 

3.3.1    Oil Generation and Expulsion from Kerogen and Clay 

The process of kerogen maturation and bitumen/oil generation and migration within the 

mudrock matrix is roughly understood, thanks to the contribution of controlled dry and hydrous 

pyrolysis experiments (Doligez 1987; Lewan and Roy 2011; Lewan et al. 2014). This volume-

increase process generating large internal pressures is commonly known as kerogen catagenesis 

(Dow 2011; Loucks and Reed 2014).  

Increased temperature during burial degrades the amorphous kerogen (Figure 3.25B) 

present in the matrix, generating bitumen, which starts migrating, impregnating the clay, 

carbonate or quartz-rich planar beddings (Figure 3.25A) that constitute the rock fabric, and 

forming a continuous organic matter network. As temperature increases further, oil is expelled 

from the bitumen, impregnating any type of porosity available, including interparticle and 

intraparticle mineral porosity, and primary organic matter porosity originated by bitumen 

migration from kerogen. When the pressure exceeds geostatic, the rock fabric develops 

microfractures and bitumen is expelled, the source rock returning later to initial values when 

stress is reduced.  

This process is repeated many times as the source rock passes through additional maturity 

windows (Dow 2011). As temperature gradually increases, some of the bitumen and the oil 

impregnating the porosity (Figure 3.25D) is transformed into pyrobitumen (Doligez 1987), and 

this process generates oil and gas, that then migrates, leaving secondary organic matter porosity 

behind (bubble-like and isolated organic matter pores such as those shown in Figure 3.25C). The 
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distribution of depositional organic matter, therefore, is very different from that of migrated 

organic matter (Loucks and Reed 2014), which will initiate as bitumen or oil, eventually 

evolving into solid, in contrast to depositional organic matter, that will initiate as solid but will 

evolve into liquid. 

 

Figure 3.25-A, bitumen generated and migrated during kerogen transformation; Immature Upper 
Eagle Ford, outcrop rock from Del Rio, TX; B, depositional pyrobitumen that has not yet 
expelled oil; Upper Eagle Ford, oil window; C, pyrobitumen that has expelled oil and gas, with 
its characteristic bubble-like porosity; Upper Eagle Ford, condensate window; D, migrated 
organic pyrobitumen; Upper Eagle Ford, oil window. Note that the bitumen has occupied the 
interparticle pore space between angular grains, indicating that the organic matter migrated from 
other location in the rock and later precipitated. Small bubble porosity indicates that the 
pyrobitumen has been exposed to some degree of thermal stress after it was precipitated.  

 

In this process, access to water has an important role. Water dissolved in the bitumen acts 
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of immiscible oil (Lewan and Roy 2011). In addition, water is a critical component for the 

generation of oil in large scale, since its presence dissolved within the bitumen promotes net-

volume increase reactions such as thermal cracking, which results in oil generation, over net-

volume decrease reactions like cross linking, which results in pyrobitumen (Lewan and Roy 

2011).  

A possible source of water dissolving in bitumen is the clay bound water. Initially, the 

sediments are water-wet. When burial is increased with time, the matrix is converted to a 

bitumen-wet system (Lewan, Dolan and Curtis 2014), which will prevent aqueous-ion mobility 

and dissolution-precipitation reactions. Evidence of bitumen impregnation is shown in the inner 

parts of foraminifera in the Eagle Ford Formation, where diagenetic processes have allowed the 

precipitation of calcite and silica cements when pore spaces were open, but those processes seem 

to have stopped after bitumen impregnation of the remaining pore space. Lewan, Dolan and 

Curtis (2014) proposed that bitumen not only impregnates the pore spaces in the matrix, but that 

it also enters clay interlayers (initially illite, later smectite), partially attracting clay bound water. 

Although the mechanism is poorly understood, Lewan et al. (2014) claimed that interlayered 

bitumen undergoes cross linking to form pyrobitumen instead of thermal cracking to form oil, 

improving the oil-expulsion efficiency of the matrix. Previous experiments with synthetic 

mixtures of kerogens and minerals have also shown that up to 85% of the S2 are retained in the 

clay matrix (Peters 1986), especially when expanding three-layer clays are present (with 

decreased adsorption in the following order: illite, montmorillonite, kaolinite), which may also 

act as catalysts in converting some compounds to lower molecular weight. 

3.3.2    Assessing Kerogen Amount, Types and Maturity  

During deposition of the Eagle Ford, the south Texas shelf was covered by a shallow sea 

that produced large amounts of microfossils. There is evidence that during this part of the 

Cretaceous, many organic-rich source rocks have been produced worldwide (Driskill 2013), and 

that their depositional environment is linked to a global Oceanic Anoxic Event (OAE2). The lack 

of oxygen is related to a restriction in the growth of bacteria that feeds on organic matter, leading 

the preservation of large amounts of hydrocarbon-generating organic matter in the Eagle Ford.  

Mushroom- and broccoli-head-shaped algal fragments have been observed in the Eagle 

Ford Formation (Schwab 2013) and are interpreted as being developed from specialized cells 
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located along cellular, threadlike algal filaments. These cellular structures are found as fragments 

which have been shattered and separated from a main algal body, and they generally are in 

association with zoospores, foraminifers and other algal constituents, serving as their food 

source. Their presence supports the idea that the Eagle Ford was deposited in a relatively shallow 

water setting. The large amount of organic matter accumulated in the formation can also be 

directly attributed to the in situ abnormally high algal-amorphous and aquatic herbaceous content 

of these shallow waters (Schwab 2013) together with poor water circulation, low oxygen content 

or high acid contents. 

There are a variety of methods to assess the types of organic matter present in the rock, 

their maturity, spatial distribution and relationships with the mineral matrix. When combined, 

elemental analysis, Rock-Eval pyrolysis, Total Organic Carbon (TOC) and organic petrography 

become a powerful compound of tools for describing the richness, type, and thermal maturity of 

organic matter (Peters and Cassa 1994).  

The first analyses to be completed are the TOC and kerogen thermal maturity 

measurements, for which the Rock-Eval (pyrolysis) method is used. Pyrolysis consists of the 

heating of organic matter in the absence of oxygen, to yield organic complexes (Peters 1986). 

The procedure measures the temperature at which maximum pyrolyzable organic matter evolves 

(Tmax) to quantify the thermal maturation and residual oil-generating potential of the organic 

matter (Whelan and Thompson-Rizer 2013) by determining its elemental hydrogen, carbon, and 

oxygen composition. This method, borrowed from coal maturity assessment, is one of the earliest 

and yet most accurate approaches to characterize the kerogen present in the rock. Based on the 

data collected by pyrolysis from the samples available (Table 3.5), three peaks are defined 

(Ozkan 2013): a S1 peak, which measures the amount of liquid (or volatile) hydrocarbons 

distilled; a S2 peak, or the amount of convertible kerogen (the remaining hydrocarbon generative 

potential); a S3 peak, indicating the amount of released inorganic CO2. In addition, to quantify 

productivity, the following measurements are used: Production Index (PI); Hydrogen Index (HI), 

which is the kerogen conversion potential; and Oxygen Index (OI), which reveals the amount of 

CO2 in the rock. To extend the use of the traditional (bulk) Rock-Eval technique to assess 

unconventional fossil resource prospects, the amount and nature of free hydrocarbons should be 

given extra importance. Usually, the normal pyrolysis method is biased towards the S2 peak, but 

more emphasis should be given to the S1 peak. A specific “Shale play” method to quantify the 
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source rock potential of self-sourced mudrocks is been recently available (Lamoureux-Vara et al. 

2014; Romero-Sarmiento et al. 2015), but its relevance is yet to be demonstrated. A close look to 

the S1 peak from the well-proven bulk method will give an initial estimation of the production 

potential from the perspective of a self-sourced reservoir.   

 

Table 3.5-Total Organic Carbon (TOC); programmed pyrolysis data for the available samples. 
TOC - Total Organic Carbon, Wt.%; S1 -  volatile hydrocarbon content, mg HC/g rock; S2 - 
remaining hydrocarbon generative potential, mg HC/g rock; S3 - carbon dioxide content, mg 
CO2/g rock; HI - Hydrogen index = S2 x 100 / TOC, mg HC/g TOC; OI - Oxygen Index = S3 x 
100 / TOC, mg CO2/g TOC; PI - Production Index = S1 / (S1+S2).                                                                                       

 

 

Oxygen-to-carbon (OI) and Hydrogen to-carbon (HI) ratios are used to classify organic 

matter from oil-prone algal and herbaceous to gas-prone woody/coaly material (Passey et al. 

2010). By plotting the H/C and O/C atomic ratios on a Van Krevelen diagram (Figure 3.26) and 

plotting the H/C ratio vs. Tmax on an Espitalie and Durand diagram (Figure 3.27) , it is easy to 

determine the kerogen type and maturation (the so-called kerogen typing). Kerogens showing the 

highest H/C ratio in the Van Krevelen diagram are classified as type I and the lowest as type III, 

with type II being intermediate. The kerogen types I, II, and III as defined by Tissot et al. (1974) 

follow the same H/C versus 0/C lines as the coal macerals alginite, exinite, and vitrinite, 

respectively (Whelan and Thompson-Rizer 2013). During thermal maturation, kerogens lose 

hydrogen and oxygen, generally progressing along the solid lines in the direction of the arrows 

toward zero.    

Formation TOC S1 S2 S3 Tmax (°C) HI OI S2/S3 S1/TOC*100 PI
#GZ-5 3.18 0.39 8.36 0.71 449 263 22 12 12 0.04

#GZ-6 4.24 0.39 10.74 0.34 450 253 8 32 9 0.04

#GZ-7 4.48 0.26 10.45 0.17 450 233 4 61 6 0.02

#GZ-8 4.33 0.27 10.03 0.68 450 232 16 15 6 0.03

#LS-1 4.34 0.82 5.15 0.79 458 119 18 7 19 0.14

#LS-2 5.10 0.58 6.21 0.58 458 122 11 11 11 0.09

#LS-3 5.91 0.62 7.01 0.69 455 119 12 10 10 0.08

#LS-4 3.77 0.31 4.68 0.11 456 124 3 43 8 0.06

#LS-5 2.94 0.28 3.38 0.78 458 115 27 4 10 0.08

#GZ-9 2.55 1.57 7.25 0.29 450 284 11 25 62 0.18

#GZ-10 2.62 1.50 7.49 0.30 450 286 11 25 57 0.17

#OU-1 2.02 1.74 11.52 0.24 432 570 12 48 86 0.13

#OU-2 2.89 0.89 14.76 0.58 425 511 20 25 31 0.06

#OU-3 2.14 0.82 9.48 0.46 424 443 21 21 38 0.08

V - 1 Vaca Muerta 7.79 4.65 34.05 0.32 444 437 4 106 60 0.12

BK1 Bakken 0.45 1.50 1.07 0.44 428 236 97 2 331 0.58

Upper Eagle Ford 

Well#1

Upper Eagle Ford 

Well#2

Lower Eagle Ford 

Well#1

Upper Eagle Ford 

Outcrop
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Figure 3.26-Van Krevelen diagram in which the H/C and O/C atomic ratios are plotted, to be 
used for kerogen typing.  
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Figure 3.27-Espitalie and Durand diagram, in which the H/C atomic ratio versus Tmax is plotted. 
This illustration is used to explain the type of kerogen available and its maturation stage. 
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Data plotted in the Van Krevelen and Espitalie and Durand diagrams show the variability 

between samples analyzed in this research. There are samples from all ranges of maturity but 

most of them fall in the oil-prone, marine source rock category. The upper Eagle Ford is a 

marine, oil-prone type II source rock that is in the middle oil window in Gonzales County, but is 

located in the condensate-wet gas window in La Salle County. Samples from outcrop rock from 

Del Rio County in Texas show that the rock is immature in the southwest.  

The organic matter found in the Vaca Muerta Formation is primarily amorphous, 

although algal or herbaceous organic matter has also been reported in the literature (Urien and 

Zambrano 1994). Kerogen is of type II  with TOC (% Wt.) about 7.8%. Values reported in the 

literature range from 1% to 8% (Legarreta and Villar 2011), conforming a world-class source 

rock with superb production potential. Based on Rock-Eval pyrolysis data run on the preserved 

core available, the hydrogen index is to 437 mg HC/g TOC (Table 3.5). The sample from the 

Vaca Muerta Formation is similar to that of the upper Eagle Ford from Gonzales County. 

The Bakken Formation is characterized by enhanced maturation due to elevated heat 

flows (Lefever et al 1991) that resulted in Type II oil windows, occurring at depths much 

shallower than normal. Oil presence is also occurring at long distances from source rock 

thresholds (generation and expulsion at vitrinite reflectances of 0.7% and 0.9%, respectively; 

Lefever et al. 1991), indicating long migration paths through the natural fracture system.  

The upper and lower members are organic-rich black shales that are the source of much 

of the oil found in the basin (Schmoker and Hester 1983), including the oil migrated to the 

middle Bakken. Organic matter in the Bakken Formation is predominantly amorphous-sapropelic 

(originated by algal or phytoplankton, demonstrated by high hydrocarbon-generating capacity of 

the matrix in pyrolysis experiments), symptomatic of an offshore depositional environment. 

Contrary to the Eagle Ford, where it is distributed in laminations, organic matter in the Bakken is 

dispersed uniformly throughout the matrix. The upper shale is richer in organic content than that 

of the lower shale (Lefever et al. 1991), its TOC (% Wt.) content averaging 12% and 11%, 

respectively (Schmoker and Hester 1983). Numerous fossils indicating the existence of a 

stratified water column have been found in the formation, including nektonic (fish, cephalopods, 

ostracods), planktonic (algal spores), and epiplanktonic (inarticulate brachiopods) fauna 

(Webster 1984). The existing Bakken sample is immature, having an extremely high oxygen 

index, low TOC, high S1 and extremely low S2, indicating large quantities of volatiles present 
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but almost inexistent remaining hydrocarbon generative potential. The reason is that it does not 

belong to the Upper or Lower mudrock members but it is a middle Bakken sample. 

3.3.3    Evaluating Organic Matter Distribution   

An assessment of the source rock potential would not be complete without a thorough 

petrographic analysis, which would reveal the qualitative amount of organic matter in the matrix 

and its distribution. At the micro and nanoscale, organic matter can be identified in backscattered 

electron FE-SEM images by its high contrast, due to its relatively low mean atomic number 

compared with other minerals (Wawak, Diaz and Camp 2013), but distinguishing the various 

types of organic matter is much more complicated with this technique. Nevertheless, it is 

possible to discriminate between depositional and migrated organic matter by observing the 

geometrical relationships between the organic patches and the mineral grains in FE-SEM images.  

Higher TOC content for the lower Eagle Ford is typically reported in the literature 

(Driskill et al. 2013). However, pyrolysis data for Gonzales and La Salle Counties shown in 

Table 3.5, however, indicate the contrary. Variations between the upper and lower units are also 

detected in terms of the spatial distribution of organic matter. Yet, both units have the organic 

material concentrated in discrete patches rather than dispersed in the clay matrix (Figure 3.28). 

Organic matter distribution for the upper Eagle Ford is shown in Figures 3.28A and 3.28B, and 

for the lower Eagle Ford in Figures 3.28C and 3.28D.  

Organic matter laminations in thin sections of the marl facies in the upper unit are 

relatively continuous (Figure 3.28A), while they are sparser in the lower unit (Figure 3.28C). In 

the limestone units embedded within upper Eagle Ford marls, (Figure 3.28B), organic matter is 

distributed surrounding the mineral grains (such as the euhedral-subhedral mineral coating 

mentioned by Fishman et al. 2014), within fractures and occupying the interparticle pore spaces. 

There is also evidence of the distinct presence of migrated bitumen and depositional organic 

matter, the latter having remained within the walls of various depositional biogenic structures. 

Organic matter coating the spaces left between authigenic minerals (and thus lithologically 

controlled) is assumed to be bitumen, as identified from Rock-Eval analyses. This has been 

described as oil-wet migrabitumen (Fishman et al. 2014) and is defined geochemically as the 

extractable S2 shoulder peak from pyrolysis experiments, which was formed during early 

bitumen generation. Bioturbation is present in both units (see Figures 3.28A and 3.28D), 
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although more frequently in the upper unit, in accordance with the observations made by Driskill 

et al. (2013). The lower Eagle Ford contains a large number of foraminifera (Figure 3.28D), 

whose inner bodies are occupied with three types of filling. First, kaolinite books occupy the 

largest bodies, with the pore space between clay books filled with migrated bitumen or 

pyrobitumen. Second, smaller chambers are commonly filled by bitumen or pyrobitumen alone. 

Third, some chambers are partially filled with the diagenetic cements illustrated in Figure 3.16. 

In addition, the lower unit contains a large amount of organic matter outside of the fossil 

chambers, that is distributed within the matrix in patches, laminations and in dispersed form 

(Figure 3.28D). 

 

Figure 3.28-Organic matter distribution in the Upper (A and B) and Lower (C and D) Eagle Ford 
Units. A, Marl unit; B, limestone unit; C, organic patches dispersed in the lower Eagle Ford; D, 
lower Eagle Ford thin section showing multiple types of organic matter accumulation in and out 
of fossil bodies. 
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A closer look to the organic matter distribution in the matrix is shown in Figures 3.29 and 

3.30 for the upper and Eagle Ford, respectively. FE-SEM analysis confirmed that there is a large 

degree of complexity in the relationship between organic matter at various stages of maturation 

and the mineral matrix.  

The upper Eagle Ford contains long laminations of organic matter (Figure 3.29A) that 

seem to be the result of bitumen migration from its kerogen source. These laminations are made 

of pyrobitumen and bitumen, although an exact identification is beyond the capability of FE-

SEM. The matrix is formed by large calcite grains and the spaces between those are occupied by 

a mix of clays, quartz and some other minor minerals. Organic matter is occupying the 

depositional pore spaces that were available when the sediment was deposited (Figures 3.29B 

and 3.29D), therefore is considered allochtonous. It is important to note that organic matter 

maturation and mineral diagenesis are paragenetic, thus some of the minerals (e.g. quartz, calcite, 

pyrite) would have formed before bitumen migration. Solid organic matter (possibly 

pyrobitumen) is found not only in small laminations but sometimes in large accumulations 

(Figure 3.29C). In some cases, migrated bitumen is still in a viscous phase (Figure 3.29E). 

The lower Eagle Ford contains more dispersed organic matter, possibly related to an 

increase in the depositional rate of clays and quartz and not necessarily to a decrease in organic 

productivity. As in the upper unit, organic matter is present in the form of laminations (Figure 

3.30D), within the pore space in the inner spaces of fossil bodies (Figure 3.30A), accumulated in 

what seems to be pellets (Figure 3.30B) or in patches (Figure 3.30C). Although it is difficult to 

distinguish between various organic matter grains in different maturation stages (kerogen, 

bitumen and pyrobitumen), it is possible to distinguish between solid pyrobitumen (Figure 

3.30E) and viscous or liquid organic matter (Figure 3.30B). 

Organic matter from samples for the Bakken and Vaca Muerta formations are analyzed 

for comparative purposes. Organic matter in the Bakken Formation is accumulated in the form of 

bitumen impregnations that occupy high porosity laminations (Figure 3.31A) or at the 

interparticle pore spaces between the dolomite, quartz and plagioclase grains that conform most 

of the matrix. There is no kerogen present in the middle Bakken since this rock is not a self-

sourced reservoir. However, organic matter is associated to the clays (Figures 3.31B and 3.31C) 

similarly to clay-rich source rocks such as the lower Eagle Ford Formation. The textural 

characteristics of the organic matter in the Bakken are shown in Figure 3.31D.   
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Figure 3.29-Organic matter distribution patterns in the upper Eagle Ford Formation. A, organic 
matter within long laminations; B, occupying the depositional pore spaces that were available 
when the sediment was deposited; C, organic matter in a large accumulation; D, organic matter 
occupying the depositional pore spaces; and E, migrated bitumen. 
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Figure 3.30-Organic matter distribution examples from the lower Eagle Ford Formation. A, 
organic matter within the pore space in the inner spaces of fossil bodies; B, accumulated in what 
seems to be pellets; C, organic matter within patches; D, organic matter laminations; and E, solid 
pyrobitumen. 
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Figure 3.31-Organic matter distribution in the middle Bakken Formation. A, bitumen 
impregnations that occupy high porosity laminations; B and C, organic matter associated to 
clays; D, detail of an organic matter grain.   
 

In the Vaca Muerta Formation, organic matter distribution is similar to that of the Eagle 

Ford Formation, except for the greater amount present in the Vaca Muerta (Figure 3.32A). 

Organic matter is distributed in laminations that surround the mineral matrix and adapt to grain 

geometry (Figure 3.32B). In addition, it is found in dispersed patches throughout the matrix 

(Figure 3.31C) and occupying older interparticle pore spaces (Figure 3.32C). Like in the Eagle 

Ford, it is arduous to distinguish between the various types of matured organic matter grains, but 
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Figure 3.32-Organic matter distribution in the Vaca Muerta Formation. A, the amount of organic 
matter in the Vaca Muerta Formation is much larger than that of the Eagle Ford, forming a 
world-class source rock; B, organic matter laminations adapting to the geometry of the mineral 
grains; C, hydrocarbon-filled interparticle pores with devolatilization cracks, a sign that the 
organic matter is migrated and filled those pores from its original depositional location; D, 
patches of organic matter are dispersed in the matrix.  
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pyrobitumen. In addition, liquid oil and gas can be impregnating some areas of the pore space. It 

is critical to distinguish between depositional and migrated organic matter since organic pore 

connectivity is dependent on their relative distribution (Loucks and Reed 2014).  

Migrated organic matter will tend to be more amorphous (Whelan and Thompson-Rizer 

2013) and to occupy all the pore spaces that are available at the time of migration, so its 

connectivity will be greater than that of isolated depositional kerogen. The geometry of 

depositional organic matter is dependent on both the original kerogen particle geometry (e.g. 

structured kerogen) and the deformation associated with burial. On the other hand, migrated 

organic bitumen or pyrobitumen will adapt to the geometry of the interparticle or intraparticle 

pore space, being this a useful criteria to distinguish between the two.  

A comprehensive summary of petrographic criteria to distinguish between diagenetic and 

migrated organic matter was compiled by Loucks and Reed (2014). These authors claimed that 

migrated organic matter will meet at least one of the following criteria: (1) organic matter 

occurring after cementation in mineral pores, (2) fossil body-cavity voids filled with organic 

matter, (3) spongy pore texture, (4) abundant contiguous pores filled with organic matter having 

a spongy pore network, (5) cracks related to devolatilization, (6) un-alignment of pores, and (7) 

large bubbles, associated with gas. In the upper Eagle Ford Formation, there are examples of all 

those criteria (Figure 3.33), indicating that several cycles of hydrocarbon generation, expulsion, 

migration and solidification occurred.  

Contrary to common perceptions, an important part of all the organic matter present in 

the rock (as calculated by Rock-Eval pyrolysis) is in solid state (kerogen and pyrobitumen), and 

although from the geochemical perspective the source rock may hold large hydrocarbon 

generation potential, the timing of hydrocarbon production from a wellbore is very limited 

compared to the time scale of maturation in nature. Therefore, only the liquid oil or soluble 

bitumen present in the self-sourced reservoir should be taken into account when considering the 

recovery factor of a reservoir with a specific Total Organic Carbon. This value, as well as the S2 

and S3 peaks in pyrolysis, may not represent the producible oil in the Eagle Ford Formation, as 

shown by petrographic studies. This might also be applicable to other self-sourced reservoirs 

such as the Vaca Muerta Formation.   
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Figure 3.33-Examples of petrographic criteria to identify migrated organic matter in the upper 
Eagle Ford Formation. A, organic matter deposited after diagenetic cements inside foraminifera 
bodies; B, fossil body-cavity void filled with organic matter; C, spongy pore texture; D, 
abundant, unaligned contiguous pores with spongy texture; E, devolatilization cracks; F, large 
multiphase (gas/oil) expulsion bubble-like pore.  

Fossil body-cavity void filled with OMOrganic matter deposited 
after diagenetic cements

Spongy pore texture

Abundant, unaligned contiguous 
pores with spongy texture

Devolatilization cracks
Large gas /oil expulsion bubble-like pore

B 
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3.5    Porosity, Pore Size Distribution and Geometry 

The most basic property of reservoir rocks is porosity (Tiab et al. 2011), which, together 

with permeability, is strongly influenced by the rock texture and fabric. Small changes in 

porosity imply proportionally great changes in permeability. This is especially important in 

mudrocks, which are composed of fine grains with relatively high interparticle porosity, but 

containing low permeability.  

In pure carbonates, the microstructures created or modified by diagenesis are the most 

important factors influencing porosity. This is in direct contrast to detrital rocks, where grain 

shape, sorting and packing are more important than texture (Ahr 2011). On the other hand, 

because of their organic content, porosity development in mudrocks depends on the processes 

happening during diagenesis (for the inorganic matrix) but also during catagenesis, which is, in 

other words, the “diagenesis” of organic material (Flugel and Munnecke 2010).   

Reservoir flow properties are controlled by (1) the pore volume, which controls the 

amount of fluids that the rock can contain, and (2) the mean size of the pore throats (smaller 

spaces or constrictions of minimal cross-section area connecting larger pores) and their 

connections, which control the permeability (Flugel and Munnecke 2010). Pore throats in 

mudrocks are so small that a thorough understanding of the molecular size of the fluids that 

move through the matrix is necessary to study the parameters that dominate transport (Ozkan 

2013). In addition to the molecular size, surface forces between those molecules and the pore 

walls is critical.To begin with the study of porosity in the existing samples, absolute porosity was 

determined in the laboratory via measuring the grain and bulk densities of crashed samples. Only 

three depth intervals from the upper Eagle Ford were used with this method, since this interval 

has been chosen for further core testing. For the entirety of the sample dataset, QEMSCAN, 

petrographic thin section and FE-SEM analysis were used. Unfortunately, the maximum 

resolution of the QEMSCAN microanalysis (1µm) does not allow studying the nanoscale 

porosity of mudrocks with accuracy; therefore this method was disregarded after a few trials. 

Likewise, due to the extremely low scale of the pore system, petrographic thin section is 

impractical for determining porosity patterns. Furthermore, the interpretation of SEM pictures of 

broken samples is extremely challenging. Only high-resolution, FE-SEM analysis of Ar-ion 

milled surfaces of mudrock was considered practical for studying porosity. In this study,
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SE1 was used to distinguish the topographic information used in the mineralogy section, but in 

order to study porosity and organic matter, SE2 images should be used, because they are 

influenced by compositional differences (Huang, Cavanaugh and Nur 2013). However, care 

should be taken to avoid the misinterpretation of the artifacts generated in the milling process as 

pores. Nevertheless, artifacts associated with the preparation of SEM samples can be easily 

distinguished from real porosity. One of the most important artifacts (because it can be confused 

with porosity) is the abundance of shrinkage cracks, which are developed during argon-milling in 

SEM samples, due to desiccation of clay-rich areas (Loucks et al. 2012).   

3.5.1    Laboratory Determination of Absolute Porosity   

The total or absolute porosity is the pore volume divided by the bulk volume, and the 

void ratio is the pore volume divided by the solid volume. Absolute porosity is calculated as 

follows: 

       1 bulk

s

              [3.1] 

where bulk  is the bulk density of the shale and s   is the density of the solid grains. 

A complete description of the methodology used during these laboratory tests to measure 

the bulk density of the samples and the density of the solid grains is displayed in Appendix A. 

Nine preserved samples, three from each depth corresponding to sample locations #GZ-5, #GZ-6 

and #GZ-7, were tested. During the Dean-Stark extraction with toluene, prior to bulk density 

measurements, samples from #GZ-5, with the greatest organic matter content (5.7 wt. %) showed 

the least amount of extraction. This might be indicating that the organic matter is blocking the 

flow of hydrocarbons, which would add uncertainty to the calculation of porosity. Table 3.6 

shows the results of Dean Stark extraction and bulk density measurements. 

In order to measure porosity, the density of the solid grains from crushed samples must 

also be calculated. Two methods were used, the first being the pycnometer method, and the 

second, by using XRD weight percentages. For the pycnometer method, an appropriate size 

pycnometer, whose volume is known, is dried and weighed, and then the volume and mass of a 

portion of the sand grains are determined using the pycnometer. This method covers the 
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determination of the specific gravity of soil solids that pass the 4.75-mm (No. 4) sieve, by means 

of a water pycnometer, and is designed for soils, thus some modification was needed for the 

Eagle Ford shale samples. The 150-µm sieve (No. 100) was used due to the predominance of 

small particles in shale crashed samples. The specific gravity of solids is used to calculate the 

grain density, by multiplying its specific gravity by the density of water (at the proper 

temperature). The procedure and calibration for specific gravity measurements with the 

pycnometer is described with proper detail in Appendix A.  

 

Table 3.6-Results of Dean Stark extraction and mercury bulk density measurements for Upper 
Eagle Ford samples. Bulk density ranges between 2.54 and 2.76 g/cc. 

       
Grain density can also be calculated using the X-Ray Diffraction (XRD) measurements of 

crashed samples. Once the weight mineral percentage is known for each sample, it is 

straightforward to calculate the grain density. Results of density measurements by the 

pycnometer are shown in Table 3.7 and the results of density measurements by both the XRD 

and pycnometer methods, and the calculated absolute porosity are displayed in Table 3.8. The 

density difference in weight percent does not exceed 1.8%, and porosity variations do not exceed 

6.5%, hence both methods are reliable. Illite and organic content seem to have a large weight on 

the average grain density, due to their large and small intrinsic density, and thus have a strong 

influence on porosity measurements by the XRD method.  Porosity ranges between 3.6 wt. % 

and 6.7 wt. % in the upper Eagle Ford. 

 

Sample # 
Preserved 

Sample wt (g)

Sample wt after Fluid 
Extraction With Toluene 

(g)

Sample wt (g) after Fluid 
Extraction with Toluene 

and Drying (24h)
In-situ Fluid wt (g)

In-situ Fluid 
wt (%)

#GZ-5 62.674 62.640 62.422 0.252 0.40
#GZ-6 76.967 77.057 76.605 0.362 0.47
#GZ-7 59.710 59.713 59.584 0.126 0.21

Sample # 
Sample wt (g) after Fluid 
Extraction with Toluene 

and Drying (24h)
Mercury Bulk Volume (cc) Bulk Density (g/cc)

#GZ-5 5.799 2.10 2.76
#GZ-6 17.614 6.93 2.54
#GZ-7 18.907 7.39 2.56

Dean Stark Extraction

Bulk Density after Dean Stark Extraction
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Table 3.7-Results of density measurements by using the pycnometer methodology. 
 

 

Sample #
Flask # 2 3 5 1 4 6 7 8

 Mass of the dry pycnometer (g) 
Measurement #1

Mp1 22.334 22.425 23.288 22.414 22.172 22.063 22.563 21.927

 Mass of the dry pycnometer  (g) 
Measurement #2

Mp2 22.334 22.425 23.288 22.414 22.172 22.063 22.563 21.927

 Mass of the dry pycnometer  (g) 
Measurement #3

Mp3 22.334 22.425 23.288 22.414 22.172 22.063 22.563 21.927

 Mass of the dry pycnometer  (g) 
Measurement #4

Mp4 22.334 22.425 23.288 22.414 22.172 22.063 22.563 21.927

 Mass of the dry pycnometer  (g) 
Measurement #5

Mp5 22.334 22.425 23.288 22.414 22.172 22.063 22.563 21.927

Average mass of the dry 
pycnometer at calibration (g)

Mp 22.334 22.425 23.288 22.414 22.172 22.063 22.563 21.927

Calculated Mass of the 
pycnometer and water at the 
calibration temperature (g)

Mpw,c 47.245 47.345 48.218 47.328 47.100 46.984 47.531 46.916

Measured Mass of the 
pycnometer and water at the 
calibration temperature (g)

47.262 47.362 48.235 47.345 47.117 47.001 47.548 46.933

Calibration Temperature (C) Tc

Testing Temperature (C) Tt 23.28 23.28 23.28 23.28 23.28 23.28 23.28 23.28

Mass density of water at the 
calibration temperature (g/mL); 

(Table 2, ASTM)
ρw,c

Mass density of water at the test 
temperature (g/mL); (Table 2, 

ASTM)
ρw,c

Calibrated volume of each 
pycnometer (cc)

Vp 24.974 24.983 24.993 24.977 24.991 24.984 25.032 25.053

Mass of the pycnometer and 
water at the test temperature (g)

Mpw,t 47.245 47.345 48.218 47.328 47.100 46.984 47.531 46.916

Mass of the pycnometer + dry 
crushed sample

28.635 27.742 29.307 28.371 27.471 27.076 30.388 27.582

Mass of the dry crushed sample 
alone

Ms 6.301 5.317 6.019 5.957 5.299 5.013 7.825 5.655

Mass of pycnometer, DI 
degassed water, and solids at the 

test temperature
Mpws,t 51.067 50.728 52.022 51.097 50.470 50.149 52.431 50.489

Flask # 2 3 5 1 4 6 7 8

Specific gravity of solids Gt 2.541 2.748 2.717 2.722 2.747 2.712 2.675 2.715

Temperature coefficient (Table 2, 
ASTM)

K

Specific gravity of solids at 20°C G20 2.541 2.748 2.717 2.722 2.747 2.712 2.675 2.715

Grain density of the shale samples 
(g/cc)

ρs 2.537 2.743 2.712 2.717 2.742 2.707 2.670 2.710

Average grain density (g/cc) ρs

Measurements

Results

1

2.664 2.722 2.690

Grain Density Calculation by Pycnometer Specific Gravity Measurement

Pycnometer 
Volume  

Calibration

#GZ-5 #GZ-6 #GZ-7

20.30

0.99814

0.99747
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Table 3.8-Results for the density measurements by both the XRD and pycnometer methods, and 
for absolute porosity. The density difference in weight percent does not exceed 1.8%, and 
porosity variations do not exceed 6.5%, hence both methods are reliable. Porosity ranges 
between 3.6 wt. % and 6.7 wt. % in the Upper Eagle Ford. 
 

 

3.5.2    Used Porosity Classification     

Porosity is typically classified in two different ways. The first classification, which 

distinguishes three types, is based on whether or not it conforms to rock fabric (Choquette and 

Pray 1970; Ahr 2011): fabric selective porosity (interparticle, intraparticle, intercrystal, moldic, 

fenestral, shelter and growth-framework), non-fabric selective (fracture, channel, vuggy and 

cavern) and non-fabric related (breccia, boring, burrow and shrinkage). This classification is 

summarized in Table 3.9 for carbonate rocks.  

A second classification is of genetic nature, distinguishing between depositional 

(interparticle, intraparticle, fenestral, shelter and reef), diagenetic (enhanced, including 

dissolution, replacement and recrystallization; and reduced, including compaction, cementation, 

replacement and recrystallization) and fracture fabrics.   

Due to their very fine grain size (less than 62µm), it is difficult to make porosity 

observations in mudstones using conventional optical microscopy (Camp 2014). The high 

magnification capabilities of electron microscopy are better suited to study fine-scale rock 

features such as texture, composition and porosity, down to the nanometer scale. The 

classification of porosity in mudrocks as developed by Loucks et al. (2012) distinguishes 

Sample
Core 

Depth (ft)
Log Measured 

Depth (ft)
Grain Density (g/cc) of 

Fraction < 2µm

Grain Density 
(g/cc) from 
XRD Data

Grain Density (g/cc) 
from Pycnometer 

Measurement
Difference (%)

#GZ-5 9282.5 9290.5 2.709 2.647 2.664 1.719
#GZ-6 9291.5 9299.5 2.694 2.719 2.722 0.297
#GZ-7 9298.5 9306.5 2.708 2.702 2.690 1.216

Sample

Grain 
Density 

(g/cc) from 
XRD Data

Grain Density 
(g/cc) from 
Pycnometer 

Measurement

Bulk Density (g/cc) Porosity XRD
Porosity 

Pycnometer
Difference (%)

#GZ-5 2.647 2.664 2.760 0.043 0.036 4.2
#GZ-6 2.719 2.722 2.540 0.066 0.067 6.5
#GZ-7 2.702 2.690 2.560 0.053 0.048 5.2

Comparison of Methods for Grain Density (g/cc) Measurement by XRD and Pycnometer

Absolute Porosity
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between (1) mineral matrix interparticle pores, (2) mineral matrix intraparticle pores and (3) 

intraparticle organic matter pores. This classification is similar to the pore arrangement defined 

by Curtis et al. (2012), which identifies three categories of pores in mudrocks, crack-like, 

phyllosilicate and organophyllic. According to this classification, the Eagle Ford has a mixture of 

organophyllic and phyllosilicate pores. Organophyllic porosity is usually geometrically round, 

while phyllosilicate porosity is linear and triangular. Phyllosilicate porosity might be prone to 

collapse when hydrocarbons are produced from the pore space (Curtis 2010). In other mudrocks,  

such as the New Albany shale, phyllosilicate framework pores and organic matter (OM) pores 

are also dominating, but other types of pores (e.g. carbonate dissolution pores) are present 

(Schieber 2010). 

 

Table 3.9-Porosity classification in carbonate-rich rocks (After Choquette and Pray,1970). 

 
 

In this work, pores in the upper Eagle Ford Formation were divided into the following 

two large categories: (A) non-organic associated and (B) organic associated. Pertaining to the 

non-organic associated pores, Choquette and Pray (1970) classification for carbonate rocks is 

considered ideal, since the mineralogy of the formation is dominated by carbonates. Hence, the 

Pore Type Description

Interparticle Porosity between particles
Intraparticle Porosity within individual particles or grains
Intercrystal Porosity between crystals
Moldic Porosity formed by selective removal of an individual constituent of the rock
Fenestral Pores larger than grain-supported interstices (interparticle)
Shelter Porosity created by the sheltering effect of large sedimentary particles
Growth framework Porosity created by in-place growth of a carbonate rock framework

Fracture Porosity formed by fracturing
Channel Markedly elongate pores
Vug Pores larger than 1/16 mm in diameter and somewhat equant in shape
Cavern Very large channel or vug

Breccia Interparticle porosity in breccia
Boring Porosity created by boring organism
Burrow Porosity created by organism burrowing
Shrinkage Porosity produced by sediment shrinkage

Fabric selective

Not fabric selective

Fabric selective or not
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following categories are used: (A1) fabric selective, (A2) not fabric selective, (A3) biogenic and 

(A4) thermal (categories are analog to those in Table 3.9). With regard to the organic-matter 

pores, the most convenient classification was given by Driskill et al. (2013), who identified three 

categories of organic matter porosity, including (B1) solid (non-porous), (B2) pendular (bubble 

porosity, connected in 3D volumes) and (B3) spongy (multiple pores of various sizes). This 

classification is displayed in Table 3.10 below.  

 

Table 3.10-Porosity classification in mudrocks. This classification is especially designed to be 
applied in the in the carbonate-rich Upper Eagle Ford, but contains most common pores in 
carbonate and siliciclastic mudrocks at the nano and micron scale [modified from observations in 
Eagle Ford subsurface samples and from the various classifications by Choquette and Pray 1970; 
Schieber 2010; and Loucks et al. (2012)]. 
 

 

3.5.3    Porosity Distribution in the Eagle Ford 

Although absolute porosity measurements such as those shown above are useful to 

compare between various samples, porosity as a single value does not represent the complexity 

of pore structures occurring in the mudrock (Kuila 2013), and it should be complemented with 

pore size distribution measurements and petrographic studies of pore geometry and distribution. 

The porosity of mudrocks is somewhat similar to carbonates and coarser grained siliciclastics, 

but at a smaller scale. They contain smaller but similar types of pores, except that mudrock 

contains organic porosity (Loucks et al. 2012). In carbonates, usually microporosity (>0.75µm) 

Pore Subtype 
Interparticle
Intraparticle
Intercrystal
Moldic
Shelter
Fracture
Channel

A3 Biogenic Burrow
A4 Thermal Shrinkage
B1 Isolated nanopores
B2 Pendular (bubble)
B3 Spongy

B Organic associated

Framework Pore Type

A Non-organic associated 

Fabric-selectiveA1

Non-fabric selective A2
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contribute more to porosity than nanoporosity (<0.75µm). King et al. (2015) claimed that 

porosity distribution in mudrocks follows two distinct patterns: Two thirds of the porosity would 

follow a wide power-law distribution, and are associated with non-organic minerals. The 

remaining one third consists of interparticle organic matter pores with sizes less than 3 nm. In 

addition, they showed that the ratio between pore diameter and pore throat is constant and 

virtually independent of the pore size. 

Because of its high carbonate (calcite) content, porosity of the upper Eagle Ford cannot 

be easily compared with that of other common, more siliceous mudrocks, (Slatt et al. 2012). For 

example, pore geometry in the Eagle Ford is different than that of other mudrocks such as the 

Marcellus or Haynesville, since, in the Eagle Ford, pores are associated with foraminifera 

chambers. Thus, their geometry is more rounded, while in these two other plays pores encompass 

planar geometry (Rine et al. 2013).    

If we assume that point-counting data from SEM images accurately represents the 

reservoir properties, the majority of pore diameters range between 10 nm and 30 nm in the Eagle 

Ford (Rine 2010). From a full range of samples from Southwest Texas, Jennings and Antia 

(2013) found that organic nano-porosity is the most common in marl units, but if other types of 

units (e.g. limestones) are included, the most common types of porosity are interparticle 

(between coccolith fragments) and intraparticle (within coccoliths, fecal pellets, foraminifera 

bodies, plagioclase grains and pyrite framboids). These authors also argue that interparticle pores 

are the most common non-organic pore in the marl units of Eagle Ford. In the limestone units, 

they are also common, but the amount of porosity is dominated by the recrystallization. When 

existing, organic porosity is best developed pore system in the rock, appearing in fecal pellets, 

organic-matter filled interparticle pores between cocolith chambers or pore spaces between 

authigenic clays. 

The following paragraphs show the types and distribution of pores in the Eagle Ford for 

samples from the wells located in Gonzales and La Salle Counties. The porosity of Bakken and 

Vaca Muerta samples is also analyzed for comparative rationale.  

3.5.3.1    Conceptual Model of Mudrock Fabric in the Eagle Ford 

A neutron scattering study in Barnett shale by Ruppert et al. (2013) showed that porosity 

is concentrated in specific components of the matrix, and that organic and inorganic porosity 
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contain different pore size distributions. In the Eagle Ford, porosity is also distributed unevenly 

throughout the matrix. The distribution of organic matter appears to be concentrated in discrete 

patches rather than dispersed in the clay matrix. Clay minerals are in sub-micron contact with 

almost every mineral grain and organic matter patch, and their interparticle space is much 

smaller than that of the organic matter pores (in the range of 10s to 100s of microns), suggesting 

that pore throats are dominated by clays (Buchwalter et al. 2015). 

We have shown in QEMSCAN analysis of samples from the upper and lower Eagle Ford 

(Figure 3.13) that the matrix is dominated by clays in the lower unit and by carbonates in the 

upper unit. Although the proportions are different, both units share two common types of 

textures, the first being composed of a mass of partially cemented carbonate grains (calcite and 

dolomite), and the second is composed by a mixture of quartz, pyrite, clay and feldspar grains, 

mixed with organic matter of various stages of maturity and migration. Each texture will have its 

own properties including porosity. A diagram displaying this conceptual model for the Upper 

Eagle Ford is shown in Figure 3.34. Texture II is colored in transparent green to show the clear 

boundary between the two. In the next few sections, the various types of porosities in accordance 

to the classification shown in Table 3.10 will be explained. 

3.5.3.2    Non-Organic Associated Porosity 

Non-organic associated porosity has the following divisions: (A1) fabric selective, (A2) 

non-fabric selective, (A3) biogenic and (A4) thermal.  

3.5.3.2.1    Fabric Selective 

Most pores lacking association with organic matter in mudrocks belong to this category. 

The two main types are interparticle and intraparticle porosities. Intercrystal pores are a special 

case of interparticle porosity. Moldic and shelter pores can be special cases of either category. 

These special cases are classified separately because they can help pointing diagenetic events 

such as dissolution, compaction or expansion.  Interparticle porosity is the porosity located 

between distinct particles. Due to the dominance of fine grains in mudrocks, the microstructure 

of clays controls major pore attributes such as specific surface area and pore volume. Mercury 

porosimetry measurements conducted by Howard (1991) indicate that pore or throat sizes are the 

same in laminated and amalgamated mudrocks, but that laminated units have significantly
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Figure 3.34-Conceptual model of the fabric in the upper Eagle Ford showing the two main 
textures present, a carbonate texture and another that is a conglomerate of quartz, clays, 
feldspars, pyrite and organic matter of various stages of maturity and migration. 
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higher pore surface areas, associated to a smaller pore size (and thus related to a larger amount of 

clays). Nitrogen adsorption experiments (Kuila 2013) showed that pore structures associated 

with illite and smectite clays belong to three different categories: intra-tactoid pores (with a 

diameter average of 3nm), inter-tactoid (50-100nm average diameter and 25nm pore throat 

diameter) and inter-aggregate pores (microns).  

In samples from the Eagle Ford (Figure 3.35), interparticle porosity is defined by grain 

faces or placed between clay flakes. It is much more common in the upper than in the lower 

Eagle Ford, as also claimed by Driskill (2012). The more frequent types of interparticle pores in 

the upper Eagle Ford are pyrite-quartz boundary pores (Figure 3.35A), calcite grain framework 

pores (Figure 3.35B), calcite and quartz boundary pores (Figure 3.35C), calcite-to-calcite grain 

pores (Figure 3.35D), phyllosilicate pores (Figure 3.35E) and pores situated in the interface 

between organic and non-organic grains (Figure 3.35F).  

Because of its characteristic mineralogy, the Bakken Formation is prone to hosting a 

significant amount of interparticle porosity. Examples are illustrated in Figure 3.36, with 

phyllosilicate porosity and quartz-calcite grain framework porosity being the most common 

types. On the other hand, interparticle pores are almost absent in the Vaca Muerta Formation, 

another indication that this formation is a good analog to the lower Eagle Ford. 

Intraparticle porosity is defined as the porosity within the particles or grains. 

Understanding the paragenesis of carbonate-rich mudrock reservoirs is extremely important, 

because interparticle pore development is more common when carbonates are the main mineral 

component (Chalmers, Bustin and Power 2012).  

In the Eagle Ford, however, this type of porosity is only relevant in organic matter grains, 

which are classified differently; nevertheless some types of intraparticle pores are present (Figure 

3.37), especially those linked to hollow coccoliths (Slatt and Abousleiman 2011), spores and 

those associated with calcite dissolution.  

Other types of intraparticle pores present in the Eagle Ford Formation but less common 

than those mentioned above are shelter and moldic pores (Figure 3.38). The shelter pore in 

Figure 3.38A was made by the aperture of clay platelets. A quartz grain has grown in the 

interlayer space. Moldic pores shown in Figure 3.38 and are the result of the absence of 

calcispheres (Figure 3.38B), plant fragments (Figure 3.38C) and pyrite grains (Figure 3.38D).     
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Figure 3.35-Types of interparticle pores in the Eagle Ford Formation. Interparticle pores are 
more common in the Upper than in the lower Eagle Ford. A, pyrite-quartz boundary pores; B, 
calcite grain framework pores; C, calcite and quartz boundary pores; D, calcite-to-calcite grain 
pores; E, phyllosilicate pores; and F, pores situated in the interface between organic and non-
organic grains. 

3.5.3.2.2    Non-Fabric Selective Porosity 

It is hard to explain production flow rates in mudrocks, because measured matrix 

effective permeabilities in mudrocks are extremely low (in the range of a few to hundreds of nD) 

and, as seen in the previous sections, porosity outside of the organic material is not abundant. 

The flow mechanisms through such low permeability rock are not yet understood, and it is 
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possible that hydrocarbons move through pore throats under the effect of forces different than 

those of conventional reservoirs (Cluff et al. 2007). This is been an object of debate since self-

sourced mudrock reservoirs became economical, but one of the possibilities is that improved 

fluid transfer from organic patches to the stimulated fracture network is possible because of the 

existence of microfractures. Attempts to simulate matrix flow enhancement through 

microfractures by using simple enhanced matrix permeabilities or triple-porosity models 

connecting several fractured systems have failed, typically because of the complexity of the 

fabric and the fracture surfaces (Apaydin 2012). One of the problems in understanding the 

physics of fluid flow is that of oversimplifying the complexity of a rock that contains a number 

of mineral grains, organic matter of numerous sources, chemical compositions and in various 

stages of maturation and a heterogeneous texture that quickly changes laterally and vertically. 

 

Figure 3.36-Types of interparticle pores in the Bakken Formation. Phyllosilicate porosity and 
quartz-calcite grain framework porosity are the most common types in the middle Bakken.  
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Figure 3.37-Types of intraparticle pores in the Eagle Ford Formation. Most common types of 
intraparticle pores are those linked to hollow coccoliths (A), spores (B) and those associated with 
calcite dissolution (C and D). 
 

There are numerous possible non-fabric selective pores in clay-rich mudrocks (Selley and 

Sonnenberg 2014), including microfractures induced by fluid generation, separations along 

bedding surfaces, laminations, irregular grain and crystal sizes and shapes, microvugs, shrinking 

features, biostructures or interfaces between minerals of different composition. All those non-

selective pores can be grouped into two categories, channels and fractures. Experimental work in 

the Monterrey Formation, for example, shows that a critical factor helping oil migration is the 

presence of micro-channels or capillaries (O’Brien et al. 1996). In the Eagle Ford, however, there 

is no evidence of the presence of these channels, and most of the features are of the fracture sort.  
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Figure 3.38-Additional types of less common intraparticle pores in the Eagle Ford Formation. A, 
shelter pore made by the aperture of clay platelets. Quartz grains have grown in the interlayer 
space; B, moldic porosity, due to the absence of a calcisphere; C, moldic porosity, caused by the 
absence of possibly a plant fragment; and D, moldic porosity, thanks to the absence of pyrite 
grains. 

Microfractures that are being considered here are those that unite preexisting weakness 

points in the matrix. Traditionally, microfractures in mudrocks reservoirs are believed to be the 

result of high rates of pressure change due to oil generation, but we have shown that 

microfractures also develop by connecting weak points between interparticle pores (Figure 

3.35D. A good analogy to these is found from tight sandstones, where microfractures are 

typically found in grain boundaries, linking small pores and increasing the connectivity (Zeng 

2010).  

Traditionally, it is assumed that hydrocarbon-generation-associated microfractures are 

created when overpressure surpasses the dissipation of pressure due to the extremely low matrix 

permeability (Berg and Gangi 1999). This volume expansion from preserved organic matter has 
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been routinely thought to be the primary mechanism for primary migration of oil, rather than 

meso-scale vertical fractures. The propagation of microfractures requires the actual splitting 

apart of the fabric, which will occur in the direction of least resistance –perpendicular to the 

minimum in-situ stress direction- that is, in the horizontal direction for most deep reservoirs. At 

relatively large depths, such as the ones encountered in the Eagle Ford, the state of stress is such 

that the overburden stress is the maximum stress, followed by either isotropic or anisotropic 

horizontal stresses. If the state of stress in the reservoir is this so-called normal, the least 

principal stress is horizontal, fracturing will be vertical (Reynolds et al. 1961; Hubbert and Willis 

1972). In most deep formations this would be correct; however, since the early times of 

hydraulic fracturing research, several authors including Howard and Fast (1950) and Scott et al. 

(1953) have argued on the possibility of horizontal fractures existing at high overburden 

pressures and depths. Scott (1953) observed that by fracturing rock samples with “penetrating” 

fluids (those that leak off into the formation), fractures occurred parallel to the bedding, 

independent of their orientation relative to the vertical direction. In modern shale plays such as 

the Eagle Ford, hydraulic fractures are expected to develop vertically in most cases, and oriented 

to the maximum horizontal stresses. However, due to the abnormal pressures in the source rock, 

the effective overburden stress is much lower, meaning that it is not necessary to lift all of the 

overburden stress to create horizontal fractures. Hence, within the organic-rich areas of the 

mudrock, there are zones in which the maximum horizontal stress is greater than the overburden 

stress due to the presence of hydrocarbons, and horizontal microfractures are developed there.  

Some supporting evidence for the theory of hydrocarbon-generation microfractures is, for 

example, the high degree of anisotropy related to the lenticular distribution of kerogen and clays, 

confirmed by large velocity anisotropies (Vernik and Milovac 2011). Besides, experimental 

work by Kobchenko (2013), confirms that when organic-rich rock is exposed to thermal stress, 

swelling (measured as positive deformation) occurs perpendicular to the bedding just before 

microfractures start to initiate from the fine-grained organic- and clay-rich layers. Despite being 

designed without confinement, these experiments confirm that microfractures nucleate at the 

weaker spots, especially defects and where abrupt changes in the material properties occur (e.g. 

mineral interfaces). Parallel-to-bedding fracture openings due to thermal stress were also filmed 

by Dahl et al. (2015) using multiple SEM analysis around a retort chamber. However, these 

samples were not confined; hence there is debate about whether the effect of overburden in 
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textural changes is negligible in such experiments. Nevertheless, Dahl’s (2015) experiments 

confirmed that (1) not all the types of organic matter react similarly, strengthening the evidence 

that multiple types of macerals are present in kerogen; and that (2) some of the kerogen macerals 

undergo complete transformation and a large amount of porosity is a result of bitumen migration. 

There is, however, conflicting evidence that contradicts this hypothesis. After analyzing 

hundreds of samples, Loucks et al. (2012) found no significant evidence of open microfractures 

in mudrocks. In addition, it is believed that, during burial, connate water will be prevented from 

easily escaping the matrix by the increasingly low permeability of the rock, and will start to 

accumulate along planes of relative weakness provided by the bedding. At the early stages of 

burial and maturation, the mudrock will not be cemented. Stoneley (1983) claimed that 

microfractures would not be necessary to allow fluid flow, because hydrocarbons, as well as 

water, could move along weakness planes in the rock. Actually, from the analysis of the Eagle 

Ford samples available in this research (Figure 3.39), there is no petrographic evidence that the 

microfractures present in the mudrock were there before the sample was exposed to atmospheric 

conditions. There are a large amount of artificial fractures created when the rock is exposed to 

the lack of confinement and samples are prepared for petrographic thin section or SEM analysis.   

There is, however, evidence that some of these open microfractures are filled with 

bitumen, due to the high levels of molybdenum, lead, and sulfur present. In addition, the 

direction of microfracture propagation can be alleged to be the result of a combination of flat 

kerogen grains, anisotropic laminations and oriented clay grains (Lash and Engelder 2005). 

Microfractures would propagate towards minimum tensile strength areas, which would be the 

interfaces of bedding planes, cemented microfractures and grain boundaries (Figure 3.39). 

3.5.3.3    Organic-Matter-Associated Porosity 

The amount of isolated pores is relatively small for most reservoir rocks, and therefore 

there is a small difference in effective and total porosity (API, 2010).  However, this assumption 

might not be applicable to self-sourced reservoirs, because of their extraordinarily-high organic 

content. It is of common acceptance that gas and oil are expelled from depositional organic 

matter and migrate (Fan, Jin and Johnson 2013), regardless of the followed path. The expulsion 

and migration of hydrocarbons causes that a great amount of porosity is generated in the organic 

matter. This amount of organic porosity compared with the total porosity in mudrocks is,
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Figure 3.39-SEM images showing evidence that open microfractures in the matrix are the result 
of artifacts generated when the rock losses confinement. A and B, upper Eagle Ford marl and 
Vaca Muerta, respectively, showing no open microfractures; C, induced microfracture opened in 
the weakness points between the clay-rich matrix and calcispheres; D, devolatilization cracks; E 
and F, induced microfractures in the interface between calcite grains and the matrix.    
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therefore, extremely important. Driskill et al. (2012) found that in the Eagle Ford, about 40% of 

the solid organic matter volume was converted with maturation into porosity, but also that this 

40% represents between 50% and 90% of the total porosity in the mudrock. Differences would 

be triggered by the variability between the upper and lower Eagle Ford and because of the 

different maturation windows.     

Several authors (Loucks et al. 2009; Ambrose et al. 2010; Sondergeld et al. 2010; Loucks 

et al. 2012) have claimed that organic matter pores conform an effective three dimensional 

network of connected porosity, and that fluid flows along bedding-parallel layers of organic 

matter. Two problems arise with these: the first is that it cannot be proved, based on visual 

analysis of images, what percentage of the total organic porosity is connected. The fact that 

organic matter porosity accounts for a large portion of visible porosity only means that it will 

account for a significant part of the total storage, but it may not account for the most 

permeability in the entire matrix; the second is that FIB-SEM measurements are limited to an 

extremely small volume of the reservoir, and their results cannot be scalable to the entire 

reservoir, given the vertical heterogeneity of the mineralogy and the laminated character of the 

mudrock. Instead, it is possible that during hydrocarbon migration, when the pressure exceeds 

the hydrostatic pressure, microfractures have opened, connecting the different, individual organic 

pore networks, to close off again when the pressure is returned to normal conditions after 

migration. In addition, it is possible that the various patches of organic matter spread throughout 

the matrix are not connected by permanent open flow paths such as those present in mature 

organic porosity. For example, although organic matter porosity is the most obvious type of 

porosity in the Eagle Ford viewed under high-resolution SEM, it is only one of the multiple types 

of porosity found in the rock (Slatt and O’Brien 2012). It is however reasonable to assume that 

some parts of the organic porosity are connected, depending on the abundance of organic matter-

dominated areas in the mudrock.   

Non-degraded organic matter (e.g. alginite, inertinite) does not develop pores, but some 

types of organic matter (e.g. bituminite) can be degraded by bacteria and develop porosity 

(Schieber 2010). There is also evidence that organic matter pores not only develop in kerogen 

but also in migrated and later solidified bitumen and pyrobitumen (Loucks and Reed 2014; 

Pommer 2014). The latter is important because migrated organic matter occupies the space of the 

depositional mineral intergranular and intragranular porosity, and, assuming organic porosity is 
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connected in migrated organic matter, it may represent part of the permeability path for 

hydrocarbons. The abundance of intraparticle pores in organic matter grains is also powerfully 

correlated with its vitrinite reflectance (for instance, the absence of organic porosity in immature 

samples), providing strong evidence that organic porosity is the result of thermal maturation 

(Loucks et al. 2009). 

There are several types of organic-associated pores in the Eagle Ford Formation. The 

three main types of porosity dominate the matrix being isolated nanoporosity, pendular porosity 

and spongy porosity, the latter being the dominating pore type in migrated bitumen while bubble 

(pendular) pores would be dominating the pore type in the limestone units (Fishman et al. 2014).  

3.5.3.3.1    Isolated Nano-pores 

Migrated organic matter in the upper Eagle Ford occasionally contains pores smaller than 

100nm (Figure 3.40D). These pores are mainly made of small and short structures that are 

isolated from each other (Jiang et al. 2015). In addition, nanopores are found in migrated 

pyrobitumen that is filling the interparticle spaces within conglomerates of pyrite grains (Figure 

3.40C), the interlayer spaces of illite (Figure 3.40E) and kaolinite (Figure 3.40F) and within the 

quartz-clay-feldspar-organic matter rich patches (Figure 3.40B). Some examples of isolated 

nanopores from the Eagle Ford Formation are shown in Figure 3.40. It is clear that isolated 

nanopores were connected to a larger organic matter-rich pore network when maturation of the 

organic matter was taking place, but their contribution to oil and gas production is probably 

limited, due to their small size and lack of connectivity.    

3.5.3.3.2    Pendular (Bubble) Porosity 

Pendular (or bubble-like) porosity is one of the most common types of porosity in the 

Eagle Ford Formation (Figures 3.41A to 3.41C). These pores are generated in the oil-condensate 

window when the amount of gas starts to increase, leaving bubble-like pores in the organic 

matter (kerogen, pyrobitumen) left behind in the matrix. Another possible mechanism for the 

generation of intraparticle dissolution pores in organic matter is the dissolution by acidic fluids 

generated during the decarboxylation of kerogen due to maturation (Loucks et al. 2012), which 

would lead to the generation of intraparticle pores with a more elongated shape (Figure 3.41D).  
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Figure 3.40-SEM images showing isolated nanopores from the Eagle Ford Formation. A, Solid 
kerogen with no apparent porosity; B, isolated intraparticle pores in migrated organic matter; C, 
nanopores found in migrated pyrobitumen that is filling the interparticle spaces within 
conglomerates of pyrite grains; D,  pores smaller than 100nm; E, pores in the interlayer spaces of 
illite ; and F, pores in the interlayer spaces of kaolinite.    
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Figure 3.41-SEM images showing pendular (bubble) pores from the Eagle Ford Formation. 
 

3.5.3.3.3    Spongy Porosity 

The proportion of pores in migrated organic matter (bitumen or pyrobitumen) increases 

with respect to those in depositional organic matter (kerogen) with increasing maturity (Arango 

et al. 2015). Spongy porosity is associated with the later stages of maturation in the oil window 

(Figure 3.42). This type of intraparticle pores occurring within organic matter patches may 

contribute to the overall matrix permeability (Josh et al. 2012) or, at least, due to their extremely 

high connectivity (Figure 3.42E), spongy porosity must contribute to the permeability within the 

organic porous network. It is not clear yet, though, if this porosity is effectively connected with 

the non-organic porous network.  
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Figure 3.42-SEM images showing spongy pores from the Eagle Ford Formation. Note in E the 
extremely high connectivity of this type of porosity, even forming alignments of pores (F). This 
type of porosity is associated with the later stages of maturation in the oil window. 
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CHAPTER 4 - EXPERIMENTAL EVALUATION OF THE STEADY-STATE AND 

TRANSIENT METHODS FOR STRESS-DEPENDENT PERMEABILITY IN MUDROCKS 

AND IMPLICATIONS FOR FLUID TRANSPORT MECHANISMS 

 
This chapter focuses on the stress dependence of permeability for organic-rich tight 

mudrocks using various experimental methods, at reservoir conditions. Specifically, we address 

(1) the stress dependence of permeability in the organic-rich marl members of the upper Eagle 

Ford and the mathematical fit that best describes the pressure behavior in the reservoir, (2) the 

differences between transient and steady state measurement techniques, (3) the differences 

between gas and water permeability in the steady state method, (4) the directional-dependence of 

permeability, (5) the correlation between stress-dependent permeability and stress-dependent 

compressional and shear ultrasonic wave velocities, (6) the stress-dependence of electric 

resistivity, (7) the changes in the microstructure of the matrix after samples are subjected to 

increased effective stress and (8) the implications of the microstructural properties of the matrix 

for fluid transport mechanisms. 

4.1    Introduction 

Self-sourced, tight mudrock reservoirs, also referred as shales in the petroleum 

engineering literature, are characterized by a distinct flow behavior making fluid transport 

through them problematic (Blasingame 2008). In producing these reservoirs, fluid flow from 

nano-Darcy pores in the matrix gets transferred to the natural fractures, subsequently to the 

stimulated microfractures and then to the large hydraulic fractures, eventually reaching the 

wellbore.  

The initial matrix contribution to flow is very low (Torcuk 2013). Thus, the traditional 

approach for their commercial production has been by maximizing the contact area between the 

organic-rich matrix and the network of stimulated fractures at all scales (Cipolla et al. 2009), 

achieved by pumping large amounts of water with proppant at high rates and with pressures 

exceeding the strength of the rock. From the large, propped vertical fractures thru the small, 

centimeter scale fractures to the matrix microfractures, slickwater is allegedly penetrating the 

system and increasing pore pressure during injection, creating a network of open spaces, some of 

which remain open to the back flow of fluids when the pumps are shut down and the pore 
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pressure returns to normal. However, we have shown in the extensive petrographic analysis in 

section 3.5.3.2.2 (Chapter 3) that not only the existence of open microfractures in the matrix at 

reservoir conditions has not been verified, but also that there is conflicting evidence of organic 

matter-related microfractures residing in long, thin, s-shaped kerogen grains within the organic-

rich sections of the matrix. 

Regardless of the nature of the paths allowing fluid flow from the matrix to the propped 

fractures, what is clear is that some conduits do exist, because production from mudrocks 

exceeds the expected matrix flow. Most reservoir simulation models predicting production from 

wells, however, assume constant permeability (Ehlig-Economides 2013), but there is evidence 

that permeability varies with stress and that this may be one of the major factors controlling rapid 

decline rates in both gas and oil wells.  We know from prior research that, in a depositional 

basin, permeability decreases with compaction until a critical depth called the Critical Depth of 

Burial (CDB), from which further burial will decrease the stress-sensitivity of permeability. In 

some cases a slight increase in permeability is reported (Best and Katsube 1995), due to 

overpressures created by kerogen maturation. In the deep sections, as pore pressure increases, the 

effective pressure and thus rock strength decreases (Rahman et al. 2000). Besides, the stress-

sensitivity of permeability is larger in mudrocks than in consolidated sandstones or carbonates 

(Wang et al. 2009), but this lithological relationship and the Klinkenberg slippage effect are 

usually considered to be negligible above 1000 psi of pore pressure (Cho et al. 2013). 

The rate of permeability decrease with increasing effective stress (i.e. due to an increase 

in overburden with burial or as a result of pressure depletion during production) varies depending 

on the rock type (Davies et al. 1999). Some of the factors traditionally endorsed to control the 

stress-dependent permeability are clay content, heterogeneity, the presence of natural fractures, 

initial permeability, pore volume compressibility, authigenic cementation and pore structure 

(Davies et al. 1999). Davies and Holditch (1998) showed that pore geometry is a fundamental 

control on stress-driven permeability in sandstones, and that rocks with smaller pores are less 

sensitive to effective stress changes. In the marls of the Eagle Ford Formation, resistance to flow 

is related to its intrinsic low permeability and reservoir heterogeneity, which are a direct effect of 

the depositional and diagenetic history of the rock, topics that were addressed extensively in 

Chapter 3 of this Dissertation.  
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Usually, production follows a transient flow regime during the life of the well, with 

insignificant pressure depletion in most part of the reservoir in 5-10 years of production, except 

for the near-wellbore and near-fracture zones, depending on the fracture intensity (Agboada et al. 

2013). Experiments with artificial planar natural fractures by Cho et al. (2013) confirmed that 

fracture permeability to gas decreases by 80% with pressure increase. This is confirmed by 

history-matching wellbore data, but it cannot be used to conclude that fracture permeability loss 

is the cause for flow rate decline because artificial fractures have stronger pressure dependence 

than the natural fractures, due to fracture roughness and tortuosity and the complexity of the 

fabric. Small natural fracture permeabilities would create an infinite-conductivity effect 

compared with the nano-Darcy matrix permeabilities (Cho et al. 2013). Steady-state permeability 

measurements are common in conventional reservoirs, but mudrock permeabilities, such as those 

in the Eagle Ford, are usually 5 to 10 orders of magnitude lower than that for conventional 

reservoirs (Best and Katsube 1995). Hence, reaching equilibrium requires much more testing 

time, which is why most commercial laboratories use the transient-pulse (or pulse-decay) 

technique. In the following paragraphs, the results of an investigation for the stress dependent 

permeability of the organic-rich upper Eagle Ford will be presented. Results using various 

experimental methods, at reservoir conditions, will be compared to each other in order to study 

the relationship between permeability and effective stress in mudrocks. 

4.2    Methods 

Several preserved plugs for this experimental work were taken from sample #GZ-6 

(upper Eagle Ford) from Gonzales County, Texas. The exceptional preservation of this 1 foot 

core allowed obtaining a set of homogeneous samples of different sizes that permit comparison 

between various methods. Samples that were further apart had small differences in carbonate and 

clay compositions were used for testing the rock compressive strength, while 3 parallel-to-

bedding marl samples taken at the same depth were used for permeability measurements. It is 

assumed that the mineralogical composition and fabric of these three samples is identical, and 

that slight differences between samples are due to small heterogeneities. 

First, the quantitative and qualitative properties of the samples have been studied in 

detail. Rock mineralogy, organic matter and porosity were described using X-Ray Diffraction 

(XRD), petrographic thin section analysis (optical transmitted and reflected light microscopes), 
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Environmental Scanning Electron Microscope (E-SEM), Field Emission Scanning Electron 

Microscope (FE-SEM) of ion (argon)-milled and broken-surface samples, QEMSCAN 

Microanalysis, Source Rock Analysis (SRA) and Rock-Eval pyrolysis. Step by step laboratory 

procedures used for those analyses are shown in Appendix A. In addition, Chapter 3 of this thesis 

contains a comparison between sample #GZ-6 and samples obtained from other depths in the 

upper and lower members of the Eagle Ford as well as Bakken and Vaca Muerta formations, in 

order to give a general picture of the variability between different mudrock members. 

Second, various horizontal samples from both the marl and the limestone intervals were 

tested under triaxial conditions in order to acquire their compressive strength. These tests help 

understanding the behavior of the formation under stress, and eventually help interpret the results 

of stress-dependent permeability measurements, with regard to fracture closing and sealing. 

Third, the three identical horizontal marl samples were used for stress-dependent 

permeability measurements. Pulse decay nitrogen permeability was compared against steady 

state nitrogen permeability for each sample under increasing stress conditions over the same 

consolidation curve. In addition, these values were compared to steady state brine permeability. 

Lastly, these three samples were cut after testing and milled with an ion-(argon) mill, and 

analyzed under a Field Emission Scanning Electron Microscope (FE-SEM). Features such as 

evidence of compaction features and changes in the pore and mineral structure were identified.  

4.3    Sample Mineralogy, Organic Matter Composition and Maturation, and Porosity 

Sample #GZ-6 belongs to the organic-rich, laminated, pyritic and fossiliferous dark grey marine 

calcareous marl interval of the upper Eagle Ford Formation. The mineralogy of this interval is 

composed of calcite (63.7 wt. %), quartz (12.45 wt. %), illite/mica (12.45 wt. %), plagioclase 

(4.79 wt. %) and pyrite (1.63 wt. %). The mineral distribution from color-enhanced SEM images 

(Figure 4.1) is therefore dominated by carbonates (Figure 4.1A), while clays and quartz grains 

(Figure 4.1B) are associated in lenticular aggregates through the matrix, their geometry being 

controlled by the distribution of calcite grains. These aggregates are made of a mass of clays and 

organic matter, calcite-rich coccoliths and other fossils such as planktonic foraminifera and 

calcispheres (Figures 4.2A and 4.2B). High resolution (0.1 nm) SEM core images show that the 

matrix is extremely tight (Figure 4.2C) and that organic matter is concentrated in horizontal 

layers, associated to framboidal pyrites, and adapt to the grain shapes, as a result of compaction.  
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Figure 4.1-Color-enhanced Scanning Electron Microscope (SEM) pictures of sample depth #GZ-
6 from the upper Eagle Ford member, displaying the complete mineral distribution (A) and a 
separated distribution of clays and quartz only (B). The frame for both images has 1 mm x 1 mm 
dimensions.        
 

The combination of Rock-Eval pyrolysis and organic petrographic analysis was used to 

assess the types of organic matter present in the rock, their maturity, spatial distribution and 

relationships with the mineral matrix. From Rock-Eval pyrolysis, we know that sample #GZ-6 

has a 4.24 wt. % of TOC, 0.39 mg HC/g of rock (S1); a remaining hydrocarbon generative 

potential (S2) of 10.74 mg HC/g rock and a carbon dioxide content of 0.34 mg CO2/g rock. Its 

pyrolysis indexes are the following: Hydrogen Index (HI) is 253 mg HC/g TOC, Oxygen Index 

(OI) is 8 mg CO2/g TOC and Production Index (PI) is 0.04. The interval has reasonably high 

organic matter content and what is more important, it still has remaining hydrocarbon generation 

potential, which in this case is translated into larger bitumen than pyrobitumen content, as 

confirmed by organic petrography. The organic matter at depth #GZ-6 is composed of marine, 

oil-prone type II source rock in the oil window.  

Organic petrography indicates that there is evidence of migrated bitumen and 

depositional organic matter, the latter occupying the space of depositional biogenic structures. 

Porosity is dominated by organic pores, largely of pendular (bubble) class, such as in Figure 

4.3C, besides interparticle pores between clay, calcite and quartz grains (Figure 4.3D).
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Figure 4.2-Fabric and textural characteristics of sample #GZ-6 from the upper Eagle Ford 
member. A, Petrographic thin section at 20x augments; B, petrographic thin section at 10x 
augments; C, E-SEM image of a broken surface, showing calcispheres surrounded by a mass of 
compacted calcite and illite grains; D, FE-SEM image of an ion (argon)-milled sample showing 
the distribution of organic matter with respect to the mineral grains.     
 
In addition, samples present a large number of devolatilization cracks, artifacts considered  result 

of the sample preparation process. Hence, it is assumed that these do not exist in preserved cores.  

4.4    Rock Bulk Strength through Confined Compression 

Confined compression (triaxial) tests help understand the behavior of the shale formation under 

stress, especially fracture closing and sealing processes (Josh et al. 2012) under increased 

effective stress. Triaxial tests also support stress-dependent permeability, providing data for the 

timing of shear fracture formation (Nygård 2006) and residual strength after shear failure occurs 

at the microscale. In addition, triaxial tests are comparable to compression at reservoir
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Figure 4.3-Fabric and textural characteristics of sample depth #GZ-6 from the upper Eagle Ford 
member. 

 

conditions, because the fluid flow through a low permeability sample is reproduced by running 

undrained tests (Nygård 2006). 

A set of 5 preserved samples from various depths in the upper Eagle Ford was used in 

this research study. All samples had a nominal size 1 in or 1.5 in diameter with lengths varying 

from 2 in to 3 in, respectively (the ideal length to diameter ratio is 2:1, ASTM-D-7012, 2004), 

and were tested at atmospheric conditions at undrained conditions (pore fluid preserved in the 

core was not allowed to escape). To eliminate artifacts created by the frictional stresses between 

the top and bottom-end faces of the sample and the axial piston (Chiu et al. 1983), core plug ends 

were grinded until the surfaces were flat to ± 0.01 mm (± 0.0004 in) and parallel to each other, 

plus perpendicular to the longitudinal axis of the sample within 0.001 radians (0.5 mm in 50 
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mm). In addition, the sides of the sample were sanded to 0.3 mm smoothness over the length of 

the sample.  

Samples were placed between flat, un-grooved, stainless-steel caps placed at the end of 

the axial piston cylinders, and jacketed in a viton (neoprene) sleeve that separates them from the 

confining fluid. For the ultrasonic velocity measurements, 1 MHz transducers (Olympus-NDT 

2006) placed inside the end-caps were used to generate compressional and shear waves. In order 

to measure lateral strain, strain gages were glued to the side of the core and connected to a 

voltage meter outside of the core holder. Vertical stress and strain were controlled and measured 

with a custom-designed, servo-controlled MTS® frame. During triaxial testing, samples were 

individually placed in the triaxial cell and 200 psi simultaneous axial and confining pressures 

were applied to seal the gaps between the rubber sleeve and the sample. Later, confining pressure 

was increased at a small loading rate until it reached a constant value. Strain was allowed to 

stabilize and then a constant strain rate of +1x10-5 in/s was applied until the sample failed, yet the 

sample was left under these conditions until post-failure equilibrium was achieved at the final 

residual strength. Some samples were not allowed to reach such residual strength because of 

extremely fast negative strain rates. A comprehensive description of the setup, instrumentation 

and calibrations used for triaxial tests is shown in Appendix B. 

A database of results obtained from these triaxial tests is shown in Table 4.1, which 

displays the static (experimental) values for Young’s modulus, Poisson’s ratio and compressive 

strength, obtained from stress-strain plots (Figure 4.4). The value of Young’s modulus is 

calculated from the slope of the stress-strain curve using one of three methods (average, secant 

and tangent of the linear section, as stated by ASTM-D-7012 2004). Poisson’s ratio is calculated 

by dividing the axial deformation by the radial deformation. In addition, compressive strength is 

picked at the maximum stress, when the rock undertakes failure.     

Stress-strain tracks as well as stress-lateral/axial strain curves for samples #2, #3 and #4 

are plotted in Figure 4.4. Samples #2 and #4 show sharp peaks in shear stresses followed by 

abrupt reductions in their shear strengths. On the other hand, sample #3 shows less defined peak 

shear and less strain softening. The effect of consolidation stresses is also perceived at the 

effective stress paths. In sample #3, after the peak stress is reached, the differential stress is 

reduced slower as the shear stress is reduced, indicating that the sample is still contracting 

throughout strain softening after shear failure occurs. In contrast, samples #2 and #4 showed
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  Table 4.1-Static Young’s modulus, Poisson’s ratio and compressive strength obtained 
from triaxial testing of upper Eagle Ford samples. Enough number of plugs (>3) to calculate the 
failure envelope from a Mohr plot was only available for samples #3 and #4, which were tested 
at various confining pressures (0 psi; 1,130 psi; 2,260 psi and 3,390 psi).   

 

 

abrupt drops in differential stress. A relationship between mineralogy and the stress-strain curve 

behavior can also be inferred from Figures 4.4A and 4.4B. Samples with higher clay and lower 

quartz content show a more ductile behavior and smaller moduli. 

Apart from stress-strain curves, which help interpret the linear-elastic and nonlinear 

stress-strain relationships at a variety of stress levels, sample deformation is plotted best in Mohr 

plots (Figure 4.5). Samples #3 and #4 were the only intervals with sufficient preserved rock 

available (a minimum of 3 samples is needed, as stated by Chang et al. 2006) to calculate the 

failure envelope from the Mohr plot. Plugs from a particular depth were tested at various 

confining pressures (0 psi; 1,130 psi; 2,260 psi and 3,390 psi). From the results shown in Figure 

4.1, two failure envelopes were drawn tangent to all the circles. Cohesion, friction angle, 

Unconfined Compressive Strength (UCS) and tensile strength were calculated from the plot for 

samples #3 and #4. Results are typical for ductile mudrocks, with low cohesion and UCS values, 

although sample #3 is relatively brittle compared to sample #4, which also has lower friction 

angle. Samples obtained from #GZ-6, used for stress-dependent permeability, are closer to 

triaxial sample #4 than to #3.     

Sample 
Number

Bulk Density 
(g/cc)

Confining 
Pressure (psi)

Compressive 
Strength (psi)

Young's Modulus 

(x106psi)
Poisson's 

Ratio
1 2.57 2,260 36,955 3.20 0.27
2 2.56 2,260 30,082 4.83 0.26
3 2.56 0 6,060 4.30 0.09

1,130 12,120 4.45 0.15
2,260 18,925 4.92 0.25
3,390 24,764 4.10 0.30

4 2.45 0 3,626 2.2 0.12
1,130 8,549 2.5 0.21
2,260 11,782 2.88 0.26
3,390 15,246 2.58 0.32

5 2.36 3,390 17,582 1.12 -

Static Young's Modulus, Poisson's Ratio and Compressive Strength
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Figure 4.4-Stress-strain tracks (A) as well as stress-lateral/axial strain curves (B) for samples #2, 
#3 and #4. Samples #2 and #4 show sharp peak shear stresses followed by abrupt reductions in 
shear strength. Samples with higher clay and lower quartz content show a more ductile behavior 
and faster axial and lateral strain per unit of stress. 
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Figure 4.5-Mohr plots for samples #3 and #4. In order to calculate the failure envelope from the 
plot, plugs from a single depth were tested at various confining pressures (0 psi; 1,130 psi; 2,260 
psi and 3,390 psi). Cohesion, friction angle and UCS are interpreted from the graph.    
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Dynamic mechanical properties were simultaneously obtained from the propagation of 

compressional and shear waves in the axial direction (Table 4.2). Changes in the wave velocity 

are extremely useful, not only because they help detect porosity and water saturation (ASTM 

D2845–05 2014) changes due to stress variations, but also because they help identify the 

formation of natural fractures, which are the main source of anisotropy in mudrocks (Tutuncu et 

al. 2011). Compressional and shear wave velocities as well as dynamic moduli calculated from 

them (as illustrated by Changet al. 2006) are shown in Table 4.2. Results for sample 3 are plotted 

against differential stress in Figure 4.6. With stress increase, both velocities increase 

exponentially, but the ratio of change is higher for the compressional velocity. Such increase in 

stiffness (equivalent to an increase in wave velocity) with a rise in differential stress is associated 

with a loss of pore space and pore fluid, typically appreciated in low-porosity, clay-rich rocks 

(Josh et al. 2012). Trends shown here can be used to compare with ultrasonic measurements that 

are acquired during permeability measurements. 

 

Figure 4.6-Compressional and shear wave velocities plotted against differential stress for sample 
3. With stress change, velocities increase exponentially, but the ratio of change is higher for the 
compressional wave. Such increase in stiffness with a rise in differential stress is associated with 
a loss of pore space and pore fluid, typically appreciated in low-porosity, clay-rich rocks (Josh et 
al. 2012).  
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Table 4.2-Acoustic velocities and dynamic bulk modulus, Young’s modulus, shear modulus and 
Poisson’s ratio obtained from triaxial testing of upper Eagle Ford samples. Isotropy is assumed.  

 

4.5    Stress-Dependent Permeability of the upper Eagle Ford 

Three methods were used in this research to measure permeability in the Eagle Ford, the 

constant pressure-gradient permeability test (steady-state) method with nitrogen and also with 

brine, and the transient (pressure-pulse decay) method with nitrogen. Typically, the use of 

nitrogen gas to measure permeability is a good alternative to helium, but the larger adsorption 

capacity of nitrogen implies that measurements should be corrected for adsorption (Cui et al. 

2009; Faruk and Devegowda 2015). However, gas adsorption is a time-dependent process, and 

for the timeframe in which gas measurements are completed (a few hours), it should not generate 

Compressional (P)Shear (S)

ft/s ft/s
1 2.57 2,260 1,000 16276 9224

2.57 2,260 11,000 18401 9815
2 2.56 2,260 2,260 15901 8956

2.56 2,260 12,600 17726 9904
3 2.52 0 1,000 16304 9694

2.52 1,130 6,000 17381 10023
2.52 2,260 11,000 18466 10266
2.52 3,390 16,000 19373 10438

1 5.25 7.45 2.95 0.26
7.28 8.69 3.34 0.3

2 5.03 7.02 2.77 0.27
6.33 8.62 3.38 0.27

3 4.77 7.83 3.19 0.23
5.71 8.54 3.41 0.25
6.81 9.14 3.58 0.28
7.81 9.59 3.7 0.3

Acoustic Velocity
Confining 

Pressure (psi)

Acoustic Velocities

Sample #
Bulk 

Modulus 

(*106psi)

Young's 
Modulus 

(*106psi)

Shear 
Modulus 

(*106psi)
Poisson's Ratio

Axial 
Pressure (psi)

Sample #
Bulk Density 

(g/cc)

Dynamic Moduli
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large errors in the data. This has been also confirmed from field experience, where adsorption 

impacts the long-term gas production with higher rates and longer production periods when 

wellbore pressure drops substantially. In the laboratory, assuming negligible adsorption effect is 

appropriate for the transient technique, which only requires a few hours to complete, as opposed 

to the steady-state method, which may take up to two days. In addition, the Klinkenberg (1941) 

gas slippage affects the flow of gas when the pore sizes are less than 1,000 times greater than the 

mean free path of the gas molecules (Wang et al. 2009). Therefore, this mechanism is taken into 

account in the experimental measurements (although the effect is negligible above pore pressures 

exceeding 1,000-1,200 psi), along with the effect of pore pressure variation (as shown by 

Katsuki 2013). In this work, the combination of the three different measurements allows the 

precise determination of permeability and its stress-dependency. The merge of such permeability 

data with an analysis of the rock microstructure evolution with time shows the differences 

between the transport mechanisms of gas and water in organic-rich shales. In addition, it helps 

reducing uncertainty in the measurements; especially, pertaining to the steady-state technique, 

which can have up to 150% error between various commercial laboratories (Bertoncello and 

Honarpour 2013). 

One important feature that characterizes organic-rich mudrocks is their hydrocarbon 

saturation. By definition, kerogen maturation and especially bitumen generation occur under 

hydrated conditions (hydrous pyrolysis). It has been shown in Chapter 3 that maturation, together 

with mineral diagenesis, consumes most of the seawater available in the rock until the matrix is 

at sub-irreducible saturations. This is also true for the upper Eagle Ford, in which, at least at the 

core locations available, the pore space is either clogged with pyrobitumen (which, as well, 

contains sub-pores) or saturated with bitumen, therefore leaving very limited pore space 

available for water. This statement was confirmed for various shales by other authors reporting 

large water suction pressures during drilling (Wang et al. 2009). It is also well known in 

hydraulic fracturing operations in the United States that part of the freshwater injected is not 

recovered during flowback (e.g. flowback recovery volumes in the Niobrara Formation at the 

Denver basin are usually between 20% and 80% of the originally pumped volume), and volumes 

recovered bring back increased salinity until average values close to those of seawater (Blauch et 

al. 2009; Rassenfoss 2011; Haluszczak 2013).  
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Results of the experimental measurements for permeability in preserved samples are 

shown. From an existing high pressure core holder designed by Mese and Tutuncu (1996), a new 

setup was calculated and built for purpose in-house, having the capability to handle reservoir 

conditions except for temperature (max. 40ºC). A diagram of the measurements taken during 

permeability testing with stress of a single sample is shown in Figure 4.7. In the diagram, the top 

pore pressure is equivalent to the downstream pore pressure in permeability measurements, 

except for backflow tests. Moreover, circulation pressures are equivalent to the upstream 

pressure. Axial deformation, confining stress, effective stress, resistivity perpendicular to the 

axial direction, chamber temperature and compressional and shear wave velocities in the axial 

direction are also recorded.  

The wide range of tests explained at the beginning of this chapter were conducted using 

preserved samples from the same depth to those used for permeability measurements. These 

included dozens of samples for microstructural analysis through SEM.  

Plugs of dimensions 1.5 in. diameter by 1 in. length were subject to permeability 

measurements as consolidation took place with exposure to stress. Initially, the chamber 

containing the equipment was set at 40ºC, and, before applying any stress or pore fluid, wave 

velocities and resistivity were measured. The various stages of the loading process are shown in 

Figure 4.7. All the pressure components (pore pressure, confining stress and axial stress) were 

increased to the initial conditions (200 psi of effective stress). Initial wave velocity and 

resistivity measurements are repeated at this stress level. As shown in Figure 4.7, although the 

entire consolidation process (including all types of gas permeability measurements: steady-state 

and pulse-decay) took about 20 days for a single sample (because of the large amount of 

measurements, together with the quantity of simultaneous data being recorded, as well as the 

long equilibrium time between experiments), results of this experimental work are particularly 

precise. During consolidation, pressures are increased in stages of 500 psi while maintaining 

constant effective stress. After each stage is equilibrated, various gas permeability measurements 

are performed. At least two or three steady-state measurements and one or two pulse-decay 

measurements were performed per stage. Water permeability measurements were completed in 

separate twin plugs obtained at the same depth, since surface-water interactions induced by water 

injection alter the matrix properties and thus its permeability. Examples of transient (pulse-

decay) and steady state tests for the same core plugs are shown in Figure 4.7. 
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Figure 4.7-Example diagram showing the test parameters measured during the consolidation of an Eagle Ford marl sample. Pore 
pressure top is equivalent to downstream pore pressure in permeability measurements, except for backflow tests. Circulation pressures 
are equivalent to the upstream pressure. Axial deformation, confining stress, effective stress, temperature and wave velocities are also 
recorded.
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4.5.1    Pulse Decay Nitrogen Permeability 

There are two transient methods applied for low permeability rocks, pulse decay and 

pressure decay. They were initially developed to avoid the long waiting times needed in steady-

state gas measurements. Pulse decay provides with the most efficient and accurate measurements 

of permeability, because it is completed at reservoir conditions and uses intact core plugs, as 

opposed to pressure decay tests, typically performed using crashed samples at ambient 

conditions. 

The largest uncertainty of the pulse decay technique is the susceptibility of the 

measurement to induced microfractures that may exist in the sample (Handwerger et al. 2011).  

Thus, cores must be scanned utilizing computer tomography assuring fracture-free core sample 

selection. Smaller microfractures are not a concern, because the application of confining stress 

closes them after a minimum threshold pressure is achieved.  

In pulse-decay measurements, the core sample is confined in a holder (Figure 4.8A) and 

two reservoirs of known volume (Figures 4.8B and 4.8C) are attached to both sides. Pressure in 

the upstream reservoir is increased and when equilibrium is reached, the valve is opened and 

pressure is allowed to equilibrate in the downstream end. The detailed protocol is provided as 

follows. In preparation for the measurement, the sample is first set in the triaxial cell (see 

Appendix B for details of the setup), connections are closed and full assembly is tested. The 

constant temperature chamber, containing the entire integrated assembly including the pipes, 

hydraulic lines, the sample cell assembly and pumps, must be equilibrated at 40oC (± 0.3oC). 

Constant temperature avoids pore pressure differences due to the temperature changes that might 

be experienced during the test. Vp, Vs and resistivity are initially measured without any 

disturbance at an effective stress of 200 psi. 

To initiate pore pressure equilibrium, dry nitrogen is first injected into the sample at 40 

C of temperature, 200 psi of injection pressure, and 200 psi of effective stress. This first 

injection intends to replace the in-situ pore gases with nitrogen. During the entire test, all 

pressure components are increased at the same rate to keep the effective stress constant at 200 psi 

injecting until reaching the (first) target stress state of 1,700 psi confining stress and 1,500 psi 

nitrogen pore pressure. The pore fluid pressure, in a pulse-decay test using gas as pore fluid, 

should be sufficiently high in order to negate the Klinkenberg effect on measured permeability.  
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Figure 4.8-General diagram of the testing setup. In blue, stainless steel high pressure lines; in green, non-conductive high-
pressure lines; in purple, low pressure lines used for vacuuming in the assembly. More details are shown in Appendix B.
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Permeability is tested at three different downstream pressures in each step to check the 

presence of Klinkenberg effect. However, experience has shown that this effect is negligible 

when the pore pressure reaches approximately 1,000-1,200 psi.  

Once equilibrium (axial deformation, pore pressure in both sides of the sample, etc.) is 

reached in the sample at the test conditions, the pulse-decay test is started. The valve that 

connects the upstream side of the sample with the gas reservoir is closed. Pressure is increased in 

this side until the difference between this reservoir and the sample pore pressure is at least 1,000 

psi. When pressure is equilibrated, the valve located between the upstream nitrogen chamber and 

the inlet end of the sample is rapidly opened, in order to generate a pressure pulse. The decay of 

pressure in the upstream reservoir and the increase in the downstream reservoir are measured and 

permeability is calculated. This test should be repeated at three different Pdownstream conditions, in 

order to test for the Klinkenberg effect. Several examples of pulse-decay tests from one of the 

Eagle Ford samples, where outlet circulating pressure is the upstream pressure, and inlet 

circulating pressure is the downstream pressure (for this specific test), are shown in Figure 4.9.   

After all the consolidation steps are finished and the non-linear relationship between 

permeability and stress is calculated, the sample is ready for further testing. External stress and 

pore pressures are decreased while maintaining an effective stress of 200 psi, keeping the 

balance between Pp and isotropic stress as in pressurization stage. Pore pressure depressurization 

must not be performed fast, due to the low permeability of shale and mudrock samples, as it 

could cause permanent damage, preventing further testing for other experiments. 

Results of a range of pulse-decay measurements in upper Eagle Ford core plugs are listed 

in Table 4.3 and presented in Figure 4.10. Time and pressure measurements are made with a 

differential pressure transducer (API 2010), ΔP is plotted against time (in hours) and the slope of 

the decline in the pressure differential is calculated (Best and Katsube 1995; Davies and Holditch 

1998; Ehlig-Economides and Vera 2013). The behavior of the ΔP decline can be described by a 

natural exponential curve of the form (Hsieh et al. 1981), as shown in Figure 4.10: 

                        
0

( )P

P
t

e



          [4.1] 

where 0P  is the initial pressure difference,   is the slope of the curve (which is equivalent to 

the decline rate) and t  is the time. For each test, α is obtained as follows:  
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Figure 4.9-Example of pulse-decay tests from one of the Eagle Ford samples, where outlet 
circulating pressure is the upstream pressure, and inlet circulating pressure is the downstream 
pressure (for this specific test). 
 

                        
( )

u d

u d

Lc c
k

A c c

                                                        [4.2] 

where   is the fluid dynamic viscosity (0.0184 mPas for nitrogen at these pressure and 

temperature conditions); L  the  length of the core; uc  the compressibility of the upstream 

reservoir, dc  the compressibility of the downstream reservoir; A  the area of the plug face; and 

k  the permeability. The compressive storage or compressibility of the upstream and downstream 

reservoirs were obtained prior to testing and their average values follow the subsequent trends: 

                                  ( / ) 429.01* ( ) 7705.1u cylc nl psi V cc      [4.3] 

and 
 

                                  ( / ) 428.25* ( ) 5967.7d cylc nl psi V cc      [4.4] 

where cylV  is the volume of the reservoir (pump cylinder).  
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Table 4.3-Summary of pulse-decay permeability measurements in Eagle Ford core plugs for 
various effective stresses. Alpha (α) is obtained from the slope of the plots shown in Figure 4.10.   

 

 

Results for pulse-decay permeability versus increasing stress for three twin upper Eagle 

Ford core samples from the same depth are shown in Figure 4.11. Permeability is compared with 

axial compressional and shear wave velocity measurements obtained simultaneously. Results 

indicate that permeability decreases with increased effective stress following a natural 

exponential decline, until the curve stabilizes at values between 2 to 10 nD. Initially, the change 

in permeability and wave velocities is rapid, as microfractures present in the sample will be 

closing. At about 1,200 psi (red dashed line in Figure 4.11), these fractures and the largest pores 

within the matrix are closed, and the rate of permeability variation decreases. Evidence for 

Parameter σeff=200 psi σeff=500 psi σeff=1000 psi σeff=1500 psi σeff=2000 psi σeff=2500 psi

Area (m2) 1.14E-03 1.14E-03 1.14E-03 1.14E-03 1.14E-03 1.14E-03

Length (m) 0.0257 0.0257 0.0257 0.0257 0.0257 0.0257
Viscosity µf (mPas) 0.0184 0.0184 0.0184 0.0184 0.0184 0.0184

Volumecyl In Bottom (cc) 90.14 82.10 74.40 98.76 113.29 125.04
Volumecyl Out Top (cc) 78.33 84.33 87.24 63.24 51.76 41.38

Compressibility In (m3/Pa) 6.464E-12 5.965E-12 5.487E-12 7.000E-12 7.902E-12 8.632E-12

Compressibility Out (m3/Pa) 5.991E-12 6.365E-12 6.546E-12 5.053E-12 4.338E-12 3.692E-12
α 1/h 0.653 0.517 0.41 0.152 0.126 0.094
α 1/s 1.81E-04 1.44E-04 1.14E-04 4.22E-05 3.50E-05 2.61E-05

Permeability (m2) 2.34E-19 1.83E-19 1.41E-19 5.14E-20 4.06E-20 2.80E-20
Permeability (nD) 237 186 143 52 41 28
Effective Stress (psi) 200 500 1000 1500 2000 2500

Parameter σeff=3000 psi σeff=3500 psi σeff=4000 psi σeff=5000 psi σeff=6000 psi

Area (m2) 1.14E-03 1.14E-03 1.14E-03 1.14E-03 1.14E-03
Length (m) 0.0257 0.0257 0.0257 0.0257 0.0257

Viscosity µf (mPas) 0.0184 0.0184 0.0184 0.0184 0.0184

Volumecyl In Bottom (cc) 134.32 2.27 1.03 3.22 3.16
Volumecyl Out Top (cc) 33.29 2.26 3.52 1.59 10.09

Compressibility In (m3/Pa) 9.208E-12 1.007E-12 9.293E-13 1.054E-12 1.054E-12

Compressibility Out (m3/Pa) 3.189E-12 1.258E-12 1.336E-12 1.122E-12 1.122E-12

α 1/h 0.077 0.163 0.153 0.099 0.029
α 1/s 2.14E-05 4.53E-05 4.25E-05 2.75E-05 8.06E-06

Permeability (m2) 2.10E-20 1.05E-20 9.66E-21 6.20E-21 1.82E-21

Permeability (nD) 21.3 10.6 9.8 6.3 1.8

Effective Stress (psi) 3000 3500 4000 5000 6000

Pulse-Decay (Transient) Nitrogen Permeability
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Figure 4.10-Plots of the pressure difference between the upstream and downstream reservoirs 
versus time for various effective stresses, for the preserved Eagle Ford core samples. 
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Figure 4.11-Results of pulse-decay permeability measurements versus stress for three twin upper 
Eagle Ford core samples from the same depth tested in this study. Permeability is compared with 
axial compressional and shear wave velocity measurements.  
 

this is shown by a change in the slope of compressional and shear wave velocities. 

Compressional wave velocity is also very sensitive to pore saturation. As the bulk core volume is 

compressed, fluid saturation increases and thus the bulk density of the sample increases, 

therefore the compressional wave travels faster. For the upper Eagle Ford marl samples, pulse-

decay nitrogen permeability at low (200 psi) effective stress averages 240 nD, while it drops to 4 

nD to 10 nD at in-situ reservoir stress conditions.    

4.5.2    Steady State Nitrogen Permeability 

Steady-state permeability tests with nitrogen are completed under a constant pressure 

gradient (Figure 4.12) between the two faces of a core plug. Together with steady-state water 

permeability measurements, they are extremely reliable, but their drawback is that they are slow. 

In order to increase the consistency of the results (Katsuki 2013), each measurement is
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Figure 4.12-Example of nitrogen, steady-state permeability measurements done at increasing 
effective stress conditions for an Eagle Ford shale plug. 
 

completed at least three times at each effective stress condition, by changing the differential 

pressure applied between the two faces. Gases are highly compressible, and the density of 

nitrogen is lower than 1/50 times that of water at 25ºC. In addition, the volumetric flow of 

nitrogen is higher for a given pressure gradient, and can deviate from the conditions of Stokes 

flow and Darcy’s Law (API 2010).  

For the current experiments, steady-state is reached when the upstream and downstream 

pressures and flow rates are constant, usually after a relatively long period of time, often several 

hours to several days (see the experimental results in Figures 4.13 and 4.14). The derivation of 

the mathematical equations used for permeability calculations is out of the scope of this chapter, 

as they are finely explained in the literature (Darcy 1856; Kundt 1875; Forchheimer 1901; 

Kozeny 1927; Carman 1937; Klinkenberg 1941; Wyllie and Rose 1950; Moran and 

Papaconstantinou 1981; Swanson 1981; Katz 1986; and Jones 1987). Yet, a short description of 

the equations is given below.  
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When steady state is reached, mass flow rate is constant through the sample and does not 

change with time, therefore,  

s rq q           [4.5] 

and at isothermal conditions, 

s r r

r

Pq P q

z z
          [4.6] 

If we substitute
MP

zRT
  , (1 )g

b
k k

P   and s r r

r

Pq P q

z z
  in 

2
2 3

2
1 1

s s

g

C q C qdP

ds C Ak C A

    , this gives 

the differential form of the Forcheimer equation for isothermal, steady-state flow of gases, and 

corrected for gas slippage, as follows: 

2 2
32

1 2 2
( )

( )
r rr r

t t

C MP q zC P q zdP
C

ds Ak z P b A RTz P




          [4.7] 

However, the calculation of all the parameters in this equation is not practical, and, taking into 

account that in most cases the last term of Eq. 4.7 is negligible, the equation is reduced to 

Darcy’s Law corrected for gas slippage (which meets the requirements of Stoke’s Law), as 

follows:  

2

1 1 2 1 2

2

( )( 2 )
r r m

r f

C P q z
k

C z G P P P P b


                [4.8] 

where C1 and C2 are conversion constants (API, 2010) and P1 and P2 are the injection and 

outflow absolute gas pressures, respectively. The Klinkenberg gas slippage factor, b, was 

determined from multiple permeability measurements in which permeability gk  is plotted 

against the inverse of the mean pore pressuremP , being  

       2

1 1 2 1 2

2

( )( )
r r m

g
r f

C P q z
k

C z G P P P P

                      [4.9] 

1 2

1
( )

2mP P P                   [4.10] 

The calculation of b for the Eagle Ford cores is shown in Figure 4.13. The intercept of the a plot 

isk , and its slope is b*k . Therefore,  

(1 )g
m

b
k k

P                   [4.11] 
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Figure 4.13-Calculation of the Klinkenberg gas slippage factor (b) through several permeability 
measurements at different mean pore pressures. The intercept of the interpolation isk , and its 

slope is b*k . 

 
Once the Klinkenberg gas slippage factor was obtained, a series of steady-state gas 

permeability measurements at elevated stress were run on Eagle Ford cores. Results from 

individual effective stress-sensitivity permeability tests are shown in Tables 4.4 and 4.5 and 

Figures 4.14 and 4.15.  The combined results from three twin core plugs from the upper Eagle 

Ford are shown in Figure 4.16. Permeability decline with gradual effective stress increase is 

compared with the axial compressional and shear wave velocity measurements. The curve 

presents a logarithmic decrease of permeability with stress, with a very similar behavior to that 

of the pulse-decay method. Two permeability measurements were conducted at an effective 

stress of 4,000 psi and one measurement at 2,000 psi after the sample was subjected to a 

maximum effective stress of 6,000 psi, showing the hysteretic behavior of the pore volume. After 

the matrix is compressed beyond the in-situ stress levels, part of the pore system would not 

behave elastically any more, and thus when stress is released, permeability does not recover to 

the original values. This irreversible loss of pore space is an indication of the plastic deformation 

of the sample, since organic-rich shales have high strengths. 

4.5.3    Steady State Water Permeability 

Frequently, gas permeability is higher than water permeability in mudrock samples 

because of the effect of Klinkenberg gas slippage (API 2010). Water permeability, however, is
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Table 4.4-Summary of steady-state nitrogen permeability measurements in Eagle Ford core plugs 
for various effective stresses. Data is equivalent to the pressure plots shown in Figure 4.14. 

 

 

Parameter Parameter

Area (m2) 1.14E-03 Area (m2) 1.14E-03
Length (m) 0.0257 Length (m) 0.0257

Viscosity µf (mPas) 0.0184 Viscosity µf (mPas) 0.0184

Downstream Flow Rate (cc/day) 40.168 Downstream Flow Rate (cc/day) 33.236

Downstream Flow Rate (m3/s) 4.65E-10 1.59E-13 Downstream Flow Rate (m3/s) 3.85E-10 1.59E-13

psi Pa atm psi Pa atm

Upstream Pp 2060 14203700 140.17476 Upstream Pp 2060 14203700 140.17476

Downstream Pp 1940 13376300 132.00924 Downstream Pp 1940 13376300 132.00924

(p1
2-p2

2)/Length 8.88E+12 (p1
2-p2

2)/Length 8.88E+12
Permeability (m2) 2.26E-19 Permeability (m2) 1.87E-19
Permeability (nD) 229 Permeability (nD) 189
Effective Stress (psi) 200 Effective Stress (psi) 500
ΔPp (Upstream-Downstream) 120 ΔPp (Upstream-Downstream) 120

Parameter Parameter

Area (m2) 1.14E-03 Area (m2) 1.14E-03

Length (m) 0.0257 Length (m) 0.0257

Viscosity µf (mPas) 0.0184 Viscosity µf (mPas) 0.0184

Downstream Flow Rate (cc/day) 24.725 Downstream Flow Rate (cc/day) 20.554

Downstream Flow Rate (m3/s) 2.86E-10 1.59E-13 Downstream Flow Rate (m3/s) 2.38E-10 1.59E-13
psi Pa atm psi Pa atm

Upstream Pp 2060 14203700 140.17476 Upstream Pp 2120 14617400 144.25752

Downstream Pp 1940 13376300 132.00924 Downstream Pp 1880 12962600 127.92648

(p1
2-p2

2)/Length 8.88E+12 (p1
2-p2

2)/Length 1.78E+13
Permeability (m2) 1.39E-19 Permeability (m2) 5.60E-20
Permeability (nD) 141 Permeability (nD) 57
Effective Stress (psi) 1000 Effective Stress (psi) 1500
ΔPp (Upstream-Downstream) 120 ΔPp (Upstream-Downstream) 240

Parameter Parameter

Area (m2) 1.14E-03 Area (m2) 1.14E-03
Length (m) 0.0257 Length (m) 0.0257
Viscosity µf (mPas) 0.0184 Viscosity µf (mPas) 0.0184
Downstream Flow Rate (cc/day) 17.725 Downstream Flow Rate (cc/day) 10.372

Downstream Flow Rate (m3/s) 2.05E-10 1.59E-13 Downstream Flow Rate (m3/s) 1.20E-10 1.59E-13
psi Pa atm psi Pa atm

Upstream Pp 2120 14617400 144.25752 Upstream Pp 2120 14617400 144.25752

Downstream Pp 1880 12962600 127.92648 Downstream Pp 1880 12962600 127.92648

(p1
2-p2

2)/Length 1.78E+13 (p1
2-p2

2)/Length 1.78E+13
Permeability (m2) 4.83E-20 Permeability (m2) 2.83E-20
Permeability (nD) 49 Permeability (nD) 29
Effective Stress (psi) 2000 Effective Stress (psi) 2500
ΔPp (Upstream-Downstream) 240 ΔPp (Upstream-Downstream) 240

Values
σeff=2500 psi

Values

σeff=1000 psi
Values

σeff=1500 psi
Values

σeff=2000 psi

σeff=200 psi
Values

Steady-State Nitrogen Permeability
σeff=500 psi

Values
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Figure 4.14-Plots of steady-state permeability measurements for upper Eagle Ford core samples 
from the same depth. The slope of the downstream pressure line is used to calculate permeability 
after equilibrium is reached. In this figure, results for measurements from 200 psi to 2,500 psi are 
shown. 
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Table 4.5-Summary of steady-state nitrogen permeability measurements in Eagle Ford core plugs 
for various effective stresses. Data is equivalent to the pressure plots shown in Figure 4.15. 

 

Parameter Parameter

Area (m2) 1.14E-03 Area (m2) 1.14E-03
Length (m) 0.0257 Length (m) 0.0257
Viscosity µf (mPas) 0.0184 Viscosity µf (mPas) 0.0184
Downstream Flow Rate (cc/day) 8.2793 Downstream Flow Rate (cc/day) 4.9467

Downstream Flow Rate (m3/s) 9.58E-11 1.59E-13 Downstream Flow Rate (m3/s) 5.73E-11 1.59E-13
psi Pa atm psi Pa atm

Upstream Pp 2120 14617400 144.25752 Upstream Pp 2120 14617400 144.25752

Downstream Pp 1880 12962600 127.92648 Downstream Pp 1880 12962600 127.92648

(p1
2-p2

2)/Length 1.78E+13 (p1
2-p2

2)/Length 1.78E+13
Permeability (m2) 2.26E-20 Permeability (m2) 1.35E-20
Permeability (nD) 23 Permeability (nD) 14
Effective Stress (psi) 3000 Effective Stress (psi) 3500
ΔPp (Upstream-Downstream) 240 ΔPp (Upstream-Downstream) 240

Parameter Parameter

Area (m2) 1.14E-03 Area (m2) 1.14E-03
Length (m) 0.0257 Length (m) 0.0257
Viscosity µf (mPas) 0.0184 Viscosity µf (mPas) 0.0184
Downstream Flow Rate (cc/day) 5.7599 Downstream Flow Rate (cc/day) 3.7665

Downstream Flow Rate (m3/s) 6.67E-11 1.59E-13 Downstream Flow Rate (m3/s) 4.36E-11 1.59E-13
psi Pa atm psi Pa atm

Upstream Pp 2160 14893200 146.97936 Upstream Pp 2200 15169000 149.7012

Downstream Pp 1840 12686800 125.20464 Downstream Pp 1800 12411000 122.4828

(p1
2-p2

2)/Length 2.37E+13 (p1
2-p2

2)/Length 2.96E+13
Permeability (m2) 1.15E-20 Permeability (m2) 5.90E-21
Permeability (nD) 12 Permeability (nD) 6.0
Effective Stress (psi) 4000 Effective Stress (psi) 5000
ΔPp (Upstream-Downstream) 320 ΔPp (Upstream-Downstream) 400

Parameter Parameter

Area (m2) 1.14E-03 Area (m2) 1.14E-03
Length (m) 0.0257 1.811024 Length (m) 0.0257 1.811024
Viscosity µf (mPas) 0.0184 Viscosity µf (mPas) 0.0184
Downstream Flow Rate (cc/day) 1.1418 Downstream Flow Rate (cc/day) 2.371

Downstream Flow Rate (m3/s) 1.32E-11 1.59E-13 Downstream Flow Rate (m3/s) 2.74E-11 1.59E-13
psi Pa atm psi Pa atm

Upstream Pp 1620 11169900 110.23452 Upstream Pp 1740 11997300 118.40004

Downstream Pp 1380 9515100 93.90348 Downstream Pp 1260 8687700 85.73796

(p1
2-p2

2)/Length 1.33E+13 (p1
2-p2

2)/Length 2.66E+13
Permeability (m2) 3.05E-21 Permeability (m2) 2.89E-21
Permeability (nD) 3.1 Permeability (nD) 2.9
Effective Stress (psi) 6000 Effective Stress (psi) 6000
ΔPp (Upstream-Downstream) 240 ΔPp (Upstream-Downstream) 480

Values
σeff=6000 psi

Values

Steady-State Nitrogen Permeability

σeff=4000 psi
Values

σeff=5000 psi
Values

σeff=6000 psi

σeff=3000 psi
Values

σeff=3500 psi
Values
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Figure 4.15-Plots of steady-state permeability measurements for upper Eagle Ford core samples 
from the same depth. The slope of the downstream pressure line is used to calculate permeability 
after equilibrium is reached. In this figure, results for measurements from 3,000 psi to 6,000 psi 
are shown. 
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Figure 4.16-Results of steady-state permeability measurements versus stress for three twin upper 
Eagle Ford plugs from the same depth. Permeability is compared with axial compressional and 
shear wave velocity measurements. One permeability measurement was done at an effective 
stress of 2,000 psi after the sample was subject to a maximum effective stress of 6,000 psi, 
showing the hysteretic behavior of the pore space.   
 

not affected either by the gas slippage or by the inertial resistance of the fluid, because of the 

lower compressibility, higher density and higher viscosity of the liquid, and Darcy’s Law can be 

used directly to calculate permeability. Hence, steady-state water permeability measurements can 

be used to validate the Klinkenberg corrected gas permeability measurements shown above 

(Bertoncello and Honarpour 2013). However, due to the high liquid density of water, the gravity 

effect, although small, must be taken into account in the measurements, since the core is placed 

vertically. As the flow in this experimental setup is implemented as an upwards flow with a head

h , the permeability is calculated from Eq. 4.12 (API 2010):  
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C q L
k

C A p

                    [4.12] 

Pressure, deformation and temperature versus time for a series of steady-state 

permeability tests with water as the pore fluid is shown in Figure 4.17. In this example, 11 

measurements were collected at various differential pressures and at increasing effective stress 

conditions. Pressure measurements for these tests are plotted in Figure 4.18 and their
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Figure 4.17-Example of steady-state water permeability measurements done at increasing 
effective stress conditions for an Eagle Ford shale plug, showing 11 steady-state tests run at 
various effective stress conditions. 
 
interpretation and final results are shown in Table 4.6. In addition, water permeability versus 

effective stress is shown in Figure 4.19, with permeability to water indicating a power law trend, 

0
( 7.176)
effk k                                                        [4.13]   

4.6   Comparison of Various Permeability Methods 

A comparison of the experimental data for various permeability measurement methods is 

shown in Figure 4.20. Results presented in this study demonstrate that, if performed cautiously, 

pulse-decay and steady-state gas measurements provide comparable permeability. Hence, since 

pulse-decay measurements take a fraction of the time needed for steady-state tests, pulse-decay 

would be the best technique for routine tests. Steady-state water permeability measurements at 

high effective stress conditions are also shown in Figure 4.20. Surprisingly, water permeability is 

slightly higher than that of gas permeability. This variability is a consequence of the special 

characteristics of mudrocks containing clays and organic matter. This issue is discussed with 

greater detail in section 4.10 of this chapter.  
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Figure 4.18-Plots of steady-state water permeability measurements for twin upper Eagle Ford 
core samples from the same depth. The slope of the downstream pressure line is used to calculate 
permeability after equilibrium is reached. Liquid steady-state measurements in mudrock are 
much slower than for gas permeability, but the uncertainty in gas measurements is reduced and 
those can serve as a confirmation to rapid, gas measurements. 
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Table 4.6-Summary of data for water, steady-state permeability measurements in Eagle Ford 
core samples for various effective stresses. 

 

Parameter Value Units Value Units Value Units Value Units
Length 0.02308710 m 0.02308189 m
Area 0.00114 m2 0.00114 m2
muf 0.656280373 mPas 0.656280373 mPas

Upstream Pp 27924750 N/m2 4050 psi 28269500 N/m2 4100 psi

Downstream Pp 27235250 N/m2 3950 psi 26890500 N/m2 3900 psi

Downstream Flow Rate 3.33E-12 m3/s 0.0002 cc/min 6.67E-12 m3/s 0.0004 cc/min
6.43E-08 D 6.35E-08 D

0.06 µD 0.06µD
64.29 nD 63.46 nD

Confining Stress 4200 4500
Axial Stress 8200 8500
Effective Stress 4200 4500

ΔPp (Upstream-

Downstream)
100 200

Parameter Value Units Value Units Value Units Value Units
Length 0.02308191 m 0.02304329 m
Area 0.00114 m2 0.00114 m2
muf 0.656280373 mPas 0.656280373 mPas

Upstream Pp 27924750 N/m2 4050 psi 30338000 N/m2 4400 psi

Downstream Pp 27235250 N/m2 3950 psi 24718575 N/m2 3585 psi

Downstream Flow Rate 3.33E-12 m3/s 0.0002 cc/min 5.00E-12 m3/s 0.0003 cc/min
6.34E-20 m2 6.43E-08 D 1.06E-20 m2 1.07E-08 D

0.06µD 0.01µD
64.27 nD 10.74 nD

Confining Stress 4500 5000
Axial Stress 8500 9000
Effective Stress 4500 5007.5

ΔPp (Upstream-

Downstream)
100 815

Parameter Value Units Value Units Value Units Value Units
Length 0.02301072 m 0.02297981 m
Area 0.00114 m2 0.00114 m2
muf 0.656280373 mPas 0.656280373 mPas

Upstream Pp 31027500 N/m2 4500 psi 31027500 N/m2 4500 psi

Downstream Pp 24091130 N/m2 3494 psi 24029075 N/m2 3485 psi

Downstream Flow Rate 5.00E-12 m3/s 0.0003 cc/min 5.00E-12 m3/s 0.0003 cc/min
8.35E-21 m2 8.46E-09 D 8.25E-21 m2 8.36E-09 D

0.01µD 0.01µD
8.46 nD 8.36 nD

Confining Stress 5500 6000
Axial Stress 9500 10000
Effective Stress 5503 6007.5

ΔPp (Upstream-

Downstream)
1006 1015

Permeability

Steady-State Water Permeability

Test 5 Test 6

Test 3 Test 4

Test 1 Test 2

Permeability

Permeability

6.34E-20 m2 6.26E-20 m2
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Figure 4.19-Results of steady-state permeability measurements versus stress using water, for an 
upper Eagle Ford core sample obtained at the same depth to the samples used in gas permeability 
measurements. 

 

Figure 4.20-Data comparison for various permeability measurements using different methods. If 
tests are conducted carefully, pulse-decay and steady-state gas measurements are comparable. 

Power Law Trend k/Peff
y = 7E+27x-7.176       R² = 0.8411

0

10

20

30

40

50

60

70

80

4000 4500 5000 5500 6000 6500

P
er

m
ea

bi
lit

y 
(n

D
)

Effective Stress (psi)

60,000 ppm KCl Water Permeability vs. Effective Stress  

Steady State Nitrogen y = 181.56e-9E-04x

Pulse Decay Nitrogen y = 243.41e-8E-04x

0

50

100

150

200

250

0 1000 2000 3000 4000 5000 6000 7000

P
er

m
ea

bi
lit

y 
(n

D
)

Effective Stress (psi)

Permeability (nD) vs. Effective Stress

Steady State Nitrogen Permeability

Histeresis Steady-State Permeability

Pulse Decay Nitrogen Permeability

Steady State Water Permeability



122 
 

4.7   Directional Dependence of Gas Permeability under High Stress Conditions 

The directional dependence of permeability in transient measurements for ultra-tight 

rocks has been reported in the literature (Kamath et al. 1992). Here, we confirm that, under in-

situ reservoir stress conditions, and under applied effective stresses of 1,500 psi to 2,000 psi, 

permeability depends on the origin of the pressure disturbance. An example for a horizontal 

Eagle Ford core sample (the flow is parallel to the direction of the laminations) in which, at 

1,500 psi effective stress conditions, horizontal permeability in one direction is 4 times greater 

than in the other direction, is shown in Figure 4.22. These measurements have been confirmed by 

using both pulse-decay and steady-state measurements in both directions, and the results endorse 

that directional permeability is only relevant at intermediate stresses, and that at low effective 

stresses (e.g. permeability is several orders of magnitude higher) or high effective stresses (e.g. 

pore pressure is depleted due to production), directional permeability is not relevant. A 

hypothesis is that the pressure disturbance is initiated in one side of the core, and after effective 

stress is gradually increased, there is a critical point in which small irregularities and horizontal 

discontinuities in the core start shearing, thus reducing the permeability even more. When flow is 

reversed under the same boundary conditions, some of these sheared discontinuities will open, 

because the pressure disturbance is now pushing from the other side. In addition, permeability at 

these effective stresses in tight mudrocks such as the organic-rich Eagle Ford is already very 

low; therefore, the number of permeable capillaries and fractures is extremely limited, thus lower 

permeability due to shearing might be reasonable.  

 

Figure 4.21-Diagram showing the effect of directional flow on bedding-parallel permeability 
under stress. A, channel at low effective stress; B, channel at higher effective stress and flow 
direction left to right; C, channel at the same stress conditions than B, but after the flow direction 
is reversed.  
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Figure 4.22-Example in which, for a horizontal Eagle Ford core plug with flow being parallel to 
the direction of the laminations, permeability in one axial direction is 4 times larger than in the 
other direction, at constant 1,500 psi effective stress. 
 

4.8   Effective-Stress Dependency of Compressional and Shear Ultrasonic Wave Velocities 

and its relationship to Permeability 

It was shown in Figure 4.11 that there is a correlation between the velocities of ultrasonic 

waves traveling through a mudrock sample and permeability, due to their dependence on 

porosity. Figure 4.23 shows an example of arrival time interpretation for compressional
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Figure 4.23-Interpretation of arrival times for compressional (top) and shear (bottom) wave 
arrivals in one of the Eagle Ford cores. The amplitude of the wave is plotted against the time of 
arrival. Various waves are for different effective stresses.  
 

(top) and shear (bottom) waves. When effective stress is increased, ultrasonic waves travel faster 

through the sample due to an increase in bulk density, and thus travel time decreases. In addition, 

as effective stress is increased, waveform amplitude increases. Wave velocities in km/s for the 

Eagle Ford tests are shown in Figure 4.24. Results indicate that although there are small 

differences between samples due to local heterogeneities, wave velocity, for samples with gas, 

follows an exponential growth with effective stress. For samples filled with water, on the 
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-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

45 50 55 60 65 70

A
m

pl
itu

de

Time, t (us)

Effective Pressure = 1000 psi
Effective Pressure = 2000 psi
Effective Pressure = 4000 psi
Effective Pressure = 5000 psi

tArrival 1000 psi

tArrival 2000 psitArrival 4000 psi
Shear Wave Arrival Time - Change with Stress

tArrival 5000 psi

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

22 23 24 25 26 27 28 29 30 31 32 33 34

A
m

pl
itu

de

Time, t (us)

Effective Pressure = 1000 psi
Effective Pressure = 3000 psi
Effective Pressure = 5000 psi
Effective Pressure = 6000 psi

tArrival 1000 psi

tArrival 3000 psi

tArrival 5000 psi
Compressional-Wave Arrival-Time with Stress

tArrival 6000 psi



125 
 

 

Figure 4.24-Wave velocities (Km/s) versus effective stress (psi) for Eagle Ford tests saturated 
with gas and water. Note the difference in the relationship between those parameters for gas 
(exponential) and liquid (linear) due to the differences in fluid compressibility. 
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density with porosity reduction. However, as shown in Tutuncu and Sharma (1992) and Mese 

and Tutuncu (1996), differences in permeability between water and gas can also be related to 

surface forces due to the presence of clays. In addition, as it will be covered in Chapter 5, 

organic matter content might as well play a role in organic-rich mudrocks.   

 

Figure 4.25-Results of three different resistivity measurements at various heights in the core 
plug. Ring 0-1 monitored the change in resistance between the bottom of the core and ¼ of the 
height, ring 1-2 monitored it between ¼ of the height and ½ of the height, and ring 2-3 measured 
the change between ½ and ¾ of the height. 
 

Changes in porosity and permeability, regardless of the mechanisms involved, can be 

monitored by measuring the change in electrical resistivity of the rock. Electrical resistivity was 

monitored for several Eagle Ford samples, simultaneously with permeability under increased 

effective stress. Details of the resistivity monitoring setup are explained in Appendix B. Results 

of three different resistivity measurements at various heights in the core sample is displayed in 

Figure 4.25. Ring 0-1 is used to monitor the change in resistance between the bottom of the core 
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and ¼ of the height, ring 1-2 to monitor it between ¼ of the height and ½ of the height, and ring 

2-3 measured the change between ½ and ¾ of the height. A combination of these measurements 

is then used to monitor the change in resistivity through the core when pore fluid (especially 

water) flows. Using data from Figure 4.25, a relationship between resistivity (ohm-m) and 

effective stress for constant pore pressure measurements (Figure 4.26), and a relationship 

between resistivity (ohm-m) and wave velocity (Figure 4.27) were obtained.  Resistivity follows 

an exponential trend with respect to effective stress, and can be potentially used to monitor 

depletion in the reservoir. For compressional wave velocities, the trend is logarithmic. 

 

Figure 4.26-Relationship between resistivity (ohm-m) and effective stress for constant pore 
pressure measurements. 

 

Figure 4.27-Relationship between resistivity (ohm-m) and compressional wave velocity. 
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4.10   Microstructural Observations of the Fluid Transport Mechanisms during 

Permeability Measurements under Stress. 

To date, only a small number of studies of the mechanisms of fluid transport have been 

accompanied by analysis of the microstructural properties of mudrocks (Kwon et al. 2004). In 

this section, a thorough microstructural analysis is displayed using the same cores that have been 

used for permeability vs. stress experiments, providing a range of evidence supporting the 

hypothesis that water and gas follow different pathways within the mudrock matrix.  

Prior experimental studies have revealed that gas permeability obtained at laboratory 

conditions is usually larger than liquid permeability (Sakhaee-Pour et al. 2012), given that the 

paths for gas flow are not the same as for water. This is essentially true in rocks such as 

sandstones and carbonates, but it does not have to be necessarily right for organic-rich source 

rocks. In addition, through extensive research with coals, it has been demonstrated that stress-

dependent permeability is strongly dependent (non-linearly) on total compressibility (fluid + 

pore), which approaches asymptotically to fluid compressibility at high stress, in low-

permeability rocks. One hypothesis explaining this non-linearity is that the tiny asperities on the 

cleat face resist closure and must be deformed or crushed before further reduction in porosity is 

achieved (McKee et al. 1988). This must also be true in low-permeability rocks, but, due to the 

existence of ductile, organic matter in mudrocks, the non-linearity must be dissimilar than that of 

coals.  

The high-effective stress portion of permeability measurements for three twin upper 

Eagle Ford core samples is shown in Figure 4.28. The most important feature is the fact that 

water permeability is higher than gas permeability. This is conceptually wrong, assumming that 

water and gas use the same capillars to flow, since gas saturation during permeability 

measurements is considered 100%, but water saturation in the same conditions will be partial. If 

the pore space is not fully saturated with water, relative permeability to water should be lower, 

but in this case is higher. Therefore, how do we explain that liquid permeability is higher than 

gas permeability? Other researchers (Wang et al. 2009; Handwerger et al. 2011) suggested that 

gas and oil flow through very tight organic-rich rocks is primarily single phase, without being 

accompanied by residual water, due to the differences in wettability between the hydrocarbon-

wet organic porosity (due to the polar hydrocarbon adsorption capacity of the organic pore walls) 

and the water wet non-organic mineral matrix. There is however no direct evidence yet of such
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Figure 4.28-Detail of the high-effective stress portion of the permeability measurements for three 
twin upper Eagle Ford plugs from the same depth. Note that water permeability is higher than 
gas permeability. 

 

Figure 4.29-Calculation of the slope of the logarithm of permeability, used to calculate pore 
compressibility by the Kozeny-Carman relationship between permeability and porosity. 
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phenomenon, which will have vast implications in regard to hydraulic fracturing or Enhanced Oil 

Recovery strategies. Here, it is considered that in mudrocks two distinct pore networks coexist, 

one being water wet and the other oil wet. If this hypothesis is valid, relative permeability 

measurements must be interpreted differently in future research.  

 The measurement for the slope of the logarithmic permeability is shown in Figure 4.29. 

Taking 1/3 of the slope, total compressibility is calculated using the Kozeny-Carman relationship 

between permeability and porosity, as follows: 

  
ln( )1 f f

f f eff eff
C

 
   

 
         (psi-1)                                        [4.14] 

Using the slopes calculated from Figure 4.29 for steady-state nitrogen, pulse-decay 

nitrogen and steady-state water data, total compressibility using gas is about 2.67*10-4 psi-1 while 

it is 2.67*10-5 psi-1 for water. This is, total compressibility with water as pore fluid is one order 

of magnitude smaller than that of pores filled with gas, which might suggest that gas and water 

flow through pore spaces having different properties. However, pore compressibility makes up 

only a small percentage of the total compressibility, the majority being held by the fluid. 

Therefore, this interpretation must be further validated. In order to do that, a compilation of SEM 

images from the rock that was tested for permeability is shown in Figure 4.30. These images 

were taken prior to applying any stress of fluid to the sample. As explained in Chapter 3, there 

are two main textures in the upper Eagle Ford marl. Texture I contains principally calcite and 

sometimes quartz grains, with extremely low interparticle porosity with abundant interparticle 

porosity, dominated by open interfaces between carbonate grains and in triple points of weakness 

between this texture I and texture II.  On the other hand, organic-rich texture II contains clays, 

organic matter, diagenetic grains of quartz calcite and feldspars. Porosity is mainly concentrated 

within the organic matter, and it usually has a spongy texture, with nanometer pores, and clearly 

connected in 3D.  

After testing a few Eagle Ford samples under stress and flooded with gas and water, these 

were cut into a grid of SEM samples that were analyzed under the electron microscope. FE-SEM 

images of the matrix are shown in Figures 4.31 and 4.32. The organic matter porosity in one of 

the core samples, first flooded using nitrogen and then 1,000 ppm NaCl brine, for permeability 

measurements, is shown in Figure 4.31. This core was subjected to large effective stresses in 

prior measurements, yet the organic porosity appeared highly resistant to pore collapse. On the
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Figure 4.30-Compilation of SEM images from the rock depth that was tested for permeability. A 
and B, organic matter with spongy texture; C and D, interface between organic and non-organic 
and between non-organic grains; E, diagram showing the two main textures in the marl. 
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Figure 4.31-Detail of the organic matter porosity in one of the cores flooded with 1,000 ppm 
NaCl Brine for permeability measurement. The core was subjected to large effective stresses but 
the organic porosity seems extremely resistant to pore collapse. On the other hand, all 
microfractures and non-organic pore spaces are closed after the application of stress. No 
precipitated salt crystals were found at any organic matter grains, after more than 20 samples 
were analyzed, confirming that brine has not flown through this type of pore. However, it cannot 
be confirmed or denied that nitrogen has flown through the pores, because of the lack of tracer.    
 

other hand, it was observed from FE-SEM analysis that all the microfractures and non-organic 

pore spaces have been closed after stress application. No precipitated salt crystals were found at 

any organic matter grains, in more than 20 samples analyzed, confirming that brine did not flow 

through the organic pore network. However, it is not possible to confirm, neither deny, if 

nitrogen has flown through the pores, because of the lack of tracer used in these measurements.  

An image from FE-SEM is presented in Figure 4.32A, showing the two textures. NaCl-

brine, used to measure permeability under stress, has precipitated NaCl crystals at various 

Upper Eagle Ford sample after being subjected to large effective stress

• Organic- porosity is resistant to large effective stresses
• Low Salinity(1,000 ppm NaCl) Water does not flow through organic- porosity

Tight mineral matrix

Porous organic matrix
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continuous fractures that surround the calcite grains. Another example of NaCl salt crystals 

precipitated at the open spaces of an intermittent fracture is illustrated in Figure 4.32B. Figures 

4.32C and 4.32D include some other examples for the location of the potential flow paths for 

water. These pictures provide evidence that water has avoided the organic matter porosity, but 

instead, it has used the interparticle spaces between grains of different compositions.  

These interfaces possibly contain weaknesses, especially where isolated pore spaces and 

triple points are present. In addition, the ductility of texture II, containing kerogen, compared to 

the rigidity of texture I, makes these interfaces extremely weak. It has long been believed that 

economic production from tight mudrocks depends on the existence of a network of permeable 

fractures, but although there might be some macrofractures, there is no evidence from 

petrographic analysis (Chapter 3) of the existence of kerogen-shaped, open horizontal 

microfractures under high stress conditions. Instead, Figure 4.32 provides us evidence that there 

are extremely tight pathways between weakness points and roughness heterogeneities between 

mineral grains acting as flow-paths connecting the relatively isolated network of organic-rich 

patches to the open fractures, reducing matrix pressure and permitting water flow. 

Although matrix permeability is very low, the retained pressure-dependent permeability 

of these natural interface microfractures may be enough to continue flow after pressure depletion 

(Cho et al. 2013). This would also be applicable to water pressure depletion after slickwater 

injection in hydraulic fracture operations. During these operations, slickwater enters the well and 

creates propped, large fractures that are mostly vertical. Water enters the natural fractures from 

the propped fractures and continues penetrating smaller fractures until it reaches the matrix. 

Weakness points are then subjected to high stresses and new pathways are created. Although 

these are not propped due to their extremely low width and high tortuosity, the hypothesis is that 

they stay open to some extent due to their surface roughness and differential strain, creating 

stress-resistant permeability to water.   
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Figure 4.32-A, Image from the FE-SEM showing the two textures, I and II, displayed in Figure 4.30. NaCl used to make the brine to 
measure permeability under stress has precipitated at continuous fractures that surround the calcite grains; B, another example of NaCl 
salt crystals precipitated at open spaces of an intermittent fracture; C and D, other examples of the location of flow paths for water.
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CHAPTER 5 - EXPERIMENTAL AND THEORETICAL STUDY OF WATER AND SOLUTE 

TRANSPORT MECHANISMS IN ORGANIC -RICH CARBONATE MUDROCKS 

 

Physical processes behind transport mechanisms of water and solute in shales have been 

extensively studied over fifty years. In the early years of deepwater drilling, wellbore instability 

problems occurring while drilling through ductile shale formations triggered research addressing 

the operational challenges related to this problem (Clark et al 1976; Mese 1988, 1995, 2008; 

Barbour and Fredlund 1989; Santarelli et al. 1992; Chenevert et al. 1993; Mody et al. 1993; 

Steiget 1993; Yew et al. 1993; Bol et al. 1994; Van Oort et al. 1994, 1995, 1996, 1997; Chenevert 

1998). Among additives such as silicates or polyvinyl alcohols, which create physical barriers to 

flow, potassium chloride was the most widely used additive in water mud systems for drilling 

sensitive shales, due to the known ability of K+ ions to reduce instability as water penetrates the 

borehole walls and into the formation (Economides et al. 2000; Fink 2011). Later, the use of Oil-

Base-Mud (OBM) systems became the standard for drilling through shales. However, more 

recently, environmental regulations and the high cost of OBM’s prompted the use of Water-

Based-Mud (WBM) systems again in some instances.  

In addition, starting in the early 1990s and especially in the 2000s, source-rock mudrock 

formations in the United States started to become drilling targets for combined horizontal drilling 

and hydraulic fracturing operations. Currently, source rock hydrocarbons represent a large 

percentage of the native oil and gas production in the United States, but the recovery rates are still 

low (<5-10%). Technology is developing fast and secondary and tertiary hydrocarbon recovery 

mechanisms are starting to be seen as potential methods to increase recovery, one such possibility 

being Enhanced Oil Recovery (EOR) through low-salinity waterflooding. 

In either hydraulic fracturing or low-salinity waterflooding, fresh water with a relatively 

small concentration of ions is injected into the formation by using large hydraulic heads from the 

surface. During hydraulic fracturing operations, fluid pressure may exceed that of the strength of 

the formation and artificial fractures are created (Economides et al. 2000). In contrast, during low-

salinity waterflooding, pressure does not usually exceed the formation strength. A common 

ground for both techniques is that the fluid travels through the various scales of artificial and 

natural fractures until reaching the rock matrix. At that point, the fluid interacts with the rock 
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surfaces amongst the micro-scale fractures and the matrix. This water-to-surface interaction has 

become a critical matter, due to the following observations: 

 Surveillance of well performance after hydraulic fracturing treatments has shown 

empirical progressions, such as improved production rates after long periods of 

shut-in (Ehlig-Economides et al. 2011; Longoria et al. 2015), low flowback 

recoveries or time-dependent, gradual increase in flowback water  salinity (Na+, 

Ca2+, K+, Fe, Sr2+ or Ba2+) after treatment (Blauch et al. 2009).  

 EOR field studies in several basins have shown that pressure rise, salinity 

reduction and temperature increase in the injected water generally improved oil 

recovery (Ashraf et al. 2010; Cissokho et al. 2010; Al-Shalabi et al. 2015). This 

has been attributed to a mechanism similar to alkaline flooding (wettability 

change), in which interfacial tension is reduced between the reservoir oil and water 

due to the natural generation of surfactants when high-pH waters contact the 

organics (McGuire et al. 2005). In addition, it was described that electrokinetic 

surface charges (zeta-potential) are highly negative in contact with low salinity 

water, resulting in repulsion forces between the oil/water and water/mineral 

surfaces that alter the wettability towards more water-wet (Alotaibi et al. 2011; 

Nasralla 2011), especially with divalent ions (Zhang et al. 2007). This technique, 

however, has not worked well in all mineralogies (Thyne et al. 2011), but better in 

mixed-wet, carbonate-rich rocks, where has been observed that oil droplets get 

released from the surface when lowering the salinity (Kurtoglu 2013). 

In the preceding chapters, a few other relevant observations were shown:  

 Matrix bulk mineralogy and mineral distribution in the formation play a critical 

role on water-surface interactions and thus on transport mechanisms. For this 

study, carbonate- and organic-rich, preserved upper Eagle Ford samples are used, 

hence the conclusions of this research are applicable to this type of mineralogy. 

Although the laws that dominate fluid transport are the same, mudrocks with 

different composition, such as the quartz-rich Vaca Muerta, will have those 

mechanisms functioning in different proportions. The same can be applied to most 

of the preceding work done aimed at wellbore stability. Most of these studies have 
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used seal shales, in which the proportion of swelling clays is very high (e.g. Pierre 

Shale is typically used as a reference sample, containing an average of 65% 

smectite) and with no organic content. Thus, the physical response of these with 

fluids will be relatively different than that of source rocks. 

 Mudrock fabric and texture is heterogeneous and complex. It was shown in 

Chapter 3 that the fabric in the upper Eagle Ford Formation is dominated by two 

types of segregated textures. The first and dominant one is the carbonate texture, 

occupying more than 60% of the volume. The second is a mix of quartz, illite, 

kaolinite and feldspar grains, some of which are depositional and some diagenetic, 

that are amalgamated with the organic matter. In Chapter 4 evidence was provided 

that, in order for water to reach the organic-rich Texture II, fluids have to create, 

reopen and travel through natural weaknesses in the interparticle spaces between 

carbonate grains at Texture I. Furthermore, it was confirmed that for Sodium 

Chloride, water cannot enter texture II, as demonstrated by the lack of solute 

precipitation after running steady-state water permeability tests. This is in 

agreement with the NMR studies by Lewis et al. (2013) confirming that the upper 

Eagle Ford has a higher fraction of capillary bound water in intergranular pores 

than the lower unit, whose water content is stored mostly in inter-clay platelets.     

 Organic matter in self-sourced reservoir mudrocks makes up to 15% to 25% of the 

total matrix volume, which is more than the bulk volume percentage of clay 

minerals in the rock. It is well-known that clay surfaces are subject to physical, 

chemical and electrochemical interactions with the fluid. However it is also 

notorious that kerogen, pyrobitumen, solid, isotropic organic matter and even oil, 

especially those containing oxygen functional (aliphatic) groups are subject to 

strong interactions with the fluid (Chalmers and Bustin 2010; Ji et al. 2012; 

Ruppert et al. 2013; Hu et al. 2015). Despite of the evidence that a combination of 

hydrophilic minerals and dominant, organic-nanoporosity creates heterogeneous 

wettability, it has been ignored by most research studies. In addition, results shown 

in Chapter 3 show that most porosity in the rock is located in the organic material 

and, that under reservoir stresses, microfractures are located at weakness points 
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within the intergranular spaces. Horizontal, kerogen-shaped microfractures shown 

in petrographic studies are just artifacts due to sample preparation for Scanning 

Electron Microscope analysis.      

Taking these observations into account, the key for the effective recovery of self-sourced 

reservoir mudrocks lays on capturing (1) how the hydraulic and enhanced natural fractures 

connect with the oil and gas-filled porosity; (2) what are the physics that dominate the transport 

phenomena of low-salinity water within the two main matrix encountered by the fluid; (3) once 

the water arrives at the interphase between the intergranular porosity and the organic-rich matrix 

texture, does water flow through the organic pore network and if so, what are the mechanisms that 

control enhanced recovery; (4) does stress-dependent permeability and porosity affect fluid 

transport; (5) what is the origin of the gradual salt concentration increase seen in flowback waters 

with time.  

Addressing these questions is the main objective of this research effort. A fit-for-purpose 

experimental setup was designed, built and calibrated (Appendix B). The system resembles 

traditional pressure transmission setups, but with the particularity of being capable of sustaining 

reservoir pressure conditions (up to 10,000 psi of overburden and 7,500 psi of pore pressure) and 

constant temperature. In addition, is able to record coupled measurements of vertical deformation, 

confining pressure, overburden pressure, porosity (through the use of axial compressional and 

shear wave transit times), flow rate, resistivity and rock strength with time.  

With this experimental capability available, a matrix of long-term (from 30 to 120 days) 

tests were run in which preserved cores from the upper Eagle Ford marl unit, containing native 

fluids, were first subject to multiple-step, controlled consolidation until reservoir pressure 

conditions were achieved. Once equilibrium in all parameters (deformation, wave velocities and 

pore pressure) was achieved, the samples were subjected to contact with circulating slickwater in 

which various salt types and concentrations were tested and the transmission of pressure through 

the sample was measured, coupled with simultaneous measurements of saturation, strength and 

porosity as a function of time.  

Experiment interpretations were focused on the impact of a few parameters in the 

transport mechanisms of water and solute through the rock, such as (1) type of solute 

(monovalent, Na+ and K+, and divalent, Ca2+); (2) initial saturation; (3) effective stress and (4) 
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solute concentration (low-salinity, 1,000 ppm or high-salinity, 280,000 ppm). These empirical 

interpretations were compared against the existing theory on the transport mechanisms on clay-

rich, low-permeability rocks. Measured pressure transmission behavior could not be matched to 

the calculated theoretical values; hence, some modifications to the theory and boundary 

conditions have been suggested. These modifications provide a simpler approach to the effect of 

concentration-driven transport forces in mudrocks. Last, the effect of organic matter in the 

transport mechanisms is studied. Evidence is shown that the addition of specific ions to the water 

changes the characteristics of the organic-pore surfaces, which would subsequently modify the 

pore pressure and the wettability of grain, fracture and pore surfaces.    

5.1    Existing Theory of Water and Solute Transport in Mudrocks 

Convective and advective flow of water and solute dominate transport in most porous 

media. Unlike conventional reservoirs, fluid flow in mudrocks cannot be fully explained using 

convection and advection alone. Due to their extremely low permeability and large surface areas, 

and the presence of reactive surfaces (comprising mineral surfaces or inorganic and organic 

colloids), the physic-chemical forces existing between them and the fluid will play an important 

role in the transport mechanisms dominating flow. Several processes occur at the mineral surfaces 

when we introduce external fluids to the system. These include dissolution, precipitation, 

adsorption, ion exchange, isotopic exchange and mineral redox.  

Changes in pore pressure at the fracture face and changes in pore fluid composition are 

controlled by the transport mechanisms of the components present in the fluid, which are the 

expression of chemical equilibrium. From a pragmatic point of view (Figure 5.1), these 

components can be reduced to four: pure water, solutes (ions), electrical current and heat; their 

transport is dominated by four driving forces: hydraulic pressure gradient, chemical potential 

gradient, electrical potential gradient and temperature gradient, respectively. In this research 

study, the force due to the temperature gradient is ignored because the experiments are conducted 

under constant temperature. Both the mudrock and the injected fluid are at equilibrium 

temperature before they are put into contact, eliminating one of the variables that may, otherwise, 

have a strong influence on transport phenomena. In addition, the experiment core holder is 

grounded, in order to minimize the buildup of electro-osmosis currents, which may also influence 
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the transport mechanisms. Therefore, the fluid components are reduced to water and solute, and 

the driving forces to hydraulic pressure gradient and chemical potential gradient. 

 

Figure 5.1-Mass transport laws in mudrocks. The left black column displays the four simplified 
fluid components, while the top row represents the driving forces involved. The four transport 
laws highlighted in grey are considered in this work. Current and heat variables are eliminated by 
grounding the system and maintaining a constant temperature for the entire experiment duration.  

 

The general transport equation can then be summarized as follows:  

transport water soluteQ Q Q       [5.1] 

where waterQ is the total water flow rate and soluteQ is the total solute flow rate. For the water 

transport,  

water convection chemical potentialQ Q Q       [5.2] 

where convectionQ is the water flow rate due to Darcy’s Law and chemical potentialQ  is the water flow 

rate due to the chemical (concentration) gradient. In addition, for the solute transport, 

solute advection diffusionQ Q Q       [5.3] 
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where advectionQ is the solute flow rate due to the bulk movement of solute with the mean (bulk) 

fluid flow and diffusionQ is the solute flow rate through the action of random molecular motions, 

dominated by Fick’s Law.  Therefore, the flow components are reduced to four:  

 

convectionQ , chemical potentialQ  , advectionQ and diffusionQ . 

5.1.1    Convective Flow of Water 

Convective flow corresponds to the water flow due to differences in hydraulic potential, 

which is governed by Darcy’s Law, as follows: 

convection

k P
Q k P

L
          [5.4] 

where k is the hydraulic permeability, P  is the hydraulic pressure gradient, is the fluid 

viscosity and L is the length of the capillary. As shown in Chapter 4, hydraulic permeabilities in 

mudrocks are strongly stress-dependent, and generally in the micro- to nano-Darcy range for the 

upper Eagle Ford. 

    

5.1.2    Chemical (Concentration-driven) Flow of Water 

Chemical flow is traditionally described as being driven by a force created by 

concentration differences between two media divided by a perfect membrane, and described by 

Van’t Hoff’s relationship as osmotic pressure (Mitchell 1991). The osmotic pressure difference (

 ) between the injected water and the formation brine is defined in terms of water activities by 

(Marine and Fitz 1981): 

    ln p

f

w

w w

aRT

a
 

      
      [5.5] 

where, 

     
p p pw w wa x        [5.6] 

     
f f fw w wa x        [5.7] 
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where   is the osmotic pressure,w represents the partial molar volume of water (0.018 l/mol), 

R is the molar gas constant (8.31 J/(mol K), T is the temperature, 
pwa is the activity of the rock, 

fwa is the activity of the fluid being injected, 
pwx  is the mole fraction of water in the permeate 

(formation), 
fwx is the mole fraction of water in the circulated (injected) fluid, and, 

pw and 
fw  

are the activity coefficients of the rock and fluid. . The activity represents the effective 

concentration of water in a solution, where 1
fwa   for fresh water, while 1

fwa   for brine, and 

for ideal solutions, activity is directly given by the salt concentration. Water activity of any 

material is equivalent to the partial water vapor pressure (or relative humidity) at equilibrium. 

Water activity for different electrolyte solutions can be found from experimental data such as 

reported by Clarke and Grew (1985). Activity coefficients are correction factors used in 

thermodynamics to account for deviations in the ideal behavior of chemical mixtures. 

Van't Hoff’s equation was derived either for solutions of non-electrolytes or for solutions 

of electrolytes where there was no distinction between cation and anion membrane selectivity 

(Prausnitz et al. 1998). However, if mudrock is considered a membrane, it must be a semi-

permeable one, exhibiting ion selectivity by letting some ions flow through while filtering others 

out. As described by Donnan (Gregor 1951; Molenaar et al. 1998; Prausnitz et al. 1998), in that 

case, the equilibrium conditions are more complex because, in addition to the Gibbs’ equations 

for the equality of chemical potentials, there is an additional criterion to satisfy: the electrical 

neutrality for each of the two phases.  

The following description is analogous to the Donnan equilibrium as described by 

Prausnitz et al. (1998), for a rock matrix and a fracture surface: An aqueous matrix system, 

formed by a selective membrane, contains three ionic species: Na+, Cl- and R-, where R- is some 

anion much larger than Cl-. It is assumed that water is in excess and all ionic concentrations are 

small. The fracture and matrix sides are divided by an ion-selective membrane (boundary) into 

phase    and phase  (Figure 5.2).  

 

 

 

 



143 
 

The membrane is permeable to water, Na+ and Cl- but impermeable to R-.  

 

Figure 5.2-Schematic representation of a Donnan equilibrium (Modified after Prausnitz et al. 
1998). 
 
Before equilibrium, the left side of Figure 5.2 only contains water, Na+ and R- at molar 

concentrations 0
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C 

  and 0

R
C 
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C 
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C 

 . Electro-neutrality requires that: 

0 0

Na R
C C 

         [5.8] 

and 

 0 0

Na Cl
C C 

        [5.9] 

Equilibrium is reached with time (right side of Figure 5.2). If   represents the change in Na+ 

concentration in  , and because R- cannot move through the membrane, the change in Cl-

concentration in    is  . At equilibrium, the final ( )f  concentrations are  

In  :    0f

Na Na
C C       f

Cl
C        0f

R R
C C 

    [5.10] 

In  :    0f

Na Na
C C       f

Cl
C        0f

R R
C C 

    [5.11] 

In order to calculate   from the known original concentrations, it is known that for the solvent 

(s),  

s s
        [5.12] 

Relating the chemical potential to the pressure and to the activity by:  

* lns s s sP RT a           [5.13] 
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and        * lns s s sP RT a           [5.14] 

 

where   is the molar volume and a is the activity, as described previously. The standard state (*) 

is pure liquid solvent at system temperature and at zero pressure. Substitution in Eq. 5.5 gives:  

P P ln( )s

s s

aRT

a

 
        [5.15] 

where   is the osmotic pressure. We also have that  

NaCl NaCl
                   [5.16] 

Assuming that NaCl is completely dissociated into sodium and chloride ions, Eq. 5.15 can be 

rewritten as follows: 

Na Cl Na Cl

                [5.17] 

Substituting Eq. 5.13 and Eq. 5.15 into Eq. 5.17, we obtain that   

ln( )Na Cl

Na Cl Na Cl

a aRT

a a

 
   

 
   

       [5.18] 

where i  is the partial molar volume of i when all solutes are at extremely low concentrations. 

Equating the two equations defining  , we have:  

( )
Na Cl

sNa Cl s

Na Cl s

a a a

a a a

   


  
 

 

 
      [5.19] 

In a very dilute solution, 1s sa a    and the activity of a solute i is equal to its molar 

concentration i ia c . Eq. 5.19 then becomes:  

Na Cl Na Cl
c c c c   

          [5.20] 

From the definition of  (a change in Na+ concentration in ), Eq. 5.20 becomes 

0 0 2( ) ( )
Na Na

c c           [5.21] 

Rearranging, the fraction of the original sodium chloride in  that has moved to   is the 

following:  

0 2

0 0

( )

2
Na

Na Na

c

c c


  

 
        [5.22] 
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and the osmotic pressure is given by:  

0 02 ( 2 )
Na Cl

RT c c           [5.23] 

Because the equilibrium concentration of Na+ is not the same in both sides, we have a 

concentration difference between the two sides (fracture and rock) with a difference in electric 

potential across the membrane. This difference in electric potential    is given by the Nernst 

equation,  

ln Na

A Na Na

aRT

N ez a






 
       [5.24] 

Setting activities equal to concentrations and using some rearrangement, Nernst's equation 

becomes:  

0

0 0
ln Na

A Na Na Na

cRT

N ez c c


 



  
        [5.25] 

where 
Na

z   is the valence of the sodium ion (+1), e  is the charge of an electron, and NA is 

Avogadro's constant. Eq. 5.25 is used in other fields of science such as biology and medicine or 

electrodialysis and reverse osmosis industrial processes, where non-ideal, ion-selective 

semipermeable membranes exist (Prausnitz et al. 1998).  

 

5.1.3    Water Mass Balance and Membrane Efficiency 

The two flow components that control water mass balance, convective (Darcy flow) and 

chemically-induced flow were explained above. In a closed system such as a core in the 

experimental setup, the flow of water will continue until the sum of Darcy flow and chemically-

induced flow is constant in the entire pore volume. The current mathematical model that is used 

for simulating solvent flow in mudrocks can be summarized as follows: 

   ˆw op w w w

k
p E q

t
    
               [5.26] 

The first part of Eq. 5.26 is the water convective flow due to pressure difference, 

w

k
p        [5.27] 



146 
 

where w is the water density, k  is the permeability,   is the water viscosity and p  is the 

pressure gradient. The second part of Eq. 5.26 is the flow of water due to the force so-called 

osmotic pressure, 

opE        [5.28] 

where   is the pressure gradient due to the osmotic pressure as shown in Eq. 5.5 (considering 

no distinction between cation and anion membrane selectivity) or Eq. 5.23 (distinguishing 

between cation and anion membrane selectivity). The term opE  is an empirical scaling factor 

termed membrane efficiency that is used to define the selectivity of the non-ideal membrane to 

specific ions, because there is evidence (Mody et al. 1993; Van Oort et al. 1995; Fjar et al. 2008) 

that ions move through the mudrock. Membrane efficiency is not a well-defined physical entity 

(Van Oort et al. 1995), but can be described as the difference between the mobility of water and 

solute, as follows: 

1 solute
op

water

E

       [5.29] 

where solute is the solute mobility and water the water mobility. opE  is used to reduce the osmotic 

potential to match the experimental results, as shown by Fakcharoenphol (2014). Although some 

authors have found empirical relationships between opE  and other variables (Mody and Hale 

1993), there is no clear physical explanation for that term, because it is dependent on pressure, 

temperature, mineralogy, charge of the ion mix, effective stress, effect of organic matter content 

or hydrated ion radius. Some relationships include a linear trend for the hydrated ion size andopE  

(Van Oort et al. 1995): NH4Cl < KCl < NaCl < CaCl2 < MgCl2, or the exponential increase inopE  

with permeability decrease (Osuji et al. 2008).  

If the experimental results by Osuji et al. (2008) were to be true on organic-rich mudrocks, 

membrane efficiency would be virtually zero for rocks with permeabilities higher than 0.2 nD, 

which would, in turn, put diffusion as the main mechanism of transport. Therefore, a setback for 

this theory is that, due to these uncertainties and the lack of a robust definition foropE , this factor 

should be obtained empirically for each individual system and fluid, which limits the generation 

of predictive models. 
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5.1.4    Advective Flow of Solute 

Advection is the transport of solute (ions) associated with the bulk flow of water. The flow 

of ions due to advection,advectionQ , is also reduced due to membrane efficiency as follows: 

(1 )advection op w w

k
Q E C p 

            [5.30] 

where wC is the solute concentration and w is the water density, both inside the rock.  

 

5.1.5    Diffusive Flow of Solute 

Diffusive solute flow is due to the action of random molecular motions, dominated by 

Fick’s Law, as follows: 

 1diffusion w op eff wQ E D C          [5.31] 

where effD  is the effective diffusion coefficient in unconfined space: 

eff

D
D


      [5.32] 

where D  is the diffusion coefficient of the solute,   is the porosity and   the tortuosity. 

Ghassemi and Diek (2003) showed that ion diffusion reduces the effect of chemical-osmosis by 

lowering the chemical potential gradient, depending on time and on the membrane characteristics 

of the rock. The degree of reduction would be greater with an increase of time or the diffusion 

coefficient, and with a decrease in membrane efficiency.  

5.1.6    Solute Mass Balance 

Combining the two flow components that control solute mass balance, advective and 

diffusive flow, solute mass balance is: 

   ˆ(1 ) 1 w w
op w w w op eff w w w w

Ck
E C p E D C C q

t

                       [5.33] 

where the boundary conditions are: ˆw w wC q  is the term that captures injection or production (sink 

or source), wC  is the water concentration at the boundary (surface) of the fracture (or core)-matrix 

interface, and . 
 w wC

t

 
  is the accumulation term. The solute diffusion term of Eq. 5.32 is 
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expected to dominate over the advection term if the permeability is in the nD range. This would 

translate into ion movement being faster than the pressure wave, and even faster than the water 

movement.  

5.2    Prior Experimental Studies 

Experimental studies of the transport mechanisms in low permeability rocks have been 

extensively revisited from the 1970’s to the 2010’s (Chenevert et al. 1970; Fritz and Marine 1983; 

Mese 1988, 1995; Mody and Hale 1993; Yew et al. 1993; Van Oort et al. 1994, 1996; Ewy et al. 

2000, 2014; Tare et al. 2001; Tan et al. 2002; and Shackelford 2012), with the primary objective 

of understanding the physical processes controlling wellbore stability during drilling operations. 

Some of these experiments were tested under low stress conditions and thus their results are 

difficult to extrapolate to reservoir conditions. Therefore, only those that were completed at high 

stress conditions are used in this work as reference. In addition, prior experimental work is been 

aimed at wellbore stability applications. Hence, the majority of research has been focused in seal 

shales that have to be drilled to reach deep hydrocarbon targets. It has already been explained at 

the beginning of this chapter that there are significant differences between seal shales and source 

rocks, primarily with regard to their bulk mineralogy, clay content, clay type, permeability and 

organic content. Pierre shale, which is a common reference rock used in membrane studies, has an 

average 65% wt. smectite content, and nearly zero organic content. In addition, Pierre samples are 

typically obtained from outcrops, thus its characteristics are different than that of subsurface 

rocks. 

Clearly, the mechanisms that dominate fluid flow and surface-fluid interactions in Pierre 

shale will be somewhat different than those of upper Eagle Ford, which contains from 10% wt. to 

12% wt. clay content, of which most of it is illite, some kaolinite and very low quantities of 

chlorite. In addition, Pierre shale permeability at effective stresses of 5,000 to 6,000 psi ranges 

between 450 nD and 350 nD (two orders of magnitude greater than that of organic-rich upper 

Eagle Ford at the same stress conditions).  

Clay distribution in the Eagle Ford is different than that of Pierre shale, too. As observed 

in Chapter 3, kaolinite resides almost exclusively inside the chambers of foraminifera, and all 

clays are lumped together in amalgamated, elongated patches, mixed with the organic matter 

(kerogen, bitumen, pyrobitumen and solid organic matter).  
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Osmosis or pressure transmission tests were developed to investigate and quantify 

chemical-driven flow in low-permeability rocks. Traditionally, intact cylindrical samples are 

mounted and confined inside a cylindrical core holder. Contrary to this research, fluid in prior 

experiments was usually circulated under pressure through the top end and the pore pressure was 

monitored at the bottom end. Axial stress and strain were usually measured and controlled. 

Except for recent studies, the norm has been to saturate first the sample with base fluid. The 

composition of the base fluid is a brine equivalent to the formation in terms of chemical potential; 

however this is a source of uncertainty because various components will have different properties, 

and the composition of the in-situ pore fluid is hard to measure in preserved cores. Once pressure 

equilibrium was reached at the pressure transducer, prior experiments have tested other 

parameters such as concentration differences or type of ions in the circulation fluid, while 

maintaining constant pressure. 

5.2.1    Prior Experiments on Clay-dominant Shales 

Results from prior experimental studies under pressure, although most done with seal 

shales (typically Pierre shale), provide some clues that help interpret the outcome of experimental 

work with reservoir mudrocks. Relevant results to this work will be summarized in the following 

paragraphs.  

Chenevert et al. (1970) were one of the first to experiment with chemically-induced 

pressures. Their study concluded that all clay-rich rocks, including montmorillonite-rich, illite-

rich and chlorite-rich shales showed a strong alteration of their physical properties as a result of 

water adsorption, such as generating internal stresses that led to hydrational spalling, vertical 

fracturing, and compressive strength reduction. The largest changes by far were seen on rocks 

containing large weight percentages of montmorillonite. 

Fritz and Marine (1983) used a relatively-low pressure (in the 2,500 psi range) osmotic 

setup with artificially-made bentonite samples, asserting that the degree of membrane ideality 

depends on multiple parameters such as Cation Exchange Capacity (CEC), porosity and pore fluid 

ion concentration. Their samples had CEC values of about 100 meq/100 g, and 60% porosity. 

Although these experiments cannot be easily scaled to real reservoir mudrocks, they showed that 

chemical-dependent pore pressure may be substantial in the subsurface. Also, they claimed that 

maximum pressures due to this phenomenon would occur when a low porosity, high cation-
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exchange capacity rock divides solutions of moderate concentration. If the concentration gradient 

across the clay membrane is very high, then the theoretical osmotic pressure would be very large, 

but the low values of membrane efficiency would eventually deliver low pressures. Alternately, if 

the in-situ pore fluid concentration is low, then the pressure times the efficiency would be low 

because the osmotic pressure is low. This latter case, however, would not be a good analog of 

marine self-sourced reservoir mudrocks, in which the pore fluid concentration is that of seawater 

or higher.  

Mody and Hale (1993) showed that when Pierre shale cores are saturated with 6% NaCl 

and the saturation fluid is displaced with 20% NaCl or 20% CaCl2, the result is a sharp decrease 

in the pore pressure downstream (in the range of several thousands of psi, or 90% of the 

circulation pressure, in one day), suggesting that pore fluid is moving out of the rock. This effect 

was also seen when replacing 6% NaCl with KCl, with no difference in the rate of change with 

regard to NaCl. They also showed that there is some variability in the initial response to 

saturation, this is, when saturating the core with 6% NaCl, the downstream pressure equilibrated 

with the upstream pressure in some experiments, but in other cases the downstream pressure 

equilibrated at just 300-400 psi below the upstream pressure. From these experimental results, 

they concluded that the difference between the chemical potential of water in the shale and the 

circulated fluid is one of the fundamental driving forces of the water movement into and out of 

the rock. In addition, they provided evidence of that, independently of which driving force 

dominates the flow of water, this flow modifies the in-situ pore pressure, and subsequently 

altering the effective stress state in the vicinity of the interface (in their case, the wellbore; in this 

research, the microfracture surface to the circulated fluid). 

Yew et al. (1993), whom belonged to the same research group to that of Mody and Hale 

(1993), gave a further step, investigating the effect of solute type on chemical-driven flow. Their 

research involved NaCl and CaCl2 solutions, both of which have the same water activity (1.169), 

but their results showed that the pressure drop due to CaCl2 was higher, concluding that the 

relative water activity alone is not sufficient to be used as an indicator of the chemical potential. 

Given that the simplified model based on Van’t Hoff’s equation is based entirely on the relative 

water activity, this would indicate that this simplified model is not able to capture the physics of 

the problem in its entirety.  
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Van Oort et al. (1994; 1996) investigated pre-saturated, confined and unconfined Pierre 

shale samples, in search for empirical relations in chemical-driven flow. Although tests were run 

at low pore pressures (500 psi), their results confirmed the experiments completed by Yew et al. 

(1993) with regard to CaCl2 solutions. Sharp drops in downstream pressure were observed when 

the upstream pore-fluid (NaCl) was exchanged for a high-concentration (35% wt.) CaCl2 solution, 

followed by a slow rebound after the pore pressure reached its lowest value. Their interpretation 

to the behavior of pore pressure for CaCl2 was the verification of an osmotic backflow that was 

reducing the pore pressure. In addition, an important level of Ca2+ cations was detected in the 

downstream reservoir after the test, implying that the shale did not act as a semipermeable 

membrane when exposed to CaCl2, and that solute diffusion was occurring at a fast pace. A 

similar pressure behavior was observed for a rich (76% wt.) KOOH solution. The physical 

explanation to these results provided by Van Oort et al. (1994; 1996) is that CaCl2 damaged the 

chemical potential or activity imbalance between the rock and the circulating fluid and 

reestablished pressure equilibrium, explaining the pressure rebound seen after the initial drop. 

They concluded that chemical-driven flow occurs in intact, clay-rich shales, which act as rate-

selective transport media, favoring the transport of water over transport of solutes. However, they 

stated that this type of flow is totally overshadowed by the effect of the hydraulic pressure 

gradient in fractured rocks shales.  

Ewy et al. (2000, 2014) introduced a modification to the experimental procedure by Van 

Oort et al. (1994) with respect to the initial pore saturation. They considered that the synthetic 

pore fluid used for initial saturation would alter the rock characteristics due to the presence of 

clay, hence they used preserved rock instead of artificially-saturated rock. They observed that 

when deionized water was circulated, no pressure buildup occurred due to chemical-driven flow, 

and when ions where added to the water, the measured pressure buildup values were lower than 

those predicted by Van’t Hoff’s equation. Therefore, they remarked that, since the bulk of water 

can only move a small distance due to the boundary at the other side of the core, cations can only 

move through the core due to diffusion. For Ewy et al. (2000), K+ cation is more effective than 

Na+ in preventing pressure buildup (swelling), and Na+ is more effective than Ca2+. The 

observations made by Ewy et al. (2000) with regard to initial saturation are especially critical for 

this study, because for reservoir mudrocks, it is complicated to have accurate values of pore fluid 

composition and concentration, but also, the organic-rich marls are almost dry under natural 
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conditions. The latter would be due to the process of hydrocarbon generation from kerogen, 

which is primarily water-starving. 

Tare et al. (2001) introduced the use of acoustic wave velocity and dynamic strain 

measurements to study chemical osmosis using Pierre shale. They reported much lower pressure 

buildups for CaCl2 and KCl than for NaCl, which they interpreted as due to very low membrane 

efficiencies, in agreement with Yew et al. (1993) and Van Oort et al. (1994; 1996). 

Mese (1995, 2008) improved the use of acoustic wave velocity and dynamic strain 

measurements to study chemical osmosis since the work of Tare et al. (2001). They reported 

similar results to these authors with respect to the behavior differences between KCl and NaCl. 

Tan et al. (2002) studied the effect of temperature in chemical osmosis for Pierre shale, 

reporting an increase in the diffusion rate of NaCl with pressure increase, which they interpreted 

as due to a decrease in the water activity of the rock leading to a reduction in the chemical 

potential difference with the circulated solution.  

 Shackelford (2012), in an effort to characterize the membrane behavior of engineered 

clay-rich (65% wt.) barriers, reported observations similar to those by Van Oort et al. (1994; 

1996). According to their study, the replacement of monovalent by multivalent cations resulted in 

larger pores, reduced membrane behavior and more compressed clay inter-platelet spaces. In 

addition, the introduction of CaCl2 collapsed the membrane effect. They attributed this 

phenomenon to the progressive collapse of Double Layers (a concept borrowed from the DLVO 

theory of electro-osmosis) and to particle aggregation resulting from Ca2+ diffusion.  

5.2.2    Gaps on Preceding Experiments 

Results from these prior experimental studies provide a large database of empirical 

information. As aforementioned, the application to these results, although useful, is limited to 

clay-rich seal shales, where the interactions between the clay mineral surfaces, the water and 

solute are dominant and there are no other key components in the system that may introduce 

variability. In addition, some of these experiments have not been performed at reservoir 

conditions, some have not controlled temperature, and none has used rocks other than Pierre shale 

or similar. In addition, except for the work of Mese (1995, 2008) and Ewy et al. (2000, 2014), the 

rest of the experiments pre-saturated the cores with artificial brines, which most likely changed 

the structure of the rock even before the tests started.  
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5.3    Experimental Study on Organic-rich, Carbonate Upper Eagle Ford Mudrock 

In this work, the objective is to study the fundamental physics that dominate transport of 

solute and solvent through low permeability rock. In addition, seal shales are not a priority, 

because for most self-sourced mudrock reservoirs, the bulk mineralogical composition of the rock 

is not dominated by swelling clays, but by a carbonate-rich rock with mixture of non-swelling or 

intermediate-swelling clays, quartz, feldspar and other minerals. Furthermore, the amount of 

organic matter in the rock is significantly high in volume (up to 25% vol.), and it is well known 

that organic material surfaces also interact with the water.  

5.3.1    Apparatus 

An experimental setup and a series of experiments were designed to study transport 

phenomena in the conditions explained above. The experimental setup has been designed taking 

into account prior published experiments and their limitations. It has the capability of obtaining 

coupled measurements of steady and unsteady state permeability, osmosis, rock strength, 

resistivity and acoustic wave transit times, in order to understand the behavior of reservoir 

mudrock under similar conditions to those in the field. A short description of the assembly is 

shown in the following paragraphs. For a complete description of the design and calibration of the 

system, the reader is referred to Appendix B. The setup is capable of simultaneous acquisition of 

coupled stress, strain, acoustic, resistivity and flow data. A diagram and a 3D model of the test 

setup are shown in Figures 5.3 and 5.4, respectively. The main components are: a triaxial load cell 

(A), a pore fluid injection system (B), a back pressure system (C), an axial and confining pressure 

systems (D), a vacuum system (E) and a temperature control system (F). The central part of the 

system is the triaxial load cell (A) which holds a preserved mudrock core sample of 1.5 inch 

diameter by 1 inch length dimensions. The cell is a high pressure vessel containing a cylindrical 

shale core sample. Simultaneous application of axial pressure (simulating the overburden stress) 

and confining pressure (which simulate an isotropic horizontal stress) up to 10,000 psi is possible. 

In addition, the vessel encloses feed-through holes that allow several electronic instrumentation 

(including acoustic wave velocity and resistivity data) and hydraulic lines to pass its walls while 

keeping its pressure integrity. The bottom end cap contains two hydraulic lines and a metallic 

porous filter that provides pore fluid circulation at a specific pressure. The top end cap contains a 

symmetric porous filter followed by a single hydraulic line connected to a pressure transducer. 
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This design allows continuous measurement of pore pressure at the top of the sample while 

different fluids are circulated at the bottom for the osmosis test, or the circulation of fluids in the 

axial direction during permeability tests. Four independent systems controlling pore and hydraulic 

pressures are indicated by (B), (C) and (D). The injection pressure system (B), shown on the 

lower part of the diagram, is used to inject pore fluid in the bottom part of the sample through 

valve V8 (in red). The fluid circulates through a permeable porous-metallic disk and is received 

through valve V9 first, then through V16 into the back pressure (B.P.) system (C). A small 

pressure difference is enough to force water to circulate, due to the chosen large permeability of 

the metallic disk. Both injection and back pressure systems are made of 10,000 psi syringe 

pumps, which generate fluid (pore) pressure. Piston cylinders were added between the pumps and 

the flow lines connected to the cell in order to avoid mixing pore fluid brines containing salts with 

the hydraulic pump fluid (mineral oil or deionized water).  

The hydraulic systems (D) that control axial and cell pressure (confining stress) at the 

pressure vessel are shown at the right hand side of Figure 5.4. In this case, pumps need no 

intermediate separation cylinders, since axial and confining fluids do not contact the pore fluid 

during the experiment. Physical separation is achieved by using a flexible rubber sleeve (Viton or 

Neoprene) that divides the two fluids yet allows pressure to be transmitted. Instead of deionized 

water, non-conductive mineral oil is used as the choice hydraulic fluid for the axial and confining 

stress pumps. The motive is to be able to make accurate resistivity measurements; in addition, 

electrical current buildup on the sample must be avoided. To improve electrical current isolation, 

hydraulic lines are isolated from the ground by using high pressure, non-conductive hoses (green 

dotted lines in Figure 5.4) and by isolating the frame from any electrical connection to the ground. 

This includes the electrical wires used for wave velocity data transmission, which must be 

disconnected when resistivity measurements are being done. When no resistivity data are being 

collected (such as during permeability testing), the system is connected to the ground to eliminate 

the electro-osmosis component of pressure transmission. Peripheral components are also critical 

to the setup, including vacuum, nitrogen injection and temperature control systems (F). First, an 

accurate oil -free vacuum system is used to eliminate any air found in the pore fluids, hydraulic
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Figure 5.3-3D view from the front of the constant temperature chamber. The letters correspond 
to the various parts of the system, and their meaning is explained in the text. 

 

lines and in the sample. The vacuum system consists of a vacuum pump and a water trap 

connected to the rest of the hydraulic pipes by low pressure pipes (purple dashed lines). 

Achieving a system free of unwanted air improves the saturation process and benefits accurate 

pressure measurements. Air is compressible and thus it complicates the interpretation of pressure 

changes in lines. In addition, it will dissolve in water at the working pressures and may react 

with the sample. Therefore, it should be eliminated completely from any fluid that enters the 

system. A systematic practice that is followed during osmotic tests is that any fluid that is 

pumped into the system is being degassed and boiled during at least 24 hours prior to mixing to 

eliminate dissolved air. Inside the setup, air is also vacuumed during at least 30 minutes prior to 

entering the high-pressure hydraulic line system.  

A 

B C 

D 

F 
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Second, a nitrogen injection system is used to measure gas permeability through the 

sample and to gather brine samples. The use of nitrogen is desirable in the latter if measuring 

water salinity on the top of the core without losing the pressure. Nitrogen exists in gas phase at 

atmospheric conditions and even at much higher pressures, thus it is ideal if pressure 

containment is needed yet no brine-to-brine mixture is desired.  

Last, a temperature control system (F) is an essential part of the setup. During initial 

setup calibration, it was recognized that in spite of the thermostat-controlled room temperature, 

small room temperature changes create significant variation in line pressures. The resulting pore 

pressure changes were large enough to mask the intended measurements. A constant temperature 

chamber, which is shown in Figure 5.5, was designed to solve this challenge. It isolates the entire 

system from room temperature by means of thermal insulating walls and by continuously 

circulating hot air in loops. Chamber target temperature is maintained within   0.3ºC error 

measured by two temperature gages connected to heater and fan controllers.  

The fundamental piece of the setup is the core holder, which is shown disassembled in 

Figure 5.6. The system is essentially a triaxial load cell (B) which holds a shale sample of 1.5 

inch diameter by 1 inch length dimensions. As explained in the introduction, the triaxial cell is a 

high pressure vessel made of thick stainless steel that allows the simultaneous application of 

axial pressure (simulating the overburden stress) and confining pressure (which mimics isotropic 

horizontal stress) up to 10,000 psi (due to maximum pump capacity). Figure 5.6A shows the 

piston cylinder contained within the vessel. Axial and confining fluids are physically separated 

by means of a triple O-ring matching the inner diameter of the cell. Figures 5.7 and 5.8 illustrate 

the main components of the inner part of the system. The first figure shows a simplified diagram, 

while the latter is a detailed 3D cross section of the design. In Figure 5.8 the setup is shown as if  

was being introduced in the cell. The inner space of the holder is divided in two by the central 

piston. The vessel encloses feed-through holes that allow a number of electronic 

instrumentations (including ultrasonic wave velocity and resistivity data) and hydraulic lines to 

pass its wall while keeping the integrity of the cell. Both upper and lower reservoirs are filled 

with mineral oil entering through feed through lines. When pressure is applied to the oil column 

in the upper reservoir (green) the piston moves downwards increasing the axial stress on the rock 

sample. With a separate pump, oil pressure is applied to the lower reservoir to create confining 
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Figure 5.4-General diagram of the testing setup. In blue, stainless steel high pressure lines; in green, non-conductive high pressure 
lines; in purple, low pressure lines used for vacuuming in the osmosis assembly. 

C 

E 
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D 
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Figure 5.5-View from the front (A) and back (B) of the constant temperature chamber. 
 

stress in the sample (yellow). Having a Viton rubber sleeve covering the sample in the lower 

reservoir helps applying stress while separating the confining fluid (oil) from the pore pressure 

fluid (brine). Illustration 5.8B shows the cell cross section without the rubber sleeve. The bottom 

end cap has been cut to show the path followed by the pore pressure lines. Sketch (C) is a 

zoomed view for the central part of the holder. The sample is sandwiched between two porous 

disks that allow water to flow through while maintaining the stress state. During osmotic tests, 

brine is circulated at constant pressure through the bottom of the core sample disk, where it 

contacts the lower surface of the shale plug (the circulation path is shown by the dashed yellow 

lines in C). The top end cap contains a symmetric porous filter and a single hydraulic line that is 

connected to a pressure transducer. Water, along with dissolved chemical species, starts diffusing 

up or down through the core sample, creating pressure changes on the top of the sample that are 

recorded using the pressure gauge. During permeability tests, one of the circulation lines at the 

bottom is closed and the pore fluid feedthrough at the top is open, allowing fluid flow.

A B 
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Figure 5.6-Internal piston cylinder (A) and external view of the open sample holder (B). 
 

5.3.2    Procedure 

A typical osmosis test starts with the preparation of the sample to be introduced in the 

setup. Three sensors for resistivity measurements are installed in the core at equal distances. The 

core is sandwiched between two porous disks of known properties and dimensions and the 

sample is introduced in the rubber (Viton) sleeve that will isolate it from the confining fluid. 

Once temperature is equilibrated and vacuum is achieved in the entire system, the sample is 

subject to gradual consolidation, in small incremental steps of confining stress. At each step, 

sample permeability is measured versus increasing effective stress. Nitrogen permeability is 

measured through the steady state and transient methods (see Chapter 4 for more details on 

stress-dependent permeability). When stresses reach reservoir conditions, a last consolidation 
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Figure 5.7-Schematic diagram showing test configuration. 
 

step is completed, in which the nitrogen pressure is slowly released and the sample is subject to 

its maximum dry effective stress conditions. At this stage, enough time is left for the sensors 

(deformation, pressures, resistivity and wave velocities) to equilibrate. Once the core sample is 

under equilibrium conditions, fluid circulation is started at the reservoir pore pressure. For the 

upper Eagle Ford samples studied here, this pressure is 4,000 psi. As confining stress is 6,000 

psi, the effective stress applied to the rock is 2,000 psi, which is lower than the maximum 

effective stress during the consolidation stage (6,000 psi). Pore pressure transmission is 

measured at the top of the sample with a high-precision pressure transducer, and differential 

pressure is measured between the bottom and top with a differential pressure transducer. The 

small empty space from the top of the sample to the transducer was initially filled with native 

pore fluid at 200 psi pressure immediately before the initiation of fluid circulation, to accelerate 

the transmission of pressure through the porous disk and top pipe.        
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Figure 5.8-3D cross sections of the sample holder, showing the main components. 
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5.3.3    Mudrock Samples 

Eagle Ford samples from depth #G6 were described in greater detail in Chapter 3. They 

are intact, preserved samples from the organic-rich marl unit of the upper unit, of dimensions 1.5 

in diameter by 1 in length. They contain the following average bulk mineralogy (% wt.): 63.7% 

calcite, 12.4% quartz, 12.4% illite, 4.8% plagioclase feldspar and 1.6% pyrite. The rest of the 

weight is made up with organic matter and trace minerals, including small amounts of kaolinite.  

As shown in Figure 3.13 (Chapter 3), the lithology is dominated by carbonates, and clays 

are aggregated in lenticular shape throughout the matrix whose geometry is controlled by the 

distribution of calcite grains. Details of the characteristics of the pore network and the 

distribution and types of organic matter present in the rock are also shown in Chapter 3.  

In addition to the detailed petrographic and quantitative analysis of mineralogy, porosity 

and organic matter shown in Chapter 3, the Cation Exchange Capacity (CEC) of the available 

samples was tested, with two methods: methylene blue test and UV/Vis spectrophotometer 

(using cobalt hexamine chloride). Cation exchange capacity is a rough approximation to the 

capacity of the clay mineral surfaces present in the rock to exchange cations with water. The 

upper Eagle Ford samples used for osmosis tests have small CEC values (5 to 7 meq/100g of 

rock, depending on the method), as shown in Table 5.1.    

5.3.4    Results of the Osmotic Pressure Experiments 

Using preserved cores from the same core depth of the upper Eagle Ford, a series of long-

term, osmosis tests at reservoir conditions were run. The in-situ conditions for this formation at 

this depth and at this specific location is about 6,000 psi of isotropic confining stress, 70ºC, and 

reservoir pressures close to 4,000 psi. Cores were drilled parallel to the bedding planes. 

The overburden and horizontal stresses are considered isotropic, as that is indicated by 

the interpretation of dipole sonic data from the field. Although this has already been discussed in 

Chapter 3, isotropy is probably due to overpressure, which is a product of the presence of 

hydrocarbons in different maturation and migration stages.  
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Table 5.1-Cation Exchange Capacity (CEC) measurements for the Eagle Ford and Vaca Muerta 
samples. Depth of sampling #GZ-6 is the location where cores for osmosis tests were taken. Note 
the low CEC values for this rock compared with the clay-rich lower Eagle Ford (#GZ-10). 

 

 
As stated at the beginning of this Chapter, experiment interpretation is focused on the 

impact of a few variables in the transport mechanisms of water and solute through the rock, 

including:  

 The impact of solute type (monovalent, Na+ and K+, and divalent, Ca2+) 

 The impact of initial saturation 

 The impact of effective stress 

 The impact of solute concentration (low-salinity, 1,000 ppm or high-salinity, 280,000 

ppm).  

 

 

Sample Depth Formation
Methylene Blue Test & UV/Vis 
Spectrophotometer Using Cobalt 

hexamine Chloride (*)
#GZ-1 3
#GZ-2 6
#GZ-3 3
#GZ-4 3
#GZ-5 5 (*3.98)
#GZ-6 7 (*5.01)
#GZ-7 10
#GZ-8 10
#GZ-9 26
#GZ-10 31 (*12.19)
#GZ-11 5
#GZ-12 13
#LS-1 3
#LS-2 4
#LS-3 6
#LS-4 4
#LS-5 5
#VM-1 Lower Vaca Muerta 7

Cation Exchange Capacity  (meq/100 g Rock)

Upper Eagle Ford

Lower Eagle Ford

Upper Eagle Ford



164 
 

5.3.4.1    Impact of Solute Type – Clays and Organic Matter Surface Exchange 

Pressure increase due to osmosis is highly dependent on the type of solute. As shown in 

prior studies of clay-rich shales, the differences in pressure response due to various ions is due to 

the intrinsic characteristics of clay mineral surfaces as exchange hubs for cations and anions. In 

addition, as it will be shown in this work, organic matter surfaces may have also the capacity to 

attract and exchange, along with selectively filtering, specific ions.  

Results of an osmosis experiment for low salinity (1,000 parts per million, ppm) NaCl 

brine is shown in Figure 5.9. Prior to the start of circulation (at day 24), the rock was slowly 

exposed to gradually-increasing stresses until reaching reservoir conditions. At the time of the 

experiment, confining pressure was equilibrated at 6,000 psi; NaCl brine was circulated at the 

top of the sample (upstream) at 4,000 psi; effective stress was 2,000 psi; and the sample was 

preserved, this is, no fluid was injected in it except for nitrogen, which was used to measure 

stress-dependent permeability. 9 days after the start of the brine circulation (day 33), downstream 

pressure reached the same pressure than the circulating pressure, but instead of equilibrating, the 

pressure at the top of the sample gradually increased. Equilibrium was reached approximately 16 

days after the start of the test (day 40). 

Parallel to the pressure measurements, coupled wave velocity measurements were 

obtained. When low salinity water is circulated, wave velocities reflect the change in bulk rock 

density as fluid saturates the pore space, increasing the sample density. As the front of the fluid 

travels through the sample, compressional (P) velocities increase, and shear (S) velocities 

decrease. The rate of decrease of shear wave velocity is faster than that of the compressional 

velocity increase, probably due to uneven saturation of the pore space. After an initial rise, 

compressional velocity equilibrated at about 6 km/s. This value is constant throughout the entire 

test (42 days). Shear wave velocity, however, started rising after a sharp, short initial decrease. 

As saturation increased, these velocities gradually increased until the test was stopped. This is a 

good indication that shear waves are a good tool to interpret water saturation and density changes 

in the pore fluid. In this experiment, saturation of the in-situ brine was unknown. Field data 

indicates that it might be near 60,000 ppm of multi-component ions, but this information is 

uncertain. It is, however, clear that the rock is under sub-irreducible water saturation conditions 

due to the presence of organic matter, and that whatever water saturation might have, it will be 

highly concentrated brine, close to that of seawater values or higher.   
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Figure 5.9-Osmosis experiment with low salinity (1,000 ppm) NaCl brine. The osmosis experiment started at day 24, after the rock 
was slowly exposed to gradually-increasing stresses until reaching reservoir conditions. At the time of the experiment, confining 
pressure was equilibrated at 6,000 psi; NaCl brine was circulated at the top of the sample (upstream) at 4,000 psi; effective stress was 
2,000 psi. At day 33 (9 days after start), the pressure at the top of the sample (downstream) reached the circulating pressure.  

0

10

20

30

40

50

60

70

0

1000

2000

3000

4000

5000

6000

21 23 25 27 29 31 33 35 37 39 41

W
av

e 
Ve

lo
ci

ty
 (

K
m

/s
 x

 1
0)

P
re

ss
ur

e 
(p

si
)

Time (days)

Impact of NaCl on the Downstream Pressure - No Presaturation

Isotropic Confining/Axial Stress (psi)
Pore Pressure Top of Sample (psi)
Circulation Pressure (Outlet; psi)
Circulation Pressure (Inlet; psi)
Effective Stress (psi)
Compressional (P) Velocity (10*Km/s)
Shear (S) Velocity (10*Km/s)

Increase in Compressional Velocity due to Density Growth

Decrease in Shear Velocity due to Increased Saturation

Osmotic Pressure Buildup Causes S-Wave Velocity Increase

Pre-Osmosis N2 Permeability Measurements



166 
 

Results from the experiment with NaCl prove that chemical osmosis exist in low-clay 

content reservoir mudrocks. However, in order to understand the impact of various solutes on 

pressure transmission, it is necessary to repeat the prior experiment with other salts. Results for 

an analogous experiment with low salinity (1,000) KCl are shown in Figure 5.10.  

In this experiment, different behavior can be observed. First, the time that it takes for 

pressure to transmit through the sample is only 2 days, which is significantly lower than that of 

the NaCl experiment, 16 days to equilibrium. This effect cannot be attributed to sample 

irregularities or permeability differences. Both samples were obtained from the same 1-foot core, 

and are free of fractures, as shown by Computer Tomography (CT) scan results. Nitrogen 

permeability under reservoir stresses was also measured and for both cases, it ranges between 

1nD and 4nD. Therefore, pressure transmission speed variability cannot be attributed to the 

existence of fractures or differences in permeability, but it must be due to the type of ion.  

In addition, it is important to note that pressure did not equilibrate at the circulation 

pressure (4,000 psi) or higher, such as in the case of the NaCl (4,532 psi), but it did equilibrate at 

a lower pressure (3,730 psi) than that created by the Darcy flow (differential pressure). This must 

indicate that, although the injected fluid has a concentration significantly lower than the in-situ 

brine, there is a force that is reducing the effect of hydraulic pressure differential in 270 psi. As it 

will be shown later in another experiment illustrated in Figure 5.13, KCl brine, regardless of the 

concentration differences, do not create any pressure buildup. Therefore, how can the result 

shown in Figure 5.10 be explained? The answer is on the details of the high pressure setup 

designed for these experiments. As shown in Figure 5.8, the top of the sample is connected by 

means of an upper feed-through to a closed, very small diameter (1/16”) pipe that ends in a high 

precision pressure transducer. In the experiment run with KCl as circulating fluid, this pipe was 

not 1/16” but had a larger diameter (1/8”). In order to accelerate the pressure transmission from 

the top of the sample to the pressure transducer, this space was filled with artificial brine made of 

KCl with a concentration of 60,000 ppm, which is the closest known value to the actual in-situ 

brine. Therefore, the result of this setup was that the core was circulated with 1,000 ppm KCl 

brine at the bottom, but it was subject to contact with 60,000 ppm KCl brine at the top. If the in-

situ brine had really a 60,000 ppm concentration of single-component KCl, the pressure would 

have equilibrated at 4,000 psi, equal to the circulating pressure. However, the in-situ brine may 

not only be composed of KCl, but also by other, maybe divalent, ions. Moreover, based on
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Figure 5.10-Osmosis experiment with low salinity (1,000 ppm) KCl brine. The osmosis experiment started at day 10.2, after the rock 
was slowly exposed to gradually-increasing stresses until reaching reservoir conditions. At the time of the experiment, confining 
pressure was equilibrated at 6,000 psi; KCl brine was circulated at the top of the sample (upstream) at 4,000 psi; effective stress was 
2,000 psi. At day 12.5 (2 days after start), the pressure at the top of the sample equilibrated at lower values than the upstream pressure.  
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the results shown in Figure 5.10, it is clear that the concentration of the brine inside the core was 

actually higher than 60,000 ppm. Although the water being circulated had low concentration, the 

time that it takes to replace the entirety of the downstream pipe space until the salinity is 

equilibrated is extremely long. Therefore, 60,000 ppm water at the vicinity of the pressure 

transducer was being dragged by negative osmotic pressure towards the core, reducing the 

equilibrium pressure by exactly 270 psi. The fact that this number is relatively low means that 

the in-situ brine concentration must not be far from that of 60,000 ppm, but only a few 1,000’s 

would produce that result. The critical part is not that small concentration difference, but it is 

related to the types of cations in the in-situ brine, that, based on the observations in Figure 5.13, 

must be other than KCl. 

A third experiment was run to study the effect of ion type on pressure transmission. The 

impact of CaCl2 on the downstream pressure after equilibrium is shown in Figure 5.11. In this 

experiment, a mudrock sample was previously flooded with low-salinity NaCl brine at a 

concentration of 1,000 ppm. Once equilibrium conditions were reached, pressure at the 

downstream reservoir was 4,430 psi, compared to 4,000 psi of circulating pressure. At that point, 

low-salinity, multicomponent NaCl-CaCl2 brine at the same concentration of 1,000 ppm and 

equal proportions was circulated at the bottom of the core. Within hours after the multi-

component fluid started circulating, pressure at the top of the sample started decaying gradually. 

After 10 days of decay under constant hydraulic pressure of 4,000 psi, the pressure equilibrated 

at approximately 4,130 psi, that is, the effect of introducing 500 ppm of CaCl2 in the rock was 

that of a 300 psi pressure decrease. 

Results for the three experiments shown above, with NaCl, KCl and CaCl2 can be 

explained fundamentally because of two components, the amount of clays present in the rock 

containing cation exchange capacity, and the presence of organic matter in its various forms 

(kerogen, bitumen, pyrobitumen and solid organic matter). With respect to the clay content, it is 

well known that the relative ease of cation exchange of cations by other cations follows a known 

trend (Malusis and Shackelford, 2002; Lake et al. 2003, 2014; Boyd et al. 2012): 

2 2 2 2Li Na K Rb Cs Mg Ca Sr Ba H                    [5.34] 

It is also been observed, as explained in the preceding paragraphs, that the adsorption of 

K+ in clays, contrary to other cations such as Na+ or Ca2+,  is irreversible, and that clays have a
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Figure 5.11-Osmosis experiment with low salinity (1,000 ppm) CaCl2 brine on a pre-saturated sample with NaCl 1,000 ppm brine. 
Within hours after the multi-component fluid started circulating, pressure at the top of the sample started decaying gradually. After 10 
days of decay under constant hydraulic pressure of 4,000 psi, the pressure equilibrated at approximately 4,130 psi, that is, the effect of 
introducing 500 ppm of CaCl2 in the rock was that of a 300 psi pressure decrease. 
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strong electrostatic affinity to K+, the clays acting as a sink for K+ ions (Boyd et al. 2012). On the 

other hand, the cations that have large charge densities, such as those that are multivalent (

2 2 2 2, , ,Mg Ca Sr Ba    ) or those with small ionic radii, are more strongly held by the anionic 

sites, such as clay surfaces. This suggests that the electrostatic interactions between the 

negatively charged clay surfaces and ionic solutes govern cation exchange and anion exclusion 

processes in mudrock.  

Evidence of this phenomenon has already been shown in the experiments by Van Oort et 

al. (1996), where they reported the lowest membrane efficiencies for CaCl2 and KCl, results that 

they explained as a function of the ratio of the hydrated solute vs. the ion radius and the average 

pore size radius. For the most common cations encountered in the reservoir, these are shown in 

Table 5.2 sorted in terms of their hydrated/ionic radius ratio. The relationship between these and 

the cation exchange is explained by the DLVO theory (Mese, 1995) and its modern updates (e.g. 

hydration forces), (Boström et al. 2001).  

 

Table 5.2-Ionic and hydrated radius, in Pico-meters (pm), sorted with respect to increasing ratio. 

 

 

Although it is out of the scope of this study to provide a detailed description of the 

DLVO and hydration forces’ theories, which are well explained elsewhere (Chenevert et al. 

1970; Mese 1988, 1995; Low 1992; Macha 2002; Fjar et al. 2008; Wan 2010), or that of the 

Ion Ionic Radius (pm) Hydrated Radius (pm) Hydrated/Ionic

Cs+ 167 200 1.20

Rb+ 147 250 1.70

K+ 133 300 2.26

Ba2+ 134 450 3.36

Sr2+ 112 500 4.46

Na+ 97 450 4.64

Ca2+ 99 600 6.06

Fe2+ 74 600 8.11

Li+ 68 600 8.82

Mg2+ 66 800 12.12

Fe3+ 64 900 14.06
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chemical equilibria (Lake et al. 2003, 2014), it is helpful to reveal the impact of the ion type on 

pressure transmission. In summary, potassium cations are greatly attracted to the inner and outer 

surfaces of the clay minerals. Because of their low hydrated/ionic radius ratio, potassium does fit 

well in the inter-platelet spaces in the clays, as does cesium or rubidium. It is relevant that in the 

drilling literature, experiments with cesium formate gave similar or better results than those for 

potassium for severe wellbore stability cases, which confirms the observations made here.  

On the other hand, sodium cations have twice the ratio compared to potassium; they 

dislocate the clay particles when they intrude into the structure. Therefore, they are selectively 

filtered in the smallest pore spaces of the matrix, phenomena that is translated macroscopically 

into lower permeabilities to water and thus to overpressure buildup. However, only a small 

amount of another cation is sufficient to prevent this pressure buildup because most other 

naturally occurring cations, such as Ca2+, are more tightly bond than Na+. In the experiment 

shown in Figure 5.11, the Ca2+ cations diffuse through the pore structure and replace the Na+ 

cations attached to the surface of clays, therefore letting the Na+ cations travel freely through the 

pore space, hence reducing the pressure.  

5.3.4.1.1    Impact of the Organic Matter Surface Properties on Transport Mechanisms 

In addition to the effect that clay content has on ion exchange and indirectly on transport 

mechanisms, the presence of organic matter must also contribute to the surface forces. While 

only 10% to 15% of the volume of reservoir mudrocks such as the Eagle Ford is made by clay 

minerals, up to 25% of the volume is made of organic matter in its various forms (kerogen, 

bitumen, pyrobitumen and solid organic matter). In this research, Field Emission Scanning 

Electron Microscope (FE-SEM) analyses were conducted on hundreds of samples from the depth 

at which the Eagle Ford cores were taken. In addition, after running osmosis experiments, the 

cores were cut into pieces and taken to the FE-SEM too. A detailed description of the core 

analyses prior to testing is discussed in Chapter 3 and 4. A selection of pictures from these 

analysis is shown in Figures 5.12A, 5.12B and 5.12C. It has already been shown that when NaCl 

is circulated through a sample on an osmosis test, NaCl crystals precipitate in the continuous 

fractures that surround the calcite grains and at the open spaces of intermittent fractures (Figure 

5.12C). However, NaCl has not been found in the organic matter porosity (Figure 5.12B). These 

pictures provide evidence that water has avoided the organic matter porosity, but instead, it has 
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used the interparticle spaces between grains of different compositions. These interfaces contain 

weakness points, especially where isolated pore spaces are available and where triple points are 

present. In addition, the ductility of the organic-rich patches, containing kerogen, compared to 

the rigidity of the carbonate grains, makes the interfaces between the two materials the best 

weakness surface. However, the most important result with regard to the role of organic matter in 

the surface properties of mudrocks is shown in Figure 5.12D, which corresponds to a FE-SEM 

sample taken from the experiment in which CaCl2 was circulated after the sample was saturated 

with NaCl. We have shown evidence that low-salinity NaCl brine is not able to flow through the 

organic porosity. However, when we added Ca2+ to the pore water, part of the Na+ and Cl- ions 

were able to diffuse into the organic pore network and then precipitate there when the sample 

was extracted and cut for FE-SEM analysis. NaCl salt precipitated in the organic porosity such as 

in Figure 5.12D was found everywhere in the core flooded by CaCl2. 

The occurrence that calcium cations release sodium anions from charged surfaces is a 

well-known phenomenon in clay chemistry, as shown in the previous paragraphs. Nonetheless, 

its occurrence in organic matter in the reservoir has not been proved prior to this study, although 

similar hypothesis have already been mentioned beforehand (Peters, 1986; Murray, 2006; Lewan 

et al. 2014). The mechanisms that dominate chemical equilibria and electroosmosis due to the 

presence of organic matter, however, may be much more complex that those for clay chemistry, 

due to the enormous variability of organic compounds existing in the organic matter in the 

reservoir.  

First, different types of organic matter, and especially bitumen, impregnate the clay 

interlayers (Lewan et al. 2014), reducing its surface available to ion exchange and extracting the 

water from the pores. In fact, this impregnation has been given as one of the multiple possible 

reasons for the dryness of some mudrocks. Evidence for this reduction in the available surface 

for ion exchange is, for example, experimental work that shows bitumen impregnation of 

smectite clays, changing the wettability to bitumen-wet and impeding the mobility of K+ and 

therefore the dissolution and precipitation reactions needed for illitization of smectite (Lewan et 

al. 2014).     

Second, the complexity of organic matter chemical equilibria rests on the amount of 

organic membrane structures that remain preserved in mudrocks by selective preservation of the 

strongest materials. Based on this principle, macromolecular substances are selectively preserved
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Figure 5.12-FE-SEM pictures showing the presence of NaCl salt crystals precipitated in 
interparticle spaces, microfractures and on organic porosity. A and C, for a sample circulated 
with NaCl; B, organic matter pore network in NaCl-only samples, showing that no water has 
flowed through the organic porosity; and D, NaCl precipitated in organic pores after CaCl2 is 
added to the circulating brine.     

 

during sedimentation and diagenesis (De Leeuw and Largeau 2013). Although organic matter 

preservation by selective preservation is usually not considered in petroleum geochemistry, its 

importance is already recognized in coal geochemistry. Based on this concept, organic matter in 

the mudrock has been described as composed of (De Leeuw and Largeau 2013; Summons 2013) 

macromolecular compounds such as low-molecular weight lipids, resins, waxes; fibrous (water 

insoluble, structural) proteins; α-Keratins; bacterial Lipopolysaccharides (LPS); and algaenans. 
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Third, there has been evidence that organic matter surfaces interact with water and ions in 

a similar fashion to that of clay surfaces (Mayer 2013). Adsorption in organic surfaces is 

relatively known in the petroleum science literature, but the mechanisms that govern this 

adsorption are still to be understood. However, there is evidence of adsorption enhancement by 

high proton or cationic metal (alkali, alkaline-earth or transition metals) concentrations in the 

surfaces (Mayer 2013), due to the effect of the hydrophilic carboxyl functionality (the charge-

bearing part of the surface) of natural organic matter, because of the presence of amine-silicate 

interactions and due to weaker interactions, such as hydrogen bonding, the hydrophobic effect, 

and the van der Waals bonding.  

Last, the discovery of the potassium and sodium channels (Hille 1971; Armstrong 1987, 

1991; Doyle et al. 1998; Hille et al. 1999), which dominate the selective flow of K+, Na+ and 

Ca2+ in cell membranes, has provided another complex analog (Boyd 2012) to the effect of 

organic matter in ion exchange. The potassium channel is especially interesting with regard to 

the effect of calcium on sodium-rich brines. Similarly to clay surfaces, the carbonyl oxygens in 

the channel are strongly electro-negative and cation-attractive. Although the mechanisms that 

dominate flow through those channels are still under the object of debate, it is well-known that 

potassium channels allow free and fast diffusion of potassium ions through them, but filter out 

the sodium ions. If calcium ions are added to the brine, these attach to the walls of the channel, 

replacing the sodium ions and achieving electroneutrality, allowing more sodium ions to travel 

the pore. This results in a decrease in the pressure at one side of the membrane. Although these 

mechanisms are still poorly understood, the similarity of the macroscopic evidence of this 

biological mechanism with the results that have been discussed in this chapter is remarkable.      

5.3.4.2    Impact of Initial Saturation 

Saturation of the pore space has a great importance on the behavior of mudrocks under 

stress. An experiment, whose results are shown in Figures 5.13 and 5.14, has been run to study 

the effect of saturation on osmotic pressure. An Eagle Ford core has been subject to the same 

reservoir conditions as the previous samples. As the sample was being consolidated, 60,000 ppm 

KCl brine was circulated from the bottom to saturate the core. As mentioned earlier, this 

concentration does not exactly match the in-situ brine, but in relative terms, it is not too far. 

When the sample was under equilibrium (Figure 5.13), the circulating fluid was exchanged for 
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KCl 1,000 ppm, this is, a low-salinity fluid. Results show that in a matter of one day only, the 

pressure at the top of the sample equilibrated with that of the hydraulic pressure (Darcy), 

indicating that no chemical potential was being formed. This would be in contradiction with the 

previous experiments if the fluid were not KCl. 

Resistivity and wave velocity measurements for the experiment testing the effect of 

saturation with KCl brine are shown in Figure 5.14. Initially, the core, although preserved, it is 

considered dry. When saturation with 60,000 ppm KCl starts at only 600 psi of circulation 

pressure, resistivity decreases sharply, indicating the invasion of the pore space by the high 

concentration brine. When equilibrium is achieved, the sample is consolidated in gradual steps 

until reservoir conditions are reached. During this period, an increase in wave velocity and 

resistivity is an indication of pore compression and of an increase in saturation (and thus of bulk 

density). Once equilibrium at reservoir stresses is reached, the circulating fluid is switched to 

low-salinity KCl brine. We can observe that, although resistivity and shear wave velocities 

increase gradually, reflecting the dilution of the pore fluid, no change in downstream pore 

pressure occurs (Figure 5.13). The same effect happens when the fluid is exchanged again to 

280,000 ppm KCl. A sharp increase in shear wave velocity is seen due to the density increase by 

the high concentration brine, but still, this change is not reflected in pressure variation. 

 We can determine that saturation changes the properties of the rock because it interacts 

with the clay mineral and organic surfaces. In the reservoir, the rock is under sub-irreducible 

saturation (i.e. dry). Therefore, if we saturate the core, it will not represent the actual conditions 

for EOR or stimulation operations, and results obtained from such test should be analyzed with 

caution. This statement will be invalid, however, if what we are trying to achieve is to simulate 

field conditions for a well re-fracture or if the mechanism of EOR involves various stages. 

5.3.4.3    Impact of Effective Stress 

The effective stress applied to the core has an impact on pressure increase due to osmosis 

(Ewy et al. 2000; Shackelford 2012). In addition, any change in pore pressure due to chemical 

osmosis modifies the effective stress, and correspondingly, the shear strength of the rock. Also, it 

may give rise to hydration-stress induced expansion that may accelerate compressive failure 

locally (Bol et al. 1994). The associated tensile effective stress reduction causes a reduction in 

strength, that, if large enough, tensile fractures may develop at the microscopic scale.  
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Figure 5.13-Osmosis experiment in which the effect of saturation (with 60,000 ppm of KCl) is tested. Results show that in a matter of 
one day only, the pressure at the top of the sample equilibrated with that of the hydraulic pressure (Darcy), indicating that no chemical 
potential was being formed. This would be in contradiction with the previous experiments if the fluid were not KCl. 
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Figure 5.14-Resistivity and wave velocity measurements for the experiment testing the effect of saturation with KCl brine. 
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Two separate tests were run to test the impact of effective stress variation in osmotic 

pressure (downstream). First, results for a test with 1,000 ppm NaCl brine are shown in Figure 

5.15.  After equilibrium in the downstream pressure has been achieved (at 4,550 psi, of which 

550 psi is the pressure difference due to chemical osmosis), the circulation pressure is reduced 

first to 2,000 psi and then to 1,000 psi, increasing the effective stress in 2,000 psi and 3,000 psi, 

respectively. It can be perceived that in a matter of a few hours, the change in upstream pore 

pressure is been reflected in the downstream pressure. However, the amount of pressure decrease 

in the downstream reservoir is not equal to that of the circulation pressure. If circulation pressure 

is decreased 2,000 psi, the pore pressure only decreases by 100 psi (from 4,500 to 4,400 psi). 

Furthermore, after one day, the pore pressure starts rising again, equilibrating at only 50 psi 

different from the original value. If circulation pressure is decreased 1,000 psi further, the trend 

is exactly the same. When, after 48 days of testing (Figure 5.15), the circulation pressure is re-

equilibrated to 4,000 psi, downstream pressure returns to the original, gradually-decreasing trend 

as before effective stress was changed. These results show that the impact of effective stress 

change on the pore pressure at high stress conditions in consolidated mudrock is not completely 

permanent, but part of the deformation is recovered when the load is removed.   

Results for a second test with 1,000 ppm KCl brine are shown in Figure 5.16, which are 

the continuation of the test shown in Figure 5.10. After equilibrium in the downstream pressure 

has been achieved (at 3,730 psi), the circulation pressure was first increased to 5,000 psi 

(reducing the effective stress in 1,000 psi) and then decreased to 3,000 psi (increasing the 

effective stress in 2,000 psi from the previous step). In agreement to the experiment shown in 

Figure 5.15, the differential pressure between the hydraulic pressure and the pore pressure is 

maintained regardless of what the effective stress is. It is remarkable that, after circulation 

pressure was decreased to 3,000 psi (increasing the effective stress in 2,000 psi) from the 

previous step, the differential pressure is negative instead of positive. That is, regardless of what 

the circulating pressure is (higher or lower than the hydraulic pressure), the pore pressure inside 

the core tends to match a constant value of about 3,700 psi. The explanation for this phenomenon 

was given in the experiment shown in Figure 5.10. Until the top reservoir brine dilutes 

completely (which would take extremely long time because it is closed on one side), the 

dominant flow direction is towards the rock from the reservoir. Therefore, the downstream 

pressure (measured by the transducer at the top of the sample) will tend to reach this value.     
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Figure 5.15-Osmosis experiment in which the impact of effective stress variation in osmotic pressure (downstream) is tested. Results 
show a test with 1,000 ppm NaCl brine in which after equilibrium in the downstream pressure has been achieved (at 4,550 psi, of 
which 550 psi is the pressure difference due to chemical osmosis), the circulation pressure is reduced first to 2,000 psi and then to 
1,000 psi, increasing the effective stress in 2,000 psi and 3,000 psi, respectively.  
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Figure 5.16-Osmosis experiment in which the impact of effective stress variation in osmotic pressure (downstream) is tested. Results 
show the continuation of the test shown in Figure 5.10, with 1,000 ppm KCl brine circulation. After equilibrium in the downstream 
pressure has been achieved (at 3,730 psi), the circulation pressure is first increased to 5,000 psi (reducing the effective stress in 1,000 
psi) and then decreased to 3,000 psi (increasing the effective stress in 2,000 psi from the previous step), showing the effect of effective 
stress change on the downstream pressure. 
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5.3.4.4    Impact of Solute Concentration 

Lomba (2000) stated that the osmotic potential drives the water in the direction of high 

solute concentration, opposing the applied hydraulic pressure gradient, thus causing the pore 

pressure to decrease. In agreement with that statement, Fjar et al. (2008) reported that when 

exposing smectite clays to increasing concentration of KCl, the clay suffered increased 

deformation (i.e. the pore fluid was being expelled and the pore structure was therefore 

collapsing). The rocks being tested here have a completely different composition, thus one 

experiment was performed to test the impact of solute concentration on the upper Eagle Ford 

marls. The experiment, which uses 1,000 ppm CaCl2 and 280,000 ppm NaCl brines, is presented 

in Figure 5.17. Results show the change in pore pressure after the pressure due to 1,000 ppm 

CaCl2 circulation is equilibrated, 280,000 ppm NaCl brine replaces the circulating fluid. As a 

result, the downstream pressure starts decreasing gradually. Results confirm the impact of 

concentration on chemical osmosis for marls as observed in prior experimental studies with clay-

rich rocks.   

5.4    Novel Conceptual Approach to Transport Phenomena 

An extensive description of the existing theory of water and solute transport in clay-rich 

mudrocks was presented in section 5.1. In addition, prior experimental research that supported 

the theory was presented in section 5.2. Based on the results of these prior investigations, either 

theoretical or experimental, a series of experiments to test water and solute transport phenomena 

in organic-rich, low-clay carbonate reservoir mudrocks was performed in a newly-designed, high 

pressure experimental setup. Results from this effort were shown in section 5.3. In section 5.4, a 

novel conceptual approach to transport phenomena is revealed, that pays attention to the 

fundamentals of water and solute transport.  

The prevailing mathematical models have the following critical limitations: 

1. The rock, or the core plug, is assumed to be a semi-permeable membrane, in 

spite of the fact that thickness is much larger than a membrane. 

2. Osmotic pressure is considered the imbibing force, even though it is not. This 

is because osmotic pressure is the consequence of the solvent diffusion into 

the pore space.  
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Figure 5.17-Osmosis experiment with 1,000 ppm CaCl2 and 280,000 ppm NaCl brines, performed to test the impact of solute 
concentration on the upper Eagle Ford marls. Results show that when the high salinity NaCl brine is circulated, the downstream 
pressure starts decreasing gradually, confirming the impact of concentration on chemical osmosis.  
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On the other hand, in this study, porous media is treated as micro- and nano-tubes rather 

than a membrane. The basic principles are:  

1. The solvent (water) is allowed to be selectively able to enter the pore space 

2. The salt molecules are restrained by internal forces to reciprocate movement 

in the opposite direction of water molecule flow. 

According to these assumptions, the following theoretical and numerical model was 

developed by M. Torcuk and A. Padin to simulate chemical osmosis experiments in mudrock 

core samples such as those in the experiments of section 5.3. First, the flow inside the core is 

governed by the sum of convective flow and molecular diffusion, for water and solute. The 

geometry of the problem, reproducing the experimental setup, is shown in Figure 5.18.  

 

 

 

Figure 5.18-Diagram of the geometry and gridding for the numerical model, made to reproduce 
the experimental setup conditions. A mudrock core of 1.5 in diameter by 1 in length is 
sandwiched between two porous disks, as in the setup shown in Figure 5.8. Brine is circulated at 
the bottom of the core (the upstream reservoir) and pore pressure change is measured with a 
pressure transducer at the top of the sample (the downstream reservoir).  
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The fundamental transport equations are the following:  

 

Component 1 (solute): 

 

 1
1,2 1 1
eff C k p

D C C
x x x t

  
              [5.35] 

where the first term 1
1,2
eff C

D
x

 
 is solute diffusion, and the second term 1

k p
C

x
 


 is bulk solute 

convection (in this case, convection and advection are similar). Similarly to Eq. 5.33,  1C
t


  

is the accumulation term.     

 

Component 2 (water): 
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 [5.36] 

 

and 

 

1 2 1C C         [5.37] 

 

where the term 2
2,1
eff C

D
x

 
 is water diffusion due to chemical osmosis and the term 2

k p
C

x
 


  is 

water convection. The above equations form a system of three equations that can be solved, at 

the grid points along the core, for the three primary variables, pore pressure p , solute (salt) 

concentration 1C , and solvent (water) concentration 2C . 
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The second term in the left-hand-side of Eq. 5.36 represents the boundary conditions used 

in the model. The upper term of the boundary conditions refers to the circulated brine 

concentration (in this case, 1,000 ppm) and the lower term, to the circulated brine pressure 

(4,000 psi). In addition, the boundary conditions are: 

  1   when   

0   otherwise
i

i

x x
x x     

In the accumulation term (right-hand-side) of Eq. 5.37, the density term can be expanded out to 

obtain the water-solute mixture compressibility. This is,  

3, /mixture density lbm ft  . Density change is a function of the water-solute mixture 

compressibility. The density change as a function of solute concentration is not captured in this 

model. However, if no gas is present in the system, this term is negligible. Individual component 

densities are: 

1 1C    (solute)    [5.38] 

2 2C   (solvent)     [5.39] 

Model assumptions are as follows: 

*
2C  = Concentration of at the pore entrance, which is larger than2,1C  (the concentration of water 

at the first node); In Eq. 5.35, a critical assumption is that 1C  (solute) will be held by the porous 

media (that is, acting as a membrane), but is free to move within the boundaries of the membrane 

(the entire rock volume); Water, however, can move in and out of the core volume; The * refers 

to the parameters of injection (circulation disk); As this is a binary system (a single solute and 

water), diffusion coefficients 1,2
effD  (diffusion of water in presence of solute) and 2,1

effD  (diffusion 

of solute in presence of water) must be equal, 

1,2 2,1
eff effD D      [5.40] 

The individual diffusions might be different, but they combine into a single diffusion coefficient 

for the two-component system, which isiffD .     

This model has been solved numerically by M. Torcuk and A. Padin and tested by using 

the experimental data generated in the chemical osmosis test shown in Figure 5.9. The 

experiment was performed with low salinity (1,000 ppm) NaCl brine. Initially, the mudrock 
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sample was slowly exposed to gradually-increasing stresses until reaching reservoir conditions. 

At the starting time of circulation, the confining pressure was equilibrated at 6,000 psi; NaCl 

brine was circulated at the top of the sample (upstream) at 4,000 psi; effective stress was 2,000 

psi. At day 33 (9 days after start), the pressure at the top of the sample (downstream) reached the 

circulating pressure, and continued growing until equilibrium.  

Input parameters for the model were extracted from the various experimental results 

shown in Chapters 3, 4 and 5: 

1coreLength   inch 

1.5coreDiameter   inch 

0.2diskLength   inches 

( 0) 0coreP t    psi 

4,000injectionP   psi 

1water   cp 

1corek   nD 

2diskk   D 

0.066core    

0.25disk    

* 0.001sC   (solute concentration at the circulation disk; mole fraction) 

* 0.999wC   (water concentration at the circulation disk; mole fraction) 

Salt (solute) concentration in the matrix is 60,000 ppm 

Salt (solute) concentration in the injected brine is 1,000 ppm 

4 2
iffD 1.6 10 cm / s    

100 1gridN    (Number of grids; 100 grids in the core and 1 in the top porous disk; the 

bottom porous disk is a boundary). 

15   (Tortuosity) 

t wc c c   (Total compressibility is the sum of pore and fluid compressibilities; In this 

case, the fluid compressibility is dominant, as pore compressibility only makes up to 1% of the 

total compressibility; however, if gas was to be used, pore compressibility would be important; 
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Total compressibility with water was measured in the experiments shown in Chapter 4). 

Therefore,  

5 1
tc 2.67 10 psi    

Experimental data and model match for the experiment performed with low-salinity 

(1,000 ppm) NaCl brine are shown in Figure 5.19. At the beginning of pressure transmission, the 

flow is dominated by Darcy flow (P ), but as pressure and ions are transmitted, chemical 

osmosis (captured as two-component diffusion, as shown above) plays a more important role.  

The model provides a fine match of the experimental data, except for a section of the 

trend, which can be attributed to irregularities in the experimental data (pump response, 

transducer accuracy, etc.). The beginning and end points and slopes, though, are matched with 

precision.  More importantly, very little assumptions have been made to generate the model 

results, as most critical input data (such as system compressibility, permeability, porosity or 

diffusion coefficient) was available from experiments with twin cores. Acquisition details for 

this data can be revised in Chapter 4.   

5.4.1    Advantages over Prior Models 

The advantages of capturing chemical osmosis as a diffusive process are the following: 

 The formulation is simpler, using only the fundamental equations of transport. 

 It does not require the use of a scaling factor such as the membrane efficiency, 

whose definition is very ambiguous and does not represent any physical process. 

 Osmotic pressure is not considered the imbibing force, which from a fundamental 

point of view, it is inappropriate. Instead, osmotic pressure is the consequence of 

the selective molecular transport by the solvent, and it is treated like that in this 

model. 

 The model does not use water activities to calculate the concentration gradient. 

This is a great advantage, because activities vs. concentration relationships, in 

reality, are non-linear. In addition, activity measurements of the rock samples are 

not very reliable, as they are not performed at reservoir conditions. Also, the 

concept of effective activity is yet poorly understood.  
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 The use of a diffusion coefficient parameter is much more fundamental than 

membrane efficiency. In this model, the diffusion coefficient is a combination of 

the classical diffusion and that of osmotic efficiency. In addition, there is plenty 

of published data for the diffusion coefficients of various systems. Not only the 

membrane efficiency parameter needs to be measured for every combination of 

pore structure and fluid (and these are time-consuming experiments) but also the 

lack of reliable published data limits its practical applicability.  

 The impact of ions other than Na+ and Cl- can be modeled by using different 

diffusion coefficients for those solutes. This includes modeling the transport of K+ 

ions through the system. For the potassium experiments performed in this work, 

the use of a diffusion coefficient one order of magnitude smaller than that of Na+  

( 5 21.6 10 /iffD cm s  ), provides a good match. In this case, due to the low 

diffusion coefficient of potassium ions, the flow is dominated by Darcy law, and 

there is no pressure buildup other than the result of the differential pressure (as 

shown in Figure 5.13).     

5.4.2    Limitations and Future Work 

It was shown in the previous paragraphs that chemical osmosis can be modeled as 

selectively-restricted molecular diffusion. There are however, some limitations to this theory that 

can be improved. First, this theory does not capture the effect of electro-osmosis in the transport 

mechanisms of solute and solvent in mudrocks. For the experiments performed with Eagle Ford 

cores, the impact of electroosmosis might have smaller effect than that of clay-rich rocks such as 

Pierre shale, because of its low clay content. However, it will still be compulsory to explain 

some phenomena that the current model cannot explain, such as the differences between various 

cation diffusions, and the generation of pore pressures lower than the hydraulic pressure.    

Second, the impact of the organic surface forces on electroosmosis must be studied more 

profoundly. We have shown that the mechanisms of membrane selectivity in organic surfaces are 

similar to that of clay surfaces. Due to the relatively large organic content of reservoir mudrocks 

compared to their clay content, this effect might be significant.   
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In order to capture the impact of surface forces and electro-osmosis (either from clays or 

organic matter chemical equilibrium) in transport phenomena, the movement of ions due to 

electro-chemical flow must be modeled. This can be achieved by adding two equations to the 

current model: 

 Nerst-Plank equation, which can be used to model the bulk ionic flux, and 

 Poisson’s equation, which may be used to model electroneutrality 

 

 
Figure 5.19-Experimental data and model match for the experiment shown in Figure 5.9, 
performed with low salinity (1,000 ppm) NaCl brine. The model provides a fine match of the 
experimental data, except for a section of the trend, which can be attributed to heterogeneities in 
the core. The beginning and end points and slopes, though, are matched with precision. More 
importantly, very limited assumptions have been made to generate this match, as most critical 
input data was available from experiments with twin cores. Acquisition details of this data can be 
revised in Chapter 4.   
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CHAPTER 6 - CONCLUSIONS AND RECOMMENDATIONS  

“Reason’s last step is the recognition that there are an infinite number of things that 
are beyond it” - Pascal, 1670. 

The objective of this research study was to investigate the fundamental physics that 

dominate physicochemical-dependent water and solute transport phenomena in organic-rich 

source rocks and the interactions between completion/EOR fluids and rock surfaces. Research 

exposed in the preceding chapters may be summarized in a few observations: 

(1) Matrix bulk mineralogy, but also mineral distribution, plays a critical role on water-

surface interactions and thus on transport mechanisms. For this study, carbonate- and organic-

rich, preserved upper Eagle Ford samples were used; hence the conclusions of this research are 

applicable to this type of mineralogy. Although the laws that dominate fluid transport are the 

same, mudrocks with different composition, such as the quartz-rich Vaca Muerta, will have those 

mechanisms functioning in different proportions. The same can be applied to most of the 

preceding work done aimed at wellbore stability. Most of those studies have used seal shales, in 

which the proportion of swelling clays is very high (e.g. Pierre Shale is typically used as a 

reference sample, containing an average of 65% smectite) and with almost no organic content. 

Thus, the physical response of these surfaces to fluids will be relatively different than that of 

source rocks.  

(2) Mudrock fabric and texture is heterogeneous and complex. It has been revealed in 

Chapter 3 that the fabric in the upper Eagle Ford Formation is dominated by two types of 

segregated textures. The first and dominant one is the carbonate texture, which occupies more 

than 60% of the volume. The second is a mix of quartz, illite, kaolinite and feldspar grains, some 

of which are depositional and some diagenetic, that are amalgamated with the organic matter. In 

Chapter 4 evidence has been shown that, in order for water to reach the organic-rich Texture II, 

fluids have to create, reopen and travel through natural weaknesses in the interparticle spaces 

between carbonate grains in texture I. Furthermore, it has been confirmed that for pure sodium 

chloride, at least, water cannot enter texture II, as demonstrated by the lack of solute 

precipitation after the steady-state water permeability tests shown in Chapter 4. This is in 

agreement with the NMR studies by Lewis et al. (2013) confirming that the upper Eagle Ford has 

a higher fraction of capillary bound water in intergranular pores than the lower unit, whose water 

content is stored mostly in inter-clay platelets. 
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(3) Organic matter in self-sourced reservoir mudrocks makes up to 15% to 25% of the 

total matrix volume, which is more than the bulk volume percentage of clay minerals in the rock. 

It is well-known that clay surfaces are subject to physical, chemical and electrochemical 

interactions with the fluid. However it is also notorious that kerogen, pyrobitumen, solid, 

isotropic organic matter and even oil, especially those containing oxygen functional (aliphatic) 

groups are subject to strong interactions with the fluid. Despite of the evidence that a 

combination of hydrophilic minerals and dominant, organic nano-porosity creates heterogeneous 

wettability, it has been ignored by most research studies. In addition, results presented in Chapter 

3 show that most porosity in the rock is located in the organic material and that under stress, 

microfractures are located in weakness points within the intergranular spaces. Horizontal, 

kerogen-shaped microfractures shown in various petrographic studies are artifacts due to sample 

preparation for Scanning Electron Microscope analysis. 

(4) The NaCl-brine used to measure permeability under stress in Chapter 3 has 

precipitated NaCl crystals in various continuous and intermittent fractures that surround the 

calcite grains. These support evidence that water has avoided the organic matter porosity, but 

instead, it has used the interparticle spaces between grains of different compositions. It has been 

shown that these interfaces possibly contain weaknesses, especially where isolated pore spaces 

and triple points are present. In addition, the ductility of texture II, containing kerogen, compared 

to the rigidity of texture I, makes the interfaces between the two materials ideal weakness 

surface. It has long been believed that economic production from tight mudrocks depends on the 

existence of a network of permeable fractures. Although there might be some macrofractures, 

there is no evidence from petrographic analysis (Chapter 3) of kerogen-shaped, open horizontal 

microfractures under high stress conditions. Instead, this study provides evidence that there are 

extremely tight pathways between weakness points and roughness heterogeneities between 

mineral grains that act as flow-paths connecting the relatively isolated network of organic-rich 

patches to the open fractures, reducing matrix pressure and permitting water flow. 

(5) Although matrix permeability is very low, based on the experimental results of 

Chapter 4, we can support that retained pressure-dependent permeability of natural interface 

microfractures may be enough to continue flow after pressure depletion as stated by Cho et al. 

(2013). This would also be applicable to water pressure depletion after slickwater injection in 

hydraulic fracture operations. During these operations, slickwater enters the well and creates 
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propped, large fractures that are mostly vertical. Water enters the natural fractures from the 

propped fractures and continues penetrating smaller fractures until it reaches the matrix. 

Weakness points are then subjected to high stresses and new pathways are created. Although 

these are not propped due to their extremely low width and high tortuosity, the hypothesis is that 

they stay open to some extent due to their surface roughness and differential strain, creating 

stress-resistant permeability to water. 

(6) Interpretations for the experimental work in Chapter 5 were focused on the impact of 

a few parameters in the transport mechanisms of water and solute through the rock, (a) the type 

of solute (monovalent, Na+ and K+, and divalent, Ca2+); (b) initial saturation; (c) effective stress 

and (d) solute concentration (low-salinity, 1,000 ppm or high-salinity, 280,000 ppm). These 

empirical interpretations were compared against the existing theory on the transport mechanisms 

on clay-rich, low-permeability rocks. Measured pressure transmission behavior could not be 

matched to the calculated theoretical values; hence, some modifications to the theory and 

boundary conditions were presented. These modifications provide a more simple approach to the 

effect of concentration-driven transport forces in mudrocks, capturing chemical osmosis as a 

diffusive process. This approach provides a fine match of the experimental data and, more 

importantly, very few assumptions have been made to generate the model results, as most critical 

input data (such as system compressibility, permeability, porosity or diffusion coefficient) was 

available from experiments with twin cores. The advantages of this approach are that: (a) the 

formulation is simpler, using only the fundamental equations of transport; (b) it does not require 

the use of a scaling factor such as the membrane efficiency, whose definition is very ambiguous 

and does not represent any physical process; (c) osmotic pressure is not considered the imbibing 

force, which from a fundamental point of view, it is not possible. Instead, osmotic pressure is the 

consequence of the selective molecular transport by the solvent, and it is treated like that in this 

model; (d) the model does not use water activities to calculate the concentration gradient. This is 

a great advantage, because activities vs. concentration relationships, in reality, are non-linear. In 

addition, activity measurements of the rock samples are not very reliable, as they are not 

performed at reservoir conditions. Also, the concept of effective activity is yet poorly 

understood; (e) the use of a diffusion coefficient parameter is much more fundamental than 

membrane efficiency. The diffusion coefficient is a combination of the classical diffusion and 

that of osmotic efficiency. In addition, there is plenty of published data for the diffusion 
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coefficients of various systems. Not only the membrane efficiency parameter needs to be 

measured for every combination of pore structure and fluid (and these are time-consuming 

experiments) but also the lack of reliable published data limits its practical applicability; and (f) 

the impact of ions other than Na+ and Cl- can be modeled by using different diffusion 

coefficients for those solutes. This includes modeling the transport of K+ ions through the 

system. For the potassium experiments performed in this work, the use of a diffusion coefficient 

one order of magnitude smaller than that of Na+  provides a good match. In this case, due to the 

low diffusion coefficient of potassium ions, the flow is dominated by Darcy law, and there is no 

pressure buildup other than the result of the differential pressure. 

(7) Last, the effect of organic matter in the transport mechanisms of water and solute was 

studied. Evidence was shown that the addition of specific ions to the water changes the 

characteristics of the organic-pore surfaces, subsequently modifying pore pressure and the 

wettability of grain, fracture and pore surfaces. This topic requires further study, because of its 

potential application to enhanced oil recovery processes. 

It was shown in the previous chapters that chemical osmosis can be modeled as 

selectively-restricted molecular diffusion, and that it is possible to match experimental results at 

reservoir conditions by using this approach. There are however, some limitations to this theory 

that can be improved.  

First, the theoretical and experimental approach used in this dissertation does not capture 

the effect of electro-osmosis in the transport mechanisms of solute and solvent in mudrocks. For 

the experiments performed with Eagle Ford cores, the impact of electro-osmosis might have 

smaller effect than that of clay-rich rocks such as Pierre Shale, because of its low clay content. 

However, it is still needed to explain some experimental evidence that the current model cannot 

explain, such as the differences between various cation diffusions, and the generation of pore 

pressures lower than the hydraulic pressure.    

Second, the impact of the organic surface forces on electro-osmosis must be studied more 

thoroughly. We have shown that the mechanisms of membrane selectivity in organic surfaces are 

similar to that of clay surfaces. Due to the relatively large organic content of reservoir mudrocks 

compared to their clay content, this effect might be significant.   

In order to capture the impact of surface forces and electro-osmosis (either from clays or 

organic matter chemical equilibrium) in transport phenomena, the movement of ions due to 
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electro-chemical flow must be modeled. This can be achieved by adding two equations to the 

current model: The Nerst-Plank equation, which can be used to model the bulk ionic flux, and 

the Poisson’s equation, which may be used to model electroneutrality. This is, however, out of 

the scope of this work and is suggested for further study.  

A few recommendations are suggested in order to improve the experimental work. An 

experimental improvement of great value would be to include a measurement of the electrical 

conductivity of the stationary water at the top of the sample during osmosis tests. This would 

allow monitoring the change in solute concentration with time. In addition, it is recommended to 

capture the voltage difference between either sides of the core, allowing electro-osmosis to be 

measured. Also, the substitution of the steel cap placed between the sample and the pistons for an 

anodized aluminum alloy cap, would improve the accuracy of the resistivity measurements. Last, 

isolating the tubing from the cell would help avoid electric current buildup, which would also 

improve electrical resistivity measurements.  
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APPENDIX A - MATERIALS, METHODS AND LABORATORY PROCEDURES USED TO 

STUDY THE MORPHOLOGY OF ORGANIC-RICH SHALE 

The objective of this appendix is to explain the techniques used to study the membrane 

morphology of mudrock samples. A full range of experimental procedures were used, including: 

bulk density, porosity, pore size distribution, XRD, petrographic thin section analysis (optical 

transmitted light microscope), Environmental Scanning Electron Microscope (E-SEM), Field 

Emission Scanning Electron Microscope (FE-SEM) of ion-milled and broken-surface samples, 

Qemscan Microanalysis, Source Rock Analysis (SRA), Rock-Eval pyrolysis, CEC, spontaneous 

imbibition, wettability and triaxial tests. 

A.1    Porosity 

Determining absolute porosity is extremely important for shale sample characterization, 

being a major parameter that influences the elasticity and strength of many rock types 

(Farrokhrouz and Asef 2013). The strength of shale is considered to decrease with a non-linear 

trend with increasing porosity; hence, studying shale porosity is significantly important for the 

estimation of shale strength (Farrokhrouz 2007). In this study, porosity estimation is used to 

determine the approximate saturation time for the shale samples during the first phase of the 

osmosis tests and to understand the movement of salt through the mudrock. 

A.1.1    Absolute Porosity 

Due to the challenges associated with measuring porosity in ultra-tight shales, standard 

laboratory methods need to be marginally adapted. Especially important is to make all weight 

measurements carefully and with a high precision balance. Absolute porosity is calculated as 

follows: 

      1 bulk

s

          [A.1] 

where bulk is the bulk density of the shale and s   is the density of the solid grains.  
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A.1.1.1    Bulk Density 

With the aim of calculatingbulk , the following procedure is carried out: Sample weight is 

initially measured at a Sartorius© precision balance with ±0.001 g error (Figure A.1A), followed 

by sample cleaning for 72 hours by the Dean-Stark distillation extraction method (Gas Research 

Institute, 1996) with pure liquid toluene (Figure A.1B). The purpose of cleaning the sample is to 

eliminate any hydrocarbon or water that may be trapped in the pore space, in order to calculate 

the bulk density of the matrix; however, weight percentage of saturation fluids can also be found 

if sample weights are measured before and after extraction. Regularly, core cleaning is only run 

for a few hours, but due to the extremely low permeability of the Eagle Ford and Vaca Muerta 

shale samples, toluene extraction runs were conducted for 72 hours. 

 

Figure A.1-A, Sartorius© precision balance with ±0.001 g error; B, Dean-Stark distillation 
apparatus; C and D, Dean-Stark reservoirs after 72 hours of extraction for samples PR-38, PR-39 
and PR-40. 

After the shale core samples have been cleaned, bulk measurements were carried out. 

One small piece of each of the cleaned samples was weighted in the precision balance and then 

immersed in mercury (due to its non-wettability to the rock surface) to determine the bulk 

volume. The mercury apparatus shown below (Figure A.2A and A.2B) has a precision of ±0.1 cc 

(Figure A.2C) and allows keeping the samples confined. If the shale samples were not confined, 

they would be floating in the mercury, impeding the measurement due to their lower density. 

A B C D 
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Once the bulk volume is measured, bulk mass is assumed to be the mass of the crashed solid 

matrix, as the samples are completely cleaned of any in-situ fluids. 

 
 Figure A.2-Bulk density setup with mercury. A, general view of the mercury vacuum setup; B, 
calibrated mercury volume chamber; C, calibration point at the top of the sample chamber. 

A.1.1.2    Grain Density 

The next step is to measuresolid , the grain density of the material. For that purpose, two 

methods were used: The standard test method for specific gravity of soil solids by water 

pycnometer (ASTM-D854-14) and the X-Ray Diffraction (XRD) method. 

A.1.1.2.1    Grain Density by the ASTM-D854-14 Method 

To measure the absolute porosity, the density of the solid portion of the core sample (its 

grain density) was first determined from a sample of the rock that has been crushed (Tiab et al. 

2011). An appropriate size pycnometer, whose volume is known, was dried and weighed, and 

then the volume and mass of a portion of the sand grains were determined using the pycnometer. 

This test method covers the determination of the specific gravity of soil solids that pass the 4.75-

mm (No. 4) sieve, by means of a water pycnometer. The method was originally designed for 

A B C 
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soils, thus some modification was needed for mudrock samples. The 150-µm sieve (No. 100) 

was used due to the predominance of small particles in shale crashed samples.  

The specific gravity of solids has been used to calculate the grain density. This is done by 

multiplying its specific gravity by the density of water (at the proper temperature). The 

procedure and calibration for specific gravity measurements is described with proper detail in the 

ASTM (2014) standard. Nevertheless, the procedure followed in this study is presented below: 

 3 independent pycnometer measurements have been conducted per sample, at each core 

depth (Figure A.3B). Initially, each clean specimen is dried to a constant mass in an 

oven maintained at 165°C for 3 days.  

 Each sample was broken by using a mortar and pestle and sieved using a 150-µm mesh 

(No. 100) (Figure A.3D). Any clouds larger than 150-µm are broken down with the 

mortar until all material passed through the sieve. 

 The funnel was placed into the pycnometers (Figure A.3C), with its stem extending past 

the stopper seal. The grinded solids were spooned directly into the funnel. 

 To prepare the slurry, water was added until the water level was between 1⁄3 of the 

depth of the main body of the pycnometer. Water was later agitated until continuous 

slurry was formed. Any powder adhering to the pycnometer into the slurry was rinsed. 

 To de-air the soil slurry, entrapped air in the soil slurry can be removed using vacuum 

and vibration. The pycnometer should be continually agitated under vacuum for 2 hours, 

causing the silt/clay solids to remain in suspension, and the slurry in constant motion. 

The vacuum should remain relatively constant, causing bubbling at the beginning of the 

deairing process. Vacuum was maintained during 48 hours to make sure that the samples 

were free of air bubbles. 

 To fill the pycnometer with deaired water, water was introduced through a piece of 

small-diameter flexible pipette with its outlet end kept just below the surface of the 

slurry in the pycnometer. The mass of pycnometer, soil, and water was measured to the 

nearest 0.01g using the same balance used for pycnometer calibration. In addition, the 

temperature of the slurry/soil-water mixture was measured to the nearest 0.1°C using a 

thermometric device, setting the test temperature. Also, the mass of dry soil was 

determined to the nearest 0.01g. 
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Figure A.3-Material used to determine through the ASTM-D854-14 standard. A, 150-µm sieve 
(No. 100); B, vacuum chamber with 9 pycnometers, 3 per sample depth. C, funnel and 
pycnometers, ready to be filled with water before vacuuming; D, crashing and sieving 
equipment. 

Calculation of the specific gravity is done as follows: First, the calibrated volume of each 

pycnometer ( pV ) should be calculated: 

    ,

,
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        [A.2] 

where ,pw cM is the mass of the pycnometer at the calibration temperature (g), pM is the average 

mass of the dry pycnometer at calibration (g), and ,w c is the density of water at the calibration 

temperature (g/ml.), obtained from the ASTM standard. Furthermore, the mass of the 

pycnometer and water at test temperature was calculated as follows: 

    , ,( )pw t p p w tM M V          [A.3] 

where ,pw tM  is the mass of the pycnometer and water at the test temperature (g), pM is the 

average calibrated mass of the dry pycnometer (g), pV  is the average calibrated volume of the 

pycnometer (ml.), and ,w t  is the density of the water at the test temperature (g/ml.), from the 

ASTM standard. In addition, the specific gravity of the crashed solid particles at the test 

temperature, tG , was calculated as follows: 
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where s  is the bulk density of the solids (g/cc), ,w t is the density of water at the test 

temperature (g/cc), sM  is the mass of the oven dry crashed samples (g) and ,ws tM   is the mass of 

pycnometer, water and solids at the test temperature (g). Finally, the grain density at 20°C has 

been calculated as follows: 

   20 , ,s C w t t w tG K G               [A.5]   

where s  is the grain density at 20°C (g), K  is the temperature coefficient given in Table 2 of 

the ASTM standard and 20CG  is the specific gravity of solids at 20°C.  

A.1.1.2.2    Grain Density by X-Ray Diffraction (XRD) 

Grain density can also be calculated using X-Ray Diffraction (XRD) measurements of 

crashed mudrock samples. Once the weight mineral percentage is known for each sample, it is 

straightforward to calculate the grain density. The average grain densities for each mineral used 

to calculate the grain density of each sample is listed in Table A.1. The XRD method provides 

results that are comparable to those by the pycnometer method. The method of obtaining mineral 

percentages from XRD is explained with further details in the mineralogy section of this chapter.  

 

Table A.1-Average grain densities for common shale minerals. 

 

A.1.2    Semi-Quantitative Porosity 

Quantitatively measured absolute porosity is useful to compare various mudrock samples 

with similar properties and to be able to understand the behavior of acoustic waves through the 

shale formations. However, a single value of porosity is not enough to characterize the rock in 

Calcite 2.71
Quartz 2.62
Mica/Illite 2.75
Smectite 2.35
Unidentified 2.71

Average Mineral Density (g/cc)
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the degree of detail needed here. The geometric distribution, pore size and connectivity and the 

distribution of porosity within organic and non-organic pore systems is of great relevance too. 

Three semi-quantitative methods of looking at porosity have been used, including the analysis of 

red epoxy pre-dyed petrographic thin sections with an optical microscope, the visual inspection 

of micro and nano porosity in ion-milled surfaces of rocks via a Field Emission Scanning 

Electron Microscope (FE-SEM) and the examination of polished surfaces by Qemscan 

Microanalysis (QM). The combination of those three techniques gives a unique perspective over 

the parameters that control sample porosity.   

A.1.2.1    Petrographic Thin Section Analysis via an Optical Microscope 

Eagle Ford, Vaca Muerta and Bakken, these shale reservoirs have some characteristics in 

common: they are composed of a limited number of minerals and dominated by just one or two 

common carbonate minerals (calcite and dolomite) plus a small number of accompanying 

minerals (silica, detrital grains, and organic matter in different stages of maturity). However, 

when observed in more detail, such homogeneous rocks are composed of a wide variety of 

skeletal and non-skeletal grains, cements, fabrics, and porosity types. Although the petrographic 

study of carbonate thin sections is a qualitative task (Scholle and Ulmer-Scholle 2003), it 

provides a useful tool for identification of the most obvious types of porosity by point counting.  

Thin sections were first impregnated under vacuum with low-viscosity epoxy. Most 

samples were stained in fluorescent red dye and only a few in blue. Experience working with 

Eagle Ford shales showed that red epoxy facilitates the observation of porosity in very fine-

grained and organic-rich rocks, as opposed to blue epoxy. The use of fluorescent dye is intended 

to improve observation of relatively small pores when thin sections are viewed under incident 

fluorescent light (Ruzyla and Jezek 1987). After impregnation, the thin sections were sanded to 

20μm of thickness instead of the usual 30μm, to improve light transmission through opaque 

organic matter. Finally, they are left uncovered, to be capable of running ultraviolet (UV) 

reflected light (or epifluorescence) analysis on them and thus distinguishing the internal 

structures of the minerals (Gotze 2002).  

Once prepared, each sample was observed at different amplifications (2.5X, 10X and 

20X) and by using different techniques (Plane-Polarized Light, PL; Cross-Polarized Light, CP; 

and Epifluorescence, EF). Apart from porosity, other properties that were recorded for each 
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sample were its texture, composition, framework grain types and matrix type. Although porosity 

is the most difficult property to analyze in shales, it helps understand the three dimensional 

distribution of the pore space. Porosity was qualitatively collected by classifying individual pores 

into discrete categories and by evaluating the degree to which the various pore types are 

interconnected, as shown by Choquette and Pray (1970). Following their work, porosity was 

classified in accordance with table A.2. An example of porosity formed by micro-fracturing of 

the rock matrix under epifluorescence (A) and plain light (B) is shown in Figure A.4. 

A.1.2.2    QEMSCAN Microanalysis 

X-Ray Diffraction (XRD) and petrographic thin section analysis are useful tools for 

examining bulk rock mineralogy and porosity, yet neither technique enables the users to quantify 

the distribution of these minerals in the rock matrix with accuracy. Porosity can be quantitatively 

measured in thin sections through manual point counting, but precise measurements in shale 

samples can only be performed with automated techniques. QEMSCAN (Quantitative Evaluation 

of Minerals by Scanning Electron Microscopy) is a fully automated micro-analysis system that 

enables quantitative chemical analysis of materials and generation of high-resolution mineral 

maps and images as well as measurements of porosity structure (Gottlieb et al. 2000).  

The instrument used for this study utilizes a scanning electron microscopy (SEM) with an 

electron beam source in combination with four energy-dispersive X-ray spectrometers (EDS), 

providing quantitative data on the basis of automated point counting. It works through an 

automated stepping of the electron beam across samples at a user-defined pixel resolution (1µm 

for porosity). At each pixel, the system collects a backscatter electron (BSE) signal and an EDS 

spectrum and identifies the phase (porosity) on the basis of these BSE value and elemental 

intensities. Phase identification is calibrated by using pure elements and known chemical 

composition of minerals. A variety of quantitative information can be obtained including 

distribution, composition, and angularity of minerals, and the fabric, distribution, texture and 

porosity of materials (Ayling et al. 2012). An example of the 2D distribution, pore size and 

geometry of pores existing in an Eagle Ford sample is shown in Figure A.5. 
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A.1.2.3    Scanning Electron Microscope of Broken Surfaces and Ion-Milled Samples 

Due to their very fine grain size (less than 62µm), it is difficult to make observations in 

mudstones using conventional optical microscopy (Camp et al 2013). The high magnification 

capabilities of electron microscopy are better suited to study fine-scale rock features such as 

texture, composition and porosity, down to the nanometer scale. Scanning electron microscopy, 

unlike conventional light microscopy, produces images by recording various signals resulting 

from interactions of an electron beam with the sample as it is scanned in a raster pattern across 

the sample surface. 

Table A.2-Porosity classification in carbonate-rich rocks (After Choquette and Pray 1970). 

 
 

 
Figure A.4, Example of petrographic thin section analysis of porosity. Fracture porosity is shown 
under UV-epifluorescence (A) and plain light (B). 

Pore Type Description

Interparticle Porosity between particles
Intraparticle Porosity within individual particles or grains
Intercrystal Porosity between crystals
Moldic Porosity formed by selective removal of an individual constituent of the rock
Fenestral Pores larger than grain-supported interstices (interparticle)
Shelter Porosity created by the sheltering effect of large sedimentary particles
Growth framework Porosity created by in-place growth of a carbonate rock framework

Fracture Porosity formed by fracturing
Channel Markedly elongate pores
Vug Pores larger than 1/16 mm in diameter and somewhat equant in shape
Cavern Very large channel or vug

Breccia Interparticle porosity in breccia
Boring Porosity created by boring organism
Burrow Porosity created by organism burrowing
Shrinkage Porosity produced by sediment shrinkage

Fabric selective

Not fabric selective

Fabric selective or not

A B 
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Figure A.5-Example of QEMSCAN analysis of porosity in a shale sample. A, distribution of 
porosity within a 1µm x 1µm milled sample; B, pore size distribution; C, pore geometry. 

 

A thorough explanation of the physics behind a SEM is out of the scope of this study. 

However, it is important to understand the types of electrons generated in a SEM instrument and 

how they influence the study of mudrocks. Within the microscope, a fine electron probe, with a 

spot size from a few angstroms to several hundred nanometers, is generated by focusing 

electrons emanating from an electron source onto the surface of the sample using a series of 

electro-optical lens elements. Several types of electrons are generated as the result of the 

energetic bombardment of the specimen by the primary beam. All of these electrons carry 

distinct structural information about the sample and differ from one another in origin, energy, 

and traveling direction: 

A B 

C 
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 Type I secondary electrons (SE1) emit with a high angle at a close proximity from the 

impact point and thus carry high-resolution, surface-sensitive (topographic) information 

of the sample.  

 Type II secondary electrons (SE2), on the other hand, are generated from a deeper and 

wider volume than the SE1 and reflect at a lower angle, therefore carrying intrinsically 

lower-resolution topographical information.  

 Single scattered backscattered electrons (BSE1) tend to emit at a high angle and are 

closely linked to compositional contrast.  

 Multiple scattered BSE (BSE2) take off at a lower angle and are used to characterize 

composition and crystalline structures of a sample.    

To understand the microstructural characteristics of shale samples, two types of analysis 

have been conducted; fresh broken samples (Figure A.6A) and Argon milled samples (Figure 

A.7C). For the broken surfaces, two types of instruments were used: 

 A conventional Scanning Electron Microscope instrument (SEM) was used. This 

instrument can handle various types of samples (e.g. whole rock pieces, polished thin 

sections powders, etc.) at magnifications from 15x to 20,000X. It produces three types 

of images, SE1, BSE1 and BSE2. Attached to the SEM is a PGT Spirit Energy 

Dispersive Spectrometer that measures, processes and plots X-rays from the sample, 

thus allowing simultaneous elemental analysis of individual minerals at any particular 

spot. Elemental analysis of all elements of a region of a sample can also be produced as 

X-ray dot maps. 

 A FEI Quanta-600i Environmental Scanning Electron Microscope (E-SEM) equipped 

with a tungsten cathode and a PGT Energy Dispersive Spectrometer. This instrument 

works under low vacuum conditions and is therefore convenient for its use with organic-

rich rocks that expel gas when exposed to the atmosphere.       

The surface irregularity of broken samples complicates the study of porosity, which can 

only be observed with SE2 electrons in extremely-well polished (argon ion-milled) sections. 

Image contrast reveals both topographical and compositional information due to the greater 

sample interaction depth of SE2 electrons (Huang, 2013). High SE yield is scaled as lighter 

shades of gray, and low SE yield is scaled as dark shades of gray. Pores and open spaces appear 
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in dark at the SE2 image, reflecting lower secondary electron yield from negative depressions 

than from elsewhere on the sample surface. 

 
Figure A.6-A, sample holder with broken samples of the Eagle Ford shale. Samples are gold-
coated with a very fine layer and grounded before being introduced in the instrument; B, 
conventional SEM; C, FEI Quanta-600i Environmental Scanning Electron Microscope (E-SEM). 

 

Ion-milling is an essential method for microstructure examination of fine-grained 

mudrocks. According to Erdman and Drenzek (2013), major shale constituents such as organic 

matter, clay minerals, quartz, carbonate, and pyrite exhibit various degrees of hardness and 

traditional mechanical preparation (saw cutting, grinding, abrasive polishing, microtome cutting, 

etc.) tends to result in uneven surfaces as a result of smearing and pitting, leading to 

inappropriate identification of organic matter, mineral grains and porosity.  Adequate study of 

porosity is achieved by using a combination of the two following instruments: 

 A JEOL IB-19500 Cross Section Polisher. Shale samples are manually cut to 5x8x2.5 

mm parallelepipeds and then the surface parallel to the bedding is placed in the polisher. 

The cross section polisher (Figure A.7A) uses an argon beam to mill the cross section 

while continuously rotating the sample holder. An optical microscope allows positioning 

a sample to within a few microns of the precise cross section position. During milling, the 

sample is rocked automatically to avoid creating beam striations on the cross sectioned 

surface. Due to the tangential incidence of the ion beam, argon is not implanted into the 

sample surface. Shale samples were milled during an average of 10 hours at an ion 

accelerating voltage of 6 kV. These parameters are based on trial and error with that 

specific instrument and may vary under different conditions.    

A B C 
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 A JEOL JSM-7000F Field Emission Scanning Electron Microscope (FE-SEM). Polished 

samples are loaded and analyzed in that instrument with magnifications up to 100,000X, 

unlocking the study of nano-scale porosity. 

Figure A.7-A, Cross Section Polisher used to create argon-milled samples; B, FE-SEM used to 
analyze milled samples; C, example of micro porosity from a shale sample at 30,000X 
magnification.   

A.2    Mineralogy 

Knowing the fabric, quantitative proportion and volumetric distribution of minerals in the 

formation is important to understand the interactions between completion fluid and the 

formation. Bulk and clay fraction thru X-Ray Diffraction (XRD), optical microscope, Qemscan 

and SEM analysis have been used in this research study. The X-Ray Diffraction (XRD) 

technique followed will be explained below. 

     

A.2.1    Quantitative Bulk and Clay Fraction Mineralogy by X-Ray Diffraction (XRD) 

Bulk mineralogy was sub-contracted to a specialized laboratory. Samples were studied 

through a Siemens D5000MATIC system equipped with a ceramic Cu tube, graphite 

monochromator, computer controlled theta-compensating slit, sample spinner and automated 

sample changer. Samples were crushed to 1/4" size before grinding and analysis. A 

representative portion of each crushed sample was ground to approximately 400 mesh in a steel 

swing mill and then analyzed by a standard XRF procedure for 31 major, minor and trace 

elements. The relative accuracy for this procedure is about 5-10% for major-minor elements and 

10–15% for trace elements at levels greater than twice the detection limit in samples of average 

geologic composition. A replicate sample and a standard reference material (a USGS standard 

A B C 
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rock) were analyzed with the samples to demonstrate analytical reproducibility for the samples 

and analytical accuracy for a geologic standard, respectively.  

A representative portion of each ground sample was packed into a well-type plastic 

holder and then scanned with the diffractometer over the range, 3-61E 2θ using Cu-Kα radiation. 

The results of the scans are approximate mineral weight percent concentrations. Estimates of 

bulk and clay fraction mineral concentrations were made using XRF-determined elemental 

compositions and the relative peak heights/areas on the XRD scans. The detection limit for an 

average mineral in these samples is approximately 1-3% and the analytical reproducibility is 

approximately equal to the square root of the amount. 

 

 

Figure A.8-Bulk mineral weight concentrations (%) for sample PR-38. A, bulk mineralogy; B, 
mineralogy of the fraction smaller than 2 µm. 

  

For the selected samples to be tested in the pore pressure penetration setup, clay fraction 

XRD mineralogy was determined in addition to bulk mineralogy, as follows. After bulk 

mineralogy was determined, samples were subjected to a size separation procedure based on 

Stokes’ Law to concentrate the clay-size (-2μm) fractions for XRD analysis. A representative 

portion of each crushed sample was blended with distilled water and 10 ml of 5% Calgon 

solution to disaggregate the sample without reducing grain size. The mixtures were brought up to 

volume in 1000 ml graduated cylinders, allowed to settle for 19.5 h and then 20 ml of the 

CALCITE

72%

QUARTZ

9%

PLAGIOCLASE FELDSPAR

2%

MICA/ILLITE

8%

PYRITE

1%

APATITE

1%

FRACTION < 2µm

1.1%

TOC

6%

PR-38

CALCITE

90%

QUARTZ

3%

MICA/ILLITE

4%

UNIDENTIFIED

3%

PR-38

Fraction < 2 µm
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material suspended above the 300 ml mark in each cylinder were drawn into pre-weighed 

beakers. The material was dried at 75C and the weight of the clay-size material determined.  

Remaining suspensions were siphoned off for XRD analysis of the clay-size fractions. A 

portion of each suspension was drawn onto a cellulose acetate filter and then the deposited 

material was rolled onto a glass disk forming an “oriented mount”. The oriented mounts were 

scanned over the range, 2-62E 2θ using Cu-Kα radiation, treated with glycol and then re-scanned 

over the range 2-22E. Estimates of mineral concentrations for the clay fraction are based on the 

relative peak areas on the XRD scans and comparison to the XRD results for the bulk samples 

(Figure A.8). Detection limits (1-3%) and analytical reproducibility are similar to those for the 

bulk samples, approximately equal to the square root of the amount. 

A.3    Organic Matter Content 

Petrographic thin sections, Qemscan and SEM analysis are used for identification of the 

organic matter distribution in the rock in addition to mineralogy and porosity. Particularly useful 

is the use of backscattered electron SEM images. Organic matter is distinguishable by its high 

contrast, reflecting its relatively low mean atomic number compared with minerals common in 

shale and mudstone (Camp et al 2013). Distinguishing between kerogen and bitumen and 

between the various types of kerogen as recognized by organic petrologists is limited by the 

differences in the scale of observation between thin section optical microscopy and SEM images. 

Quantitative measurements of the organic components is however possible only through 

Source Rock Analysis (SRA and pyrolysis). Analyses were outsourced to Weatherford 

Laboratories with the intention of obtaining repeatable and accurate data to evaluate organic 

richness, kerogen quality, thermal maturity, organic facies, and TOC. Results of such analysis 

are commonly used for sweet spot mapping and to understand critical issues regarding well and 

completion design; in this case, however, outcomes are used to unlock the relationship between 

organic matter content with fluid-rock interactions and with porosity. Parameters calculated from 

these tests are Total Organic Carbon (TOC), thermal maturity (Tmax, the temperature at which the 

maximum release of hydrocarbons from kerogen cracking occurs during pyrolysis), free oil 

content (S1), and source rock potential (S2, the amount of hydrocarbons generated through 

thermal cracking of nonvolatile organic matter, such as kerogen), the amount of CO2 produced 
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during pyrolysis of kerogen (S3), Hydrogen Index (HI), Oxygen Index (OI), Production Index 

(PI) and ratios such as SI/TOC, which is a contamination indication. 

A.4    Rock-Fluid Rheology 

Rock-fluid rheology is critical to understand the physics of interaction between 

completion fluids and the reservoir formation. When completion fluids are injected into the 

matrix, rock properties change. A series of compatibility tests commonly used in drilling 

(Stephens 2009) were run to acquire basic data on these interactions. 

A.4.1    Cation Exchange Capacity (CEC) via Methylene Blue Test 

Cation Exchange Capacity (CEC) is a measure of the exchangeable cations present on the 

clays in a shale sample (Stephens 2009). These exchangeable cations are the positively charged 

ions that neutralize the negatively charged clay particles. Typical exchange ions are sodium, 

calcium, magnesium, iron, and potassium. Most of the exchangeable ions in shale samples are 

from the smectite (bentonite, montmorillonite) clays. CEC measurements are expressed as 

milliequivalents per 100 g of clay (meq/100 grams). Typically, the oil and gas industry measures 

the CEC with an API-recommended methylene blue capacity test, which was used in this study. 

Other methods for determining CEC also are available, such as the use of a colorimetric 

technique based upon cobalt hexamine trichloride depletion, the ammonium acetate saturation 

method or copper complexes methods, among others. Three samples were run using both the 

cobalt hexamine method via a UV/Vis Spectrophotometer and the API-recommended methylene 

blue capacity test; having results from both methods for a control set allows reducing uncertainty 

in the API-recommended test. Cobalt hexamine tests were outsourced to Weatherford 

Laboratories, while API tests were run in-house. 

The API-recommended methylene blue test (MBT) requires one gram of finely ground 

dried shale. The sample is dispersed in water with a small amount of dispersant, sulfuric acid and 

hydrogen peroxide; boiled gently for a few minutes; cooled to room temperature; and titrated 

with a methylene blue solution. The end point is reached when a drop of the sample suspension 

placed on a filter paper results in a faint blue halo surrounding the dyed solids (Figure A.9). The 

methylene blue capacity gives an estimate of the total cation exchange capacity (CEC) of the 

solids in the drilling fluid, but methylene blue capacity and cation exchange capacity are not 
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necessarily equivalent, with the methylene blue capacity normally being somewhat less than the 

actual cation exchange capacity (OFITE® 2011).  

  
Figure A.9-Spot Test for End Point of Methylene Blue Titration. After OFITE® 2011. 

The higher the CEC is, the more reactive the shale (Stephens, 2009). Sandstone and 

limestone are typically nonreactive and have CEC values of less than 1 meq/100 g. Moderately 

reactive shale has a CEC value from 10 to 20 meq/100 g, while reactive shale has a CEC value 

greater than 20 meq/100 g. A low CEC is still considered problematic for drilling purposes if the 

small amount of clays present swell, causing the shale to break apart. Typical CEC values for 

various clays found in shale and sand are:  

 Smectite: 80 to 120 meq/100 g 

 Illite: 10 to 40 meq/100 g 

 Kaolinite: 3 to 15 meq/100 g  

 Chlorite: 10 to 40 meq/100 g  

 Sand: <0.5 meq/100 g 

A.4.2    Spontaneous Imbibition via Immersion 

In order to investigate the interaction of completion fluids with the source rock, 

immersion tests were completed at atmospheric pressure. The objective of these tests is to try 
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eight different fluids with different salinity concentrations and types of salts and look for 

differences in conductivity after a given period of time. The total number of samples was 

42, of which 9 were pre-saturated in 130,000 ppm KCl under vacuum conditions during 3 

days. In addition, observations of hydrocarbon expulsion are made. Eagle Ford preserved 

samples were crashed and meshed to 0.093 inch to discard the fines. Samples were 

loaded in glass vessels in which the dry weight of each sample was accurately measured 

using a precision balance (Figure A.10). Calibration of conductivity versus salt 

concentration (Figure A.11A) and temperature (Figure A.11B) was done with a series of 

tests with distilled water and increasing salt concentrations.   

 
Figure A.10-Spontaneous Imbibition via Immersion. A, pre-saturation of some samples in a 
vacuum chamber; B, expelled hydrocarbons after exposure to brine; C, sample cups next to the 
conductivity meter. 

A.4.3    Wettability and Contact Angle 

A basic wettability and contact angle study has been carried out for the Eagle Ford samples. The 

purpose of this experiment is to confirm if the reservoir formation is oil or water wet and at what  

Floating oil

A B 

C 
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Figure A.11-Calibration of conductivity versus salt concentration (A) and temperature (B). It was 
accomplished through a series of tests with distilled water and increasing salt concentrations. 

A 

B 
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contact angle oil drops form when exposed to formation brine and air, separately. Shale samples 

with either sanded and rough surfaces were exposed to different brine compositions including 

potassium hydroxide, sodium iodide, cesium formate, magnesium chloride, sodium chloride, 

potassium formate, calcium chloride dehydrate and sodium sulfate. Contact angle was measured 

by releasing a drop of oil underneath the fresh rock surface with an automatic syringe and then 

reading the angle with a camera and specialized software (Figure A.12). In addition, individual 

drops of those saline solutions were placed at the top of rock samples, exposed to air.  

A.5    Confined Stress-Strength Behavior through Triaxial Testing 

The objective of those tests is to determine the mechanical and acoustic properties of 

preserved and outcrop samples of the Eagle Ford Formation. Results serve as reference frame to 

set test parameters of more complicated experiments such as pore pressure penetration. Triaxial 

tests provide with compressive strength, residual stress, Young’s modulus and Poisson’s ratio of 

the samples. All samples are scanned with a Computer Tomography (CT) scan before testing. 

The core holder used for triaxial tests is the same used for pore pressure penetration tests. 

However, no pore fluid is injected and no resistivity sensors are placed on the sample. Instead, 

strain gauges cantilevers are mounted on the sample and the sample holder is installed within a 

MTS® load cell which controls the axial sample stack. The strain gages glued to the sample 

measure radial deformation while the MTS® load cell measures axial strain (deformation is 

measured in two orthogonal directions). In addition, each sample is placed between hardened 

steel end-caps containing ports with dispersion grooves for pore pressure drainage and control. 

Those end caps also contain the 1 MHz transducers used to measure P- and S-wave travel times, 

as explained at the beginning of this chapter. Samples have 1 to 1.5 inches of diameter and a 

length equivalent to two times the diameter to comply with standard triaxial procedures (ASTM 

D7012-04 and ASTM D2845-2). Samples are tested preserved, this is, saturation is unknown and 

pressure and temperature are those of the ambient conditions.  

The loading procedure starts with installing each sample in the triaxial pressure vessel 

applying loading by using the computer-controlled servo-hydraulics of the MTS® load cell. A 

small confining pressure (approximately 200 psi acting in all directions) is initially applied to the 

sample to seat the jacket and end-caps. Then, confining pressure is increased at the specified 
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loading rate, until it reaches a prescribed value (approximately 1100 psi) after which it is 

maintained constant.  

Strain equilibration is allowed to occur before any additional loading. After equilibrium, 

axial stress difference is applied, at a controlled axial strain rate of 1x10-5 in/in/s. Loading 

continues until the sample fails (peak stress has been reached) and, where possible, beyond this 

to determine a residual strength value. In some cases, the sample yields but the load bearing 

capacity continues to increase with additional axial deformation, revealing strain hardening. 

When the test is finished, all stresses are removed from the sample in a controlled manner and 

post-testing photography is performed.  

Some tests were exposed to a slightly different procedure, undertaking a cycling test 

(ASTM D5311/D5311M-13). The purpose of a cycling test is to evaluate the ability of a rock to 

resist shear stresses induced due to cyclic loading. 

 
Figure A.12-Wettability and contact angle experiments. A, wettability at atmospheric conditions 
for a rough surface; B, photo showing the position of a drop of oil underneath a surface of rock, 
surrounded by brine; C, measurement of the contact angle between the oil drop, rock surface and 
the brine. 
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APPENDIX B - DESIGN AND CONSTRUCTION OF AN EXPERIMENTAL APPARATUS 

FOR PERMEABILITY, OSMOSIS AND FLUID TRANSPORT MECHANISM TESTING 

In executing a meaningful program to test the interaction of fluids with the matrix and the 

transport mechanisms that dominate water and oil flow in mudrock formations, a significant part 

is to design a methodical set of tests that achieve the intended data acquisition objectives. In the 

following sections, the materials and methods used in experimental research in permeability and 

osmosis are illustrated. Of great importance are the design, construction and calibration of the 

different components of the assembly, which was at the core of this research and required more 

than two years of work.  

B.1    Osmosis, Permeability and Acoustic Tests: Design, Assembly and Calibration 

Due to the complex behavior of porous media under the combined effects of large 

hydraulic pressures, electrochemical and ion flow, simple testing procedures cannot genuinely 

capture the physics of the processes occurring in core scale and thus their upscaling into the 

reservoir conditions. The experimental setup shown here has been designed taking into account 

prior published experiments and their limitations. Its purpose is to obtain coupled measurements 

of steady and unsteady state permeability, osmosis, rock strength, resistivity and acoustic wave 

transit time, in order to understand the behavior of reservoir mudrock under similar conditions to 

those in the field. A high-pressure triaxial testing core holder designed by Dr. Ali Mese and built 

by Alpha Precision Tools Company® (Houston, Texas) was used as an initial foundation to build 

up the current setup. Multiple improvements were made to this early assembly to adapt it to the 

new testing conditions and increase the number of simultaneously measured parameters whose 

results may be coupled. Details of these alterations besides the rest of the testing equipment 

design and assembly will be explained in the following paragraphs. 

B.1.1    Sample Preparation 

Any core analysis has to be designed according to the purpose of the investigation. Core 

plugs used in standard geomechanical testing typically have a diameter of 1-2.5” (Fjaer et al 

2008), but in our experiments shorter length samples (1.0”) were used to shorten the testing time 

to a reasonable time frame avoiding extensive waiting period for reaching equilibrium. A valid 
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concern in any experiment is the representativeness of the sample to investigate the role of a 

desired unknown under the experimental conditions set. For instance, in shale reservoirs, 

fractures at all scales contribute to the amount of matrix surface in contact with the injected fluid, 

and stress release has probably the largest effect on geomechanical properties (Fjaer et al 2008). 

Therefore, the relevant properties for core strength testing are those of the fractured rock mass 

and as a result, samples containing fractures should be ideally used for native reservoir 

representation. However, in this research our target is to study the physics behind transport 

phenomena at the interface between the matrix and the microfracture network. Therefore, intact 

samples were preferred. Nevertheless, nano-fractures are still present in the intact cores as 

described in detail in Chapter 3.     

Samples used in the experiments are obtained using cores from two Eagle Ford wells GZ 

and LS, drilled in Gonzales and La Salle Counties, Texas, USA, respectively; Bakken well BK-1 

drilled in North Dakota; and Vaca Muerta well VM-1 in the Neuquén basin, Argentina. To 

minimize the loss of fluids and prevent environmental alteration, the 1-foot long samples from 

the reservoirs (Figure B.1A, B.1B and B.1C) were immediately sealed after coring, by wrapping 

them in a plastic film followed by an aluminum sheet, and then waxed on the outer part. Fjaer et 

al (2008, p. 243) debates that ‘…Shale may have nanoDarcy or lower permeability which means 

that pore pressure equilibrium will not be maintained when the core is retrieved from depth. 

Thus, tensile failure is very likely to occur, either macroscopically, or on a microscopic level. 

This process, as well as volumetric expansion during coring and retrieval, causes the shale core 

to be incompletely saturated when reaching the surface…’ It is due to these processes that the 

saturation procedure during the experimental protocol is given such importance in this research 

study, as opposed to some previous studies in the literature which use “as is” preserved samples. 

Sandstone core plugs (Figure B.1D) plugged from a Buff Berea outcrop in Ohio were also used 

as reference sample (permeability: 240 mD gas; 40 mD brine) during experimental assembly 

calibration. Tests require core disks of 1.5 in diameter with lengths varying from 0.5 to 1.5 in 

The procedure for obtaining unfractured plugs is delicate, for instance shales are fissile and they 

easily shatter through their numerous planes of weakness, typically horizontally as shown in 

Figure B.3A but also vertically (Figures B.3B and B.3C).  
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Shale core samples were successfully plugged from preserved cores following the 

procedures discussed below: 

 Use of rubber and soft, compressible polystyrene sheets that absorb the vibrations 

generated by the bit (Figure B.4A).  

 The diamond bit must be lubricated with friction-reducing oil in order to maintain a 

smooth cut (Figure B.4B). 

 Air or nitrogen must be used as cooling fluid instead of water, typically used as coolant, 

as shale core starts swelling when contacts with water.  

 

Figure B.1-A and B, preserved 1-foot interval of the Eagle Ford Formation; C, 1 foot 
long opened section; D, Berea Sandstone plug. 
 

 After 1.5 in diameter plugs are obtained (Figure B.4C), the two top and bottom surfaces are 

sliced with a slow diamond dry cutting machine (Figures B.2B and B.2C) then trimmed (Figures 

B.4B and B.4C). Cutting thickness in the diamond saw is controlled by a digital micrometer, 

cutting samples up to 0.34mm thickness. However, to make sure the surfaces are parallel, a 

surface grinder is used to sand the surfaces to  0.01 mm. The purpose is to obtain a perfectly 

cylindrical plug to obtain realistic strain and stress measurements.  

Trimming shale samples must be carefully done. The final result of this sample preparation 

procedure is a perfectly cylindrical plug of varying length from 0.50 in to 1.50 in and diameter 

1.50 in (Figure B.4D). In order to avoid unwanted weakening, the following procedure must be 

followed: 

C B D A 
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 Clamped Starrett V-blocks should be used to sustain the sample (Figure B.2A).  

 Wipe out the surface of magnet Table mounted on a X-Y Table not to leave any dust and 

particles, as those may degrade the flatness of the end surfaces of the sample.    

 Before putting the V-block on the Table, turn the magnet off. If not done so, the V-block 

could be unintentionally pulled, hitting the surface of the Table, creating a permanent 

dent on the magnet Table that will impede good sample geometry. 

 The V-block, suiTable for the sample diameter, must be held vertically. The magnet is 

turned on.  

 The entire end surfaces of the shale samples should be painted with a permanent marker 

before sanding, helping to distinguish any under-sanded areas.   

 Care should be taken when sanding disc contacts the edge of the sample, as the shale 

samples can be easily chipped at the edges. 

 

 

Figure B.2-A and B, Starrett V-block with clamp to sustain shale samples; C, MTI SYJ-160 low 
speed diamond saw.  
 

After a perfectly cylindrical sample with parallel ends is obtained, an electrode setup is 

attached for measuring the sample resistivity. The purpose of collecting resistivity data during 

osmosis tests is to measure the pore saturation as well as monitoring the migration of the fluid 

front as fluids with various ionic concentrations move through the core sample. The resistivity 

experimental setup is designed for two and four probe measurements, placing two brass electrode 

A B C 
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plates above and below the sample. Three conductive epoxy electrode rings (Figure B.6; rings 1, 

2 and 3 in A and B) are wrapped around the diameter of the sample spaced at equal intervals 

along its length. Two probe measurements may be performed by connecting two of any 

electrodes, for instance 0 to 1, 0 to 2, 2 to 3, etc. Four probe measurements are performed by 

sending current through the two electrode plates (0 and 4) and recording the voltages at probes 1, 

2, and 3. For the osmosis tests performed in this research study, the two probe resistivity 

measurement method is implemented as it is the simplest to interpret. The interior of the sample 

holder with the finished sample connected to the resistivity measurement setup is shown in 

Figure B.6C. The sample is hooked up and ready to be closed for testing in Figure B.6D. The 

white sealant is a marine-grade flexible adhesive that is used to isolate the sample from the 

confining fluid. 

 

 
 

Figure B.3-A, preserved 1-foot interval of the Eagle Ford Formation from well CR; B, vertical 
and horizontal fractures are common in the cores; C, vertical fracture crossing bedding parallel 
weak planes. 

 
Once the sample geometry is arranged and before the electrode wires are hooked up to it, 

sample dimensions, weight and bulk density are measured. Dimensions are used to have a 

baseline for the axial deformation measurements. Weight and bulk density are used to calculate 

core sample porosity. In addition, Unconfined P and S wave velocities, unconfined dry resistivity 

and computerized tomography (CT-Scan) measurements have been obtained prior to the in situ 

stress measurements. The first two aforementioned measurements are used to compare pressure 

data with the wave velocity results throughout the test, and CT-Scan is used to check if any 
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significant fractures are present. In order to attach the resistivity electrodes to the outer surface of 

the core sample, the following actions must be followed through (Figure B.7).  

 

 

Figure B.4-A, successfully plugging a shale core requires the use of rubber and soft, 
compressible polystyrene sheets that absorb the vibrations generated by the bit; B, the diamond 
bit must be lubricated with friction-reducer oil so the cut is smooth, and air or nitrogen must be 
used as cooling fluid instead of water; C and D, before and after plugging an Eagle Ford core. 

 

 

Figure B.5-A, 1.5 in diameter plug of the Eagle Ford Formation; B, sanding of the plug surface; 
C, trimming the top and bottom surfaces. The sample faces need to be perfectly parallel to each 
other in order to obtain reliable strain, stress and velocity measurements; D, final sample. 

A B C D 
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Figure B.6-A, Graphical electrode setup for measuring resistivity in a calibration Berea 
sandstone core; B, prepared Eagle Ford shale core; C, resistivity setup is held in place with a 
view of the connections; D, detail of the finished sample with the outer layer being cured. The 
white sealant is a 3M marine-grade flexible adhesive that is used to isolate the sample from the 
confining fluid. 

 

 Four pieces of tape 0.234 in wide and 4.0 in length are cut and applied evenly along the 

length of the core (Figure B.7A). There should be three 0.03 in spaces between each tape 

piece. 

 Apply conductive epoxy to the sample over the open areas, in order to create three rings 

of conductive epoxy (Figure B.7B). Attach a single wire strand to each epoxy ring, ensuring 

that the wire strand is completely covered with conductive epoxy (Figure B.7B). 

 Remove the blue painters tape from the core (Figure B.7C). Place the core into a sealed 

container to allow for the conductive epoxy to cure for at least one hour. 

 Remove the core from the container and attach a 16 gage wire lead to each electrode 

ring using conductive epoxy (Figure B.7D). 

 Place the core again into the sealed container to allow for the conductive epoxy to cure 

for at least 4 hours. 
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Figure B.7-A, Sandstone core with tape; B, conductive epoxy applied to a sandstone core; C, 
epoxy rings with a single strand of wire, before flattening; D, completed setup on a shale core.  

B.1.2    Setup Design & Construction 

 The following section illustrates the design specifications of the osmotic measurements’ 

setup, and how the equipment was assembled together and calibrated. 

B.1.2.1    General Equipment Specifications 

To acquire coupled stress, strain, acoustic, resistivity and flow data simultaneously for 

these three experiments, a testing apparatus was explicitly designed and assembled. A diagram 

and a 3D model of the test setup are shown in Figures B.8 and B.9, respectively. As shown in the 

Figures, the main components of the setup are indicated by letters: triaxial load cell (A), pore 

fluid injection system (B), back pressure system (C), axial and confining pressure systems (D), 

vacuum system (E) and temperature control system (F). A brief description of the assembly is 

described here, followed by system specifications in their corresponding sections. The central 

part of the system is the triaxial load cell (A) which holds a preserved shale core sample of 1.5 

inch diameter by 1 inch length dimensions. The triaxial cell is a high pressure vessel that 

contains a cylindrical shale core sample. Simultaneous application of axial pressure (that 
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simulate the overburden stress) and confining pressure (which simulate an isotropic horizontal 

stress) up to 10,000 psi is made possible in the cell. In addition, the vessel encloses feed-through 

holes that allow several electronic instrumentation (including acoustic wave velocity and 

resistivity data) and hydraulic lines to pass its walls while keeping the integrity of the cell. The 

bottom end cap contains two hydraulic lines and a metallic porous filter that provides the 

circulation of pore fluid at a specific pressure. The top end cap contains a symmetric porous filter 

followed by a single hydraulic line that is connected to a pressure transducer. This design allows 

the continuous measurement of pore pressure at the top of the sample while different fluids are 

circulated at the bottom for the osmosis test, or the axial circulation of fluids during permeability 

tests.  

Four independent systems controlling pore and hydraulic pressures are indicated by (B), 

(C) and (D). The injection pressure system (B), shown on the lower part of the diagram, is used 

to inject pore fluid in the bottom part of the sample through valve V8 (in red). The fluid 

circulates through a permeable porous-metallic disk and is received first through valve V9 and 

then V16 into the back pressure (B.P.) system (C). A small pressure difference is enough to force 

water to circulate, due to the chosen large permeability of the metallic disk. Both injection and 

back pressure systems are 10,000 psi ISCO pumps that generate fluid (pore) pressure. Piston 

cylinders were added between the pumps and the flow lines connected to the cell in order to 

avoid mixing pore fluid brines containing salts with the pump hydraulic fluid (mineral oil or 

deionized water). The hydraulic systems (D) that control axial and cell pressure (confining 

stress) at the pressure vessel are shown at the right hand side of Figure C.9. In this case, the 

pumps need no intermediate separation cylinders, since axial and confining fluids do not contact 

the pore fluid during the experiment. This is achieved by the use of a flexible rubber sleeve 

(Viton or Neoprene) that physically separates the two fluids but allows pressure to be 

transmitted. Instead of deionized water, non-conductive mineral oil is used as the choice 

hydraulic fluid for the axial and confining stress pumps. The motive is, to be able to make 

accurate resistivity measurements; electrical current buildup on the sample must be avoided. To 

improve electrical current isolation, hydraulic pressure lines are isolated from the ground by 

using high pressure, non-conductive hoses (green dotted lines in Figure C.9) and by isolating the 

frame (where the cell is sitting) from any electrical connection to the ground. This includes the 

electrical wires used for wave velocity data transmission, which must be disconnected when 
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resistivity measurements are being done. When no resistivity data are being collected (such as 

during nitrogen permeability testing), the system is connected to ground to eliminate the electro-

osmosis component of pressure transmission.  

 

Figure B.8-3D view from the front of the constant temperature chamber. The letters correspond 
to the various parts of the system, explained in the text. 
 

Peripheral components are correspondingly critical to the setup, including vacuum, 

nitrogen injection and temperature control systems (F). First, an accurate oil -free vacuum system 

is used to eliminate any air found in the pore fluids, hydraulic lines and in the sample. The 

vacuum system consists of a vacuum pump and a water trap connected to the rest of the 

hydraulic pipes by low pressure pipes (purple dashed lines). Achieving a system free of 

unwanted air improves the saturation process and benefits accurate pressure measurements.  
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Figure B.9-General diagram of the testing setup. In blue, stainless steel high pressure lines; in green, non-conductive high pressure 
lines; in purple, low pressure lines used for vacuuming in the osmosis assembly. 
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Air is compressible and thus it complicates the interpretation of pressure changes in lines. In 

addition, it will dissolve in water at the test working pressures and may react with the sample. 

Therefore, it should be eliminated completely from any fluid that enters the system. A systematic 

practice that is followed during osmotic tests is that any fluid that is pumped into the system is 

being degassed and boiled during at least 24 hours prior to mixing to eliminate dissolved air. 

While in the system, it is also vacuumed during at least 30 minutes prior to entering the high-

pressure hydraulic line system. Second, a nitrogen injection system is used to measure gas 

permeability through the sample and to gather brine samples. The use of nitrogen is desirable in 

the latter if measuring water salinity on the top of the core without losing the pressure. Nitrogen 

exists in gas phase at atmospheric conditions and even at much higher pressures, thus it is ideal if 

pressure containment is needed yet no brine-to-brine mixture is desired. Last, a temperature 

control system (F) is an essential part of the setup. During initial setup calibration, it was 

recognized that in spite of the thermostat controlled room temperature, small room temperature 

changes create significant variation in line pressures. The resulting pore pressure changes were 

large enough that were thought to mask the intended measurements. A constant temperature 

chamber, which is shown in Figure B.10, was designed to solve this challenge. It isolates the 

entire system from room temperature by means of thermal insulating walls and by continuously 

circulating hot air in loops. Chamber target temperature is maintained with a   0.3 C error 

measured by two temperature gages that are connected to heater and fan controllers.  

B.1.2.2    Sample Holder 

The fundamental piece of the setup is the core holder, which is shown disassembled in 

Figure B.11. The system is essentially a triaxial load cell (B) which holds a shale sample of 1.5 

inch diameter by 1 inch length dimensions. As explained in the introduction, the triaxial cell is a 

high pressure vessel made of thick stainless steel that allows the simultaneous application of 

axial pressure (simulating the overburden stress) and confining pressure (which mimics isotropic 

horizontal stress) up to 10,000 psi (due to maximum pump capacity). Figure B.11A shows the 

piston cylinder contained within the vessel. Axial and Confining Fluids are physically separated 

by means of a triple O-ring matching the inner diameter of the cell.  
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Figure B.10-View from the front (A) and back (B) of the constant temperature chamber. 
 

In addition, O-rings are also placed at the top (B) and bottom of the cell to close off the 

sides of the fluid chambers. An O-ring seal is a means for closing off a passageway preventing 

an unwanted fluid escape. The integrity of the high pressure system and the absence of fluid 

leaks depend on the quality of the seals, hence all O-rings must have an ID matching with that of 

the groove they are sealing, and the quality of the rubber must sustain up to the 10,000 psi 

applied maximum stress for these experiments (Figure B.12). O-rings used in the current setup 

are torus or doughnut in shape, made from Viton elastomer 90 durometer, in the AS-468 scale 

(the aerospace industry size standard for O-rings from the Society of Automotive Engineers, 

S.A.E.). The integrity of the system is also preserved through detailed maintenance of the holder. 

First, high quality vacuum grease must be applied to all seals before the system is assembled. 

Second, the screws used to tighten the end plates to the cell must be made in carbon steel of at 

least grade 7, as this material will not respond elastically to the increase of fluid pressure, thus 

avoiding pressure relaxation with time. Last, all nuts and connections must meet the pressure 
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requirements. HiP and Swagelok high pressure equipment are chosen because of their high 

standards in manufacture quality and their high pressure ratings. 

Figures B.13 and B.14 show the main components of the inner part of the system, the 

latter through a 3D Solidworks® cross section design. In B.14 the setup is shown in the same 

position as when it is introduced in the cell. The inner space of the holder is divided in two by 

the central piston. The vessel encloses feed-through holes that allow a number of electronic 

instrumentations (including ultrasonic wave velocity and resistivity data) and hydraulic lines to 

pass its walls while keeping the integrity of the cell. Both upper and lower reservoirs are filled 

with mineral oil entering through feed through lines. When pressure is applied to the oil column 

in the upper reservoir (green) the piston moves downwards increasing the axial stress on the rock 

sample. With a separate pump, oil pressure is applied to the lower reservoir to create confining 

stress in the sample (yellow). 

 

 

Figure B.11-Internal piston cylinder (A) and external view of the open sample holder (B). 
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Figure B.12-O-ring specifications. 

 

The purpose of having a Viton rubber sleeve covering the sample in the lower 

reservoir is to be able to apply stress while separating the confining fluid (oil) from the 

pore pressure fluid (brine). Illustration B.14B shows the same cross section without the 

rubber sleeve. The bottom end cap has been cut to show the path followed by the pore 

pressure lines. Sketch (C) is a zoomed view for the central part of the holder. The core 

sample is sandwiched between two porous disks that allow water to flow through while 

maintaining the stress state. During osmotic tests, brine is circulated at constant pressure 

through the bottom of the core sample disk, where it contacts the lower surface of the 

shale plug (the circulation path is shown by the dashed yellow lines in C). The top end 

cap contains a symmetric porous filter followed by a single hydraulic line that is 

connected to a pressure transducer. Water along with dissolved chemical species start 

diffusing up or down through the core sample, creating pressure changes on the top of the 

sample that are recorded using this pressure gauge. During permeability tests, one of the 

circulation lines at the bottom is closed and the pore fluid feedthrough at the top is open, 

allowing the pore fluid (either gas or liquid) to flow through the sample.   

O-ring specifications Face (cell top & bottom) Central piston
Product Number 248 LPO-30
Manufacturer Rocketseals Corp. Alpa Precision
Material Viton 90 Viton 75
I.D. (Inch) 4 3/4
O.D. (Inch) 5
Standart Size ID (Inch) 4.734
C.S. (Width) (Inch)  1/8
Standart Size ID +/- (Inch) 0.03
Standart Size CS +/- (Inch) 0.004
Standart Size CS (Inch) 0.139
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Figure B.13-Schematic diagram showing test configuration.
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Figure B.14-Solidworks® 3D cross section of the sample holder, showing the main components. 
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B.1.2.2.1    Standard Procedure to Close the Core Holder and Set the Sample 

Before starting any experiment, all systems must be properly working and connected to 

the data acquisition system (DAQ). In addition, the following procedure must be followed in a 

precise order, regardless of the type of test to be run: 

 Clean all tubing, fluid paths, pistons and the interior of the cell first with detergent water 

then with distilled water, to make sure that there is no oil or brine left in the tubulars. 

Dry all paths by applying pressurized air. 

 Clean the porous filters by immersing them in boiling toluene for at least 24 hours prior 

to testing. Clean the electrode plates with alcohol. Re-glue all metallic parts and reapply 

epoxy to those parts that are used. 

 Mark the direction of the S-wave oscillation in the outer part of the cell. 

 Set the sample in the cell, case it with the rubber sleeve. 

 Hook up the wires for resistivity measurements to the sample.  

 Adjust the length of the axial piston to be slightly longer (5-10 mm) than the required 

length. Set up the triaxial cell and align the upper part of the piston to the direction of 

the S-wave oscillation marked before. 

 Close the nuts that seal the cell. Attach the lateral wave velocity transducers. 

 Apply vacuum to the top and bottom pore fluid ports and hook up to a vacuum gauge. If 

vacuum is maintained when the vacuum pump is shut down, no leakage is present. If 

vacuum pressure decreases, there is a leakage; in that case the cell must be disassembled 

and the previous procedure must be repeated again assuring no leak.  

 While keeping the vacuum pressure, fill the axial pressure reservoir with mineral oil 

from the bottom until oil starts coming out of the top port. No air should remain in the 

reservoir. 

 Fill the confining pressure reservoir with mineral oil following the same procedure. 

 Tight all nuts and place the core holder in the temperature control cabinet. Close all 

doors and wait until the required temperature stabilizes. 

 In order to achieve an initial isotropic confinement pressure of 100 psi, apply axial stress 

133 psi and confining stress 100 psi. This is in accordance with section B.1.2.4.1 of this 

chapter. 
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B.1.2.3    Fluid Flow System 

 The following section shows the system specifications for fluid flow, including vacuum, 

tubing, valves and pressure exchange piston cylinders.   

B.1.2.3.1    Vacuum and Degassing System 

The importance of keeping a gas-free system was emphasized in the introduction of this 

chapter. It improves the saturation process and benefits accurate pressure measurements. The 

vacuum system consists of a vacuum pump and a water trap connected to the rest of the 

hydraulic pipes by low pressure pipes and high pressure valves (see the purple dashed lines in 

Figure B.9). Any fluid that is pumped into the system will be boiled and degassed in a deairing 

tank (Figure B.15C) during at least 24 hours to eliminate dissolved air. While in the system, it is 

also vacuumed to approximately 23 inches of mercury during at least 30 minutes prior to 

entering the high-pressure hydraulic line system. The vacuum pump needs to consistently create 

vacuum for those 24 hours, thus a liquid ring pump (a 60 Hz, 115V, 1/8 HP, GAST® DOA-

P704-AA rotating positive displacement pump) is used in the setup (Figures B.15, A and B). 

Liquid ring pumps are oil-less, sturdily built pumps designed to work at low friction. The rotor is 

the only moving part thus friction is reduced to the shaft seals, creating a very reliable system. 

 

Figure B.15-60 Hz, 115V, 1/8 HP, GAST® DOA-P704-AA rotating positive displacement pump 
used to create vacuum pressure; A, picture of the vacuum pump; B, rotor inside the chamber with 
the liquid ring; C, HMA-520 Triaxial/Permeability deairing tank with 1.5 gallon capacity. 
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B.1.2.3.2    Tubing and Valves 

The position of tubing lines and the 25 valves that connect them are illustrated in Figure 

B.9. Most tubing is 1/8 inch medium pressure Swagelok® FK Series (Figure B.16A) with its 

gaugeable tube fittings and adapters. These support fluid pressures up to 20,000 psi (1378 bar) 

and are made of 316L seamless stainless steel to avoid rust and chemical reaction with brine. In 

order to minimize the effect of fluid compressibility in pressure transmission and decrease the 

ratio of pipe inside volume to rock total pore volume, part of the pipe system needs to have its 

fluid volume reduced. This happens in tubing connecting valve V11 to the top pressure 

transducer and the sample top, in addition to the two pipes that connect the bottom of the sample 

to valves V9 and V8. Thus, 1/16 inch instead of 1/8 inch medium pressure tubing is used in these 

sections. Similarly to the tubing, high pressure Swagelok® Sno-Trik Series needle valves are 

used (Figure B.16B). These support fluid pressures up to 45,000 psi (3100 bar) and are also 

made of 316L seamless stainless steel, and are manually actuated. 

 

 

Figure B.16-Swagelok® stainless steel high pressure tubing (A) and valves (B) used in the 
experiment. Standard procedures for setting up connections should be carefully followed to 
avoid fluid leaks.   
 

Correspondingly, in order to create an electrical isolation of the sample to allow 

resistivity measurements, pipe connecting the following valves needs to be non-conductive 

(Figure B.17): valves V11 to V12; valves V15 to V9; axial pressure feedthrough to valve V20; 
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confining pressure feedthrough to valve V22; and valves V5 to V8. However, non-conductive 

hose cannot be used with gas flow as it is semi-porous and it may burst; therefore stainless steel 

pipe is used for the duration of the nitrogen permeability measurements, only to be replaced by 

316 stainless steel pipe during osmosis tests. 

 

 

Figure B.17-Non-conductive hose is needed to create an electrical isolation of the 
sample, to allow resistivity measurements. 

B.1.2.3.3    Pressure Exchange Piston Cylinders 

Piston cylinders are needed to transmit pressure between the ISCO pumps and the flow 

lines connected to the cell. They are necessary in order to avoid mixing the pump hydraulic fluid, 

which is deionized water, with the pore fluid, which contains salts or other chemicals. Two 

piston cylinders are needed; the first is connected to the injection pump and the second to the 

back pressure pump. They were originally designed by Proserv® to be used as transfer sample 

cylinders for the task of housing samples transferred from a downhole sampler, for transportation 

to the analysis laboratory and subsequent storage. They are made of a 316 stainless steel single 

NON-CONDUCTIVE HOSE
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piston with two end caps (Figure B.18), sealed with double O- rings and back-up rings. The 

piston has a single Tee seal assembly and a scraper ring. There is an internal single ball mixing 

device on the sampling side of the piston, and connections to the cylinder are made via right 

angle needle valves, equipped with feedthroughs with 1/4" NPT female port connections fitted 

with blanking plugs. On the sample side, there is also an evacuation port nipple and plug, yet it 

has no use in the current experiments. The maximum working rating of the pistons is 10,000 psi 

and 150ºC, sufficient for the current setup.  

 

 

Figure B.18-Diagrams of one of the piston cylinders used to transmit pressure between the ISCO 
pumps and the flow lines connected to the core holder. Diagrams modified after Proserv® 
technical datasheets.  

 

A critical operation when running osmosis tests using piston cylinders is the change in 

fluid every 600 ml of the circulation. The following procedure needs to be followed to assure 

that the experiment is not interrupted: 
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 Check and assure that the refilling vessel is full with DI water. 

 Close V9, V8, V5 and V6 in this order. Stop inlet and outlet pumps.  

 Empty the upper part of the injection piston cylinder. Open V3 to connect to air 

pressurized. Disconnect V4 to air and let water flow out. 

 Disconnect the pressurized air, and connect again V3 to the vacuum line. 

 Close V4 and start the vacuum pump. 

 Apply vacuum to V3 first, then close V3 and V24. 

 Open and apply vacuum to V4. Close V4 and V24. 

 Connect V4 to the water vessel containing the brine to be injected. 

 Open V4 to let the water be sucked in. 

 Connect V4 to vacuum and open V24. 

 Open V3 to vacuum both sides of the cylinder at the same time. 

 Close V3, V4 and V24. 

 Refill the inlet pump. 

 Run injection pump at 4020 psi and when reached, open the outlet valve. The flow limit 

should be set to 0.05 ml/min. 

 Run the receiving pump at 3980 psi and open the outlet valve. The flow limit should be 

set to 0.7 ml/min. 

 Check the pump pressures are those above before opening V5, V6, V8 and finally V9. 

 Open V5, V6, V8 and V9. 

 To empty the receiving cylinder, close V9, open V15 and let the water out. Make sure 

there is always 20 to 30 ml of water left in the cylinder. Close V15 and apply 3080 psi. 

Open V9 to start circulation. 

B.1.2.4    Pressure Control System 

Four different types of pressures need to be controlled in this setup. First, the axial stress 

applied on the core replicating the effect of the overburden stress; second, confining stress 

imitating the isostatic horizontal stress underground; third, pore pressure control; and last, 

nitrogen injection, used for permeability tests.  
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B.1.2.4.1    Axial and Confining Stress Control 

Isotropic stress is assumed in the study, meaning that the axial and confining stresses on 

the core sample are equal. Both stresses are applied through oil pressure in two reservoirs as 

shown in the 3D graph in Figure B.14. Although both confining and axial stresses are isotropic, 

the pump pressures required to achieve those stresses are different. For instance, to achieve a 

specific axial stress, the force applied by the pump needs to counteract the confining pressure 

that is being applied in the other reservoir (see Figure B.19) as follows: 

( ) ( )a a c s c c sF P A A P A A     and a
a

s

F

A
                               [B.1] 

where Fa is the axial force necessary to apply the in situ axial stress; Pa is the pump axial stress; 

Pc is the pump confining stress; Ac is the surface area of the largest section of the piston; and a  

is the axial stress applied to the sample with As cross sectional area. Therefore the axial stress is 

related to the relation between the piston and sample area: 
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and the effective stress: 

       '
a a pP             [B.4] 

where pP  is the pore pressure and   is Biot’s coefficient. For this experimental work Biot 

coefficient was assumed equal to one (1  ), although this may vary for various shale 

formations. Several examples of the fluid pressures needed to reach different stress states are 

shown in Table B.1. In order to calculate the fluid (pump) pressures needed to achieve a specific 

axial (σa) and confining (σc) stresses, the following relationships must be followed:  
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Figure B.19-Forces applied to the core holder to create axial (a) confining (c) pressures. Fa is the 
axial force necessary to apply the in situ axial stress; Pa is the pump axial stress; Pc is the pump 
confining stress; Ac is the surface area of the largest section of the piston; and As is the section 
area of the sample.  
 
Table B.1, Pump pressures needed to reach various isotropic stress states implemented in the 
experiments. Table corresponds to an example for effective stress equal to 2000 psi.  

 

Fa

As
Ac

Pa Pc

Pa Pc

Sample Diameter 1.5
ID Cell Diameter 3
Sample Area 1.767
ID Cell Area 7.069
ID Cell Area/Sample Area 4

siga sigr Pa Pr siga ' sig r ' Ppin Ppout

0 0 0 0 - - - -
500 500 667 500 - - - -
1000 1000 1333 1000 - - - -
1500 1500 2000 1500 - - - -
2000 2000 2667 2000 2000 2000 0 0
2500 2500 3333 2500 2000 2000 500 500
3000 3000 4000 3000 2000 2000 1000 1000
3500 3500 4667 3500 2000 2000 1500 1500
4000 4000 5333 4000 2000 2000 2000 2000
4500 4500 6000 4500 2000 2000 2500 2500
5000 5000 6667 5000 2000 2000 3000 3000
5500 5500 7333 5500 2000 2000 3500 3500
6000 6000 8000 6000 2000 2000 4000 4000

Target Axial & Confining Stresses Needed Pump P

in

in2

Needed Circulating PEffective Stress
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B.1.2.4.2    Pore Pressure Control 

Pore pressure inside the core holder is controlled by means of two syringe ISCO® pumps 

rated at a maximum working pressure of 10,000 psi. The syringe pumps are remotely 

controllable from a computer; however, safety precautions due to the use of high pressures 

require that pressure changes are manually controlled, in order to avoid abrupt pressure changes 

that may cause sample failure. Figure B.20 and Table B.2 show the details and specifications, 

respectively, of the pumps. During permeability tests, nitrogen is used as pore fluid, thus a 3,500 

psi nitrogen tank is hooked up to the dual pump to fill the pump cylinder with the gas, and the 

syringe pump is used to pressurize the nitrogen to achieve the required pressure and/or flow rate. 

During osmosis tests, however, brine is used as pore fluid, and this requires a different setup. The 

syringe pumps are connected to the pressure exchange piston cylinders and pressure is applied by 

using distilled water. The sample side of the cylinders is then filled with brine. With this method, 

the syringe pumps would contain either nitrogen or distilled water, avoiding cleaning or fluid 

compatibility issues within the syringe, which would require wash gland cleaning of the pump 

O-rings. 

 

Figure B.20-Components of the pore pressure control system. A, pump manual controller; B, 
syringe pumps; C, dual pump continuous flow system, working with air valves; D, nitrogen tank 
with regulator and pressure gauges, connected to the syringe pumps. Nitrogen is only used 
during gas permeability tests. 

A 

B 

C 

D 
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Table B.2-ISCO® syringe 100HLX pumps’ technical specifications. Flow rate range and 
accuracy, analog output accuracy, pressure range and accuracy, and temperature range are the 
most important parameters to have into account. These specifications meet the requirements of 
the setup. 
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B.1.2.5    Data Acquisition System (DAQ) 

Data acquisition and storage is critical to successful long-term experimental work such as 

osmotic tests or permeability measurements. Manual data recording is highly inaccurate and 

time-consuming, and thus a semi-automatic Data Acquisition and Storage system (DAQ) was 

designed. Figure B.21 shows the wiring diagram of the DAQ and the remote pump control 

system. The system is made of three ISCO syringe pump controllers, the LVDT that measures 

axial deformation changes, a pressure transducer, and a differential pressure transducer. All those 

different data acquisition systems are connected to a desktop computer via RS232 cables. The 

LVDT and the pressure transducers, in addition to the temperature controllers, transmit voltage 

signals through an A/D DAQ board that is then connected to the computer. 

 

 

Figure B.21-Wiring diagram of the DAQ and the remote pump control system 
 

Figure B.22 displays the DAQ system for analog voltage signals. The computer station 

that records data is shown in Figure B.22A. Besides, Figure B.22B displays the multifunction 

DAQ board, a National Instruments® panel selected because of its versatility and low cost. It has 

8 channels of analog single-end input (14-bit, 48 kS/s), 4 channels of differential input and 2 

analog outputs (12-bit, 150 S/s; 12 digital I/O, 32-bit counter). In addition, it is bus-powered for 

high mobility and built-in signal connectivity.  

Pump controller - 1

Pump controller - 2

Pump controller - 3

PC w/ Labview 
programs developed

(RS232)

A/D DAQ board

(RS232)

LVDT Signal 
conditioner

Pressure transducer
(~ 10,000 psi)
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After the input voltage is transmitted to the board and then outputted to the computer, 

appropriate software is needed for data acquisition. Figure B.22C shows one example of the data 

acquisition software that was developed for this purpose, which is based on Labview®. The 

advantage of this programming method is that it integrates graphical and text-based 

programming approaches within a single environment to efficiently acquire data. For each data-

generating system, a different interface control was created.    

Figure B.23 displays two interfaces that are critical for test control. The interface 

remotely controlling the ISCO syringe pumps is shown in Figure B.23A. This software is 

capable of controlling remotely and simultaneously up to three pumps and is able to record 

syringe pressure, fluid volume, flow rate and pump status at a rate of two samples per second. 

Figure B.23B illustrates the interface controlling the LVDT measuring the change in axial 

deformation of the sample. Its sampling rate can be adjusted depending on test needs.  

 

 

Figure B.22-DAQ system for analog voltage signals. A, computer station; B, multifunction DAQ 
board; C, Example of the data acquisition software display based on Labview®. 
 

Figures B.24 and B.25 show three additional interfaces of the software developed. Figure 

B.24A illustrates the pore pressure and differential pressure control in volts, while Figure B.24B 

shows the way temperature acquisition is displayed. Last, Figure B.25 displays the control over 

acoustic measurements. The software communicates with the digital oscilloscope, acquiring the 

wave data and finally logging the waveforms in a spreadsheet.     

A B C 



264 
 

 
Figure B.23-DAQ interfaces for test control. A, Interface remotely controlling the ISCO 
syringe pumps; B, interface controlling the LVDT that measures the change in axial 
deformation of the sample. 

 

 

 
Figure B.24-Additional interfaces developed for test control. A, pore pressure and differential 
pressure control; B, temperature acquisition. 
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Figure B.25-Interface of the acoustic measurement software. The interface communicates with 
the digital oscilloscope, acquiring the wave data and logging the waveforms in a spreadsheet. 

B.1.2.6    Pore Pressure Measurement System 

Fluid pressure is measured at four different points in the setup. To achieve brine 

circulation at a constant pressure during osmosis tests we need a pressure differential across the 

metallic pore filter. For a target pressure of 4000 psi, for example, this differential is 

accomplished by applying 4040 psi at the injection pump and 4000 psi at the back pressure 

pump. Experience has shown that real pressure is controlled by the negative flow created at the 

back pressure pump, and although the setup pressure at injection is 4040 psi, the real pressure in 

the metallic disk would be about 4002 to 4004 psi, very close to target pressure. Injection and 

back pressures are therefore controlled by the ISCO pumps and recorded through the DAQ 

system shown in Figure B.21.   

Two other pore pressure measurements are taken simultaneously; pore pressure at the top 

(downstream) of the sample and the differential pressure between circulation pressure and 

downstream pressure. The location of those measurements was shown at the general system 

diagram in Figure B.9. Measurement of downstream pressure is attained by using a high 

precision bidirectional Omegadyne® pressure transducer (Figure B.26A) with accuracy: ±0.25% 

FS BSL at 25ºC including linearity, hysteresis and repeatability and a total error band of ±2% 

FSO, including linearity, hysteresis, repeatability, thermal hysteresis and thermal errors (except 

Probe attenuation

Horizontal time (µs)

Vertical volt (volt)

Trigger point (+/-µs)

Trigger level (+/-µs)

Wave type (P/S)

Number of waves    

for averaging 
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at 1 psi, which is ±4.5% and 2 psi, which is ±3%).  Correspondingly, measurement of differential 

pressure is attained by using a Stellar Technology® transducer (Figure B.26B) with pressure 

error < 0.25% and thermal error < ± 0.020% FS/°F.  

 

 
Figure B.26-A, Omegadyne® pressure transducer used to measure downstream pressure; B, 
Stellar Technology® differential pressure transducer.  
 

Pressure change in the dead volume of the transducers is transmitted towards the DAQ 

system and recorded as voltage. It is hence necessary to calibrate the conversion of voltage into 

pressure for the downstream pressure and differential pressure transducers. A series of tests were 

undertaken with this purpose and the results are shown in Figures B.27 and B.28. Pressure output 

for the downstream pressure (Omegadyne®) is equal to 2,000.70 psi/volt + 17.72 psi with a 

±0.25% FS BSL error.  Likewise, pressure output for the differential pressure (Stellar 

Technology®) is 497.58 psi/volt - 7.03 psi with the same error of ±0.25% FS BSL.                

 

A B 
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Figure B.27-Calibration of the downstream pressure transducer in the setup. Pressure output is 
equal to 2,000.70 psi/volt + 17.72 psi. 

Sensor type Pump Pressure Output Voltage Measured Pressure
Manufacturer PSIG VDC PSIG
Model 0 -0.009 -0.2853
Serial No. 5000 2.491 5001.4647
Full scale 10,000 PSIG 10000 4.989 9999.2133
Slope 2000.7 psig/volt 5000 2.49 4999.464
Intercept 17.721 psig 0 -0.009 -0.2853

Balance -0.009 VDC
Sensistivity 4.998 VDC

011212D102

Pressure transducer
Omegadyne INC.
PX309-10KG5V
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Figure B.28-Calibration of the differential pressure transducer in the setup. Pressure output is 
equal to 497.58 psi/volt - 7.03 psi. Error is ± 0.25%  

Sensor type Differential pressure transducer
Manufacturer
Model
Serial No. Low side High side
Full scale 10,000 PSID Output Voltage Output Voltage
Slope 497.58 psid/volt PSIG VDC VDC
Intercept -7.0284 psid 0 0.025 0.033

1000 -1.989 2.033
2000 -4.005 4.034

Increasing Decreasing Increasing Decreasing 3000 -6.017 6.035
Output Output Output Output 4000 -8.029 8.038

% F.S. PSIG VDC VDC VDC VDC 5000 -10.042 10.046
0 0 0.025 0.024 0.033 0.036 0 0.024 0.036
20 1000 -1.989 -1.998 2.033 2.043 1000 -1.998 2.043
40 2000 -4.005 -4.015 4.034 4.046 2000 -4.015 4.046
60 3000 -6.017 -6.029 6.035 6.048 3000 -6.029 6.048
80 4000 -8.029 -8.033 8.038 8.051 4000 -8.033 8.051
100 5000 -10.042 -10.042 10.046 10.046 5000 -10.042 10.046

High side

Stellar Technology Inc.
DT1900-10000UD-174
DT1900-10000UD-174

Load
Pump 

Pressure

Low side

Pump 
Pressure
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B.1.2.7    Electrical Resistivity Measurement System 

Resistivity is an inherent property of all materials, regardless of their shape and size, to 

resist the flow of an electric current (Asquith et al. 2004). Different materials have different 

abilities to resist the flow of electricity. While the resistance of a material depends on its shape 

and dimensions, the resistivity is an invariant property; the reciprocal of resistivity is 

conductivity.  

In the core experiments completed in this research, hydrocarbons, rock and distilled water 

are all assumed to be insulators and therefore, nonconductive or highly resistive to the electrical 

current. Highly concentrated salt water is however a conductor and has low resistivity. The 

measurement of resistivity is hence an indirect measurement of the amount and salinity of the 

formation water at a specific height in a core sample (Asquith et al. 2004). The unit of measure 

used for the conductor is a cube of the formation, one meter on each edge. The measured units 

are ohm-meters2/meter, this is, ohm-meters.  

Resistivity is a basic measurement of a reservoir’s fluid saturation and is a function of 

porosity, fluid nature, amount of fluid and rock type. Usually, resistivity measurements in the 

field are taken by logging tools and used to detect hydrocarbons and to estimate the porosity. In 

this case resistivity measurements are however used to monitor the migration of water with 

varying salinities within the sample. Instead of a logging tool, measurements are done by 

applying an electrical current to a series of electrodes (outer rings or inserted cylinders) and 

measuring the material’s resistance, proportional to the drop in voltage. Resistivity is calculated 

as follows: 

        
rA

R
L

         [B.7] 

 

where R is the resistivity (ohm-m), r  is the measured resistance (ohms), A is the cross-sectional 

area of the sample (m2) and L is the sample length (m). Two experimental methods have been 

tested in this work, the first being a two probe measurement that uses Ag-Epoxy electrode rings 

attached to the surface of the core and the second being a four probe measurement using small 

Ag-AgCl electrode pellets embedded in the sample wall. A short description of those two 

methods is found below. More specific details can be found in Rixon (2016). 
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Implementing a two probe setup using silver wires in the triaxial cell is difficult (Wang 

2009) because the Viton rubber sleeve separating the confining fluid from the pore fluid needs to 

be perforated, allowing the wires to cross the seal to connect the electrodes with the LCR meter. 

However, results from this method are simple to interpret and thus it was implemented in the 

first osmosis test. The critical part is to isolate the core from the confining fluid, because this 

pressure is larger than the pore pressure. Multiple methods of perforating and mechanically or 

chemically sealing the holes were tested by Rixon (2016). The most effective method determined 

was passing the wires through a thin slot in the Viton sleeve and using two layers of epoxy 

sealants to seal the slot with the wire (Figure B.29A). The inner layer is an automotive epoxy, 

with large chemical resistance. The outer layers, in contact with the pore pressure brine, need to 

be of marine grade epoxy sealant. Multiple layers of the marine grade epoxy are used to prevent 

air bubbles (Figure B.29B). Layers need to be thin to ensure the epoxy is fully cured before the 

new layer is applied. In order to achieve full integrity of the seal, the subsequent steps to place 

the core sample in the holder should be followed (after Rixon 2016):   

 Sand the neoprene sleeve around the areas where slots have been cut to match the wire 

leads attached to the core.  

 Feed the wire leads through the slots in the Viton sleeve from the inside out. 

 Carefully push the core up into the neoprene sleeve, making sure to keep the wire leads 

aligned with their respective slots. 

 Sandwich the core with the two porous metal filters placed into the Viton sleeve from 

either end. 

 Feed the brass electrode wire lead through the respective slot on the top side of the Viton 

sleeve, and carefully push the brass electrode into position above the top porous metal 

filter.  

 Apply automotive sealant to the triaxial cell base piston shaft. 

 Feed the wire lead attached to the piston brass plate through the respective slot on the 

bottom side of the Viton sleeve, and carefully slide the sleeve with the core assembly 

onto the piston. 

 Directly apply automotive epoxy to the contact surface between the neoprene slots and 

wire protrusions.  
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 Wait one hour for the automotive epoxy to cure. 

 Apply a thin layer of 3M Marine Grade Epoxy Sealant to the area surrounding each wire 

protrusion. 

 Wait six hours for the epoxy sealant to cure. 

 Apply the second and subsequent thin layers of 3M Marine Grade Epoxy Sealant, 

waiting twenty-four hours for the epoxy sealant to cure between each application. 

 

The second method is a four probe measurement setup that uses 1mm diameter x 2.5 mm 

long Ag-AgCl electrode pellets (fabricated by InVivoMetric®) implanted in the sample wall. 

The core is drilled at 1/3 and 2/3 of the height with a small bit and the pellets are inserted and 

glued with silver epoxy. This method is advantageous with respect to the two probe method, 

because the latter suffers the disadvantages of probe and contact resistance (Taylor 2002). 

Electrode (polarization) impedance pZ (ohm-m) is unintentionally accounted for in the material 

resistance. Impedance is calculated by the sum of the core resistance and the electrode 

impedance (Wang 2009). If the impedance is minimized then the core resistance Z  would be 

equal to impedance, as follows: 

P

rA
Z Z

L
                                                         [B.8] 

    

In order to measure the resistance of the sample, wires glued to the sample must bypass the 

triaxial holder at specific feedthroughs then connect to the meter.  

For the two probe measurements with silver epoxy rings, we use a REED® R5001-LCR 

(inductance/capacitance/resistance) meter with a frequency of 1 kHz. The meter’s specifications 

are as follows:  

 Range: 20.000-200.00Ω-2.0000-20.000-200.00kΩ-2.0000-20.000-200.0MΩ  

 Resolution: 0.01-0.1-1Ω-0.01-0.1-1kΩ-0.1MΩ 

 Accuracy: ±1.5%  

 Test Frequencies: 100-120-1k-10k-100k Hz 
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For the four probe measurements with inserted Ag-AgCl electrode pellets, a more 

sophisticated meter is needed. A ModuLab® Electrochemical System meter was chosen due to 

its high versatility measuring the characteristics of electrochemical processes. In this meter, a 

number of modules are combined into a single chassis, avoiding the need for stacking and wiring 

separate units. The modules are arranged in potentiostat groups, each with a potentiostat as the 

core module to enable DC measurements to be taken. Each potentiostat group in a chassis may 

perform a separate experiment, so there can be multiple experiments running simultaneously. 

This feature allows simultaneous measurements of resistance at different heights, as opposed to 

the two probe measurement setup, in which each measurement must be completed separately and 

manually.   

B.1.2.7.1    Calibration of the two probe resistivity measurements 

Two calibration tests were performed on 1.5 in diameter by 1 inch length Buff Berea 

sandstone samples, of the same size as the shale plugs. These tests are used as reference 

experiments to compare with more complex measurements in shale. The homogeneous 

characteristics of Berea sandstone allow running fast tests without osmotic effects and chemical 

interactions. From the different types of Berea available, the facies Buff Berea was chosen due to 

its high permeability and low clay content. This rock is a medium-grained to fine-grained 

sandstone (Pepper et al. 1954) in the vicinity of the type locality at Berea, Ohio, where it was 

first described and named by Newberry in the 1870’s (Pashin et al. 1992). The outcrop core 

plugs were plugged by Kokurek Industries® in-situ, and they are frequently used as standard-

permeability rock (permeability: 250 mD gas; 50 mD brine). Of the core plugs used in 

calibration, some discrepancies with average rock properties were confirmed by using a CMS-

300 helium instrument. Larger permeabilities than the average were found. Results are 

summarized in Table B.3.   

Two one-inch long Buff Berea samples were prepared and the three conductive epoxy 

rings spaced at quarter inch intervals were set as represented in Figure B.29D. Samples were 

then placed in the core holder and within the temperature controlled chamber. Pressure was 

incremented at small intervals until reaching isotropic confining pressure of 6000 psi and 4000 

psi pore pressure. 18% KCl brine was used in these tests as pore fluid. Resistance measurements 

were recorded continuously for the first 1.5 hours until resistivity values reached their lowest 
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point, at which it was determined that the core was close to full saturation. Resistance was then 

recorded at 2, 4, 7 and 20 hours to ensure full saturation of the core.  

 

 

Figure B.29-Details of the electrical resistivity measurement setup. A, view of the Viton sleeve 
and the cables connecting the sample to the meter; B, finished core setup with the epoxy sealant, 
immediately before being introduced in the core holder; C, REED® R5001-LCR 
(inductance/capacitance/resistance) meter used at the two probe resistivity measurements; D, 
Shale sample with installed Ag-Epoxy electrode rings used for the two probe resistivity setup; E, 
ModuLab® Electrochemical System meter used at the four probe resistivity measurements; F, 
Ag-AgCl electrode pellets and their location in the core plug (after Woodruff et. al 2014). 
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The results for calibration tests using Berea test #1 are shown in Figures B.30 and B.31, 

but more details can be found in Rixon (2016). All combinations of measurements between rings 

are plotted in Figure B.30, while only those between the bottom electrode plate (0) and the rest 

of the rings are plotted in Figure B.31 for simplicity. For test #1, resistivity was first measured 

with the core saturated with air. Sandstone resistivities were found to be larger than 100,000 

ohm-m under these conditions due to the lack of conductive fluid in the sample. After measuring 

dry core resistivity, the confining pressure was increased to 2000 psi, and the core was saturated 

from the bottom up with distilled water. Once saturation was fully achieved, the final pressures 

were achieved: 4500 psi for the confining and axial pressures, and 4000 psi of pore pressure.  

We can see in Figures B.30 and B.31 (before 5.305 hours) that resistivity dropped to 100 

to 300 ohm-m for distilled water measurements. Later, KCl brine with a 18% weight 

concentration is circulated instead of distilled water. The trends in these two plots show that 

resistivity (which is inversely proportional to conductivity) decreases with addition of salty brine 

to the pore space, implying that the conductivity of the sample increases. However, resistivity 

does not change homogeneously throughout the sample. Measurements are done between one 

brass electrode plate (0 or 1) and one silver ring (1, 2, and 3), between two plates or between two 

rings, and results are different depending on the measurement.  

If we consider the core as initially saturated with DI water, circulation of KCl brine starts 

from the bottom of the sample at the top of the electrode 0. The brine front migrates towards 4 in 

a heterogeneous path, following the most permeable path. If we look at Figures B.30 and B.31, 

after the start of brine circulation resistivity decreases immediately in measurements 0-1, 0-2, 1-2 

and 1-4, as opposed to measurements 0-3, 1-3 and 2-3 where measurements are more stable at 

the beginning but start rapid decline after 5.31 hours, confirming that the brine front affects first 

to the resistivity at the bottom of the sample and later at its middle. Measurements 2-4 and 3-4 

remain more or less constant during the test, suggesting that the brine dilutes with the distilled 

water occupying the pore space in the upper part of the sample. Longer experiments would be 

needed to confirm if eventually the pore space is completely substituted by KCl brine. 

The results for Berea #2 calibration test are shown in Figure B.32. In this test, the same 

procedure was followed. Initial core dry resistivities, not plotted in the Figure, were larger than 

100,000 ohm-m. At that point, confining pressure was increased to 2000 psi and the core was 

saturated from the bottom up with distilled water.  
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Table B.3-Porosity-permeability measurements made with helium. Actual plug values vary from 
the averages provided by Core Lab. 

 

 

As rock is an inhomogeneous material with void spaces, simple poroelasticity theory can 

be used to monitor saturation (MTS 1998). The theory of poroelasticity explains the effect of the 

non-solid part of rocks on its strength and material properties. Those are expressed through the 

poroelastic coefficients, which depend on the initial state of stress in the sample and must be 

measured using small load increments. The most relevant poroelastic coefficient for osmosis 

tests and therefore to be used in calibration is Skempton’s B value. Skempton’s (1954) 

coefficient B, similar to Biot coefficient, was used to predict the change in pore pressure due to 

changes in external confining pressure loading. The equation relating the change of pore pressure 

to external loading is shown below: 

p

c

P
B

P

                                                           [B.9] 

Formation: 
Average Formation Permeability: 
Brinell Hardness (kg/mm2)
Calculated UCS (psi)

Core #
Net Stress 

(psi)
Pore Vol. 

(cc.)
Porosity 

(%)
k 

(mD)
ka (mD) at 

16.0Pm (psia)
b (He) 

psi
Beta ft-1

Alpha 
(microns)

800 4.034 20.58 460 472 1.218.40E+06 12.5
1000 4.023 20.52 477 489 1.197.34E+06 11.3
1500 3.996 20.39 476 488 1.187.47E+06 11.5
2000 3.976 20.28 471 483 1.197.48E+06 11.4
2500 3.962 20.21 469 481 1.197.76E+06 11.8
3000 3.95 20.15 466 478 1.197.75E+06 11.7
3500 3.934 20.07 463 475 1.197.89E+06 11.8
4000 3.924 20.02 459 471 1.197.79E+06 11.6
800 4.724 20.85 491 504 1.187.07E+06 11.3
1000 4.73 20.88 486 499 1.196.86E+06 10.8
1500 4.695 20.72 483 495 1.197.09E+06 11.1
2000 4.661 20.57 478 491 1.197.23E+06 11.2
2500 4.648 20.51 475 488 1.197.25E+06 11.2
3000 4.626 20.42 471 484 1.197.27E+06 11.1
3500 4.613 20.36 470 482 1.197.47E+06 11.4
4000 4.598 20.29 464 476 1.196.58E+06 9.89

Average Porosity & Permeability

Buff Berea CMS-300 Sample #1

Buff Berea CMS-300 Sample #2

20 % Porosity 472 mD

Buff Berea Sandstone Outcrop (Ohio)
250 mD

10
3207
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Figure B.30-Resistivity calibration results for Berea test #1. All measurements are plotted 
here. Note that the legend indicates measurements between rings. For instance, 2-3 is the 
resistivity measured between rings 2 and 3, as shown in the upper picture. 
 

DI Water Saturation KCl 18% Circulation
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Figure B.31-Resistivity calibration results for Berea test #1. Only measurements from the lower 
electrode plate (0) to the rings (1, 2, 3 and 4) are plotted here. 

DI Water Saturation KCl 18% Circulation
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The test is performed on an undrained specimen, such as the present calibration, by 

increasing the confining pressure cP  while measuring the change in pore pressurepP . The 

undrained condition is defined as a condition in which fluid is unable to escape the rock pores as 

the pore volume changes. For a partially saturated specimen, the bulk modulus of the pore fluid   

is strongly reduced due to the gas present. This would lead the measured value of Skempton’s 

coefficient B to be less than the expected value. The pore fluid volume in the tubing between the 

specimen and the shutoff valve must be small or the pore fluid mass will change, violating the 

undrained condition. Measures were taken to reduce the effect of the pore fluid volume on the 

tubing. First, the pore pressure measurement transducer was mounted as close as possible to the 

end platens. Second, the specimen fluid volume is much larger than the fluid volume in the 

tubing between the specimen and the shutoff valve. The Skempton’s Coefficient can also be 

calculated using the following equation: 
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The magnitude of the confining pressure influences Skempton’s Coefficient B for rock 

specimens, as shown by Mesri et al. (1976). At low confining pressures, Skempton’s Coefficient 

approaches 1 but at high confining pressures the coefficient is much less than 1. This is due to 

the large number of open micro cracks at low confining pressures. At high confining pressures, 

the cracks close and make the bulk modulus of the framework frK  stiffer. B values, and 

therefore water saturation for the Berea test #2 are shown in Table B.4. 

Once maximum saturation (84-86%) was achieved, final pressures were: 4500 psi for the 

confining and axial stresses, and 4000 psi for pore pressure. Resistivities between 2000 and 7000 

ohm-m were measured for the water saturated core. Figure B.32 illustrates the change in 

resistivity values after circulation with distilled water is substituted by circulation with 18% KCl 

brine.  
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Table B.4-Saturation values from the B-value method for Berea calibration test #2. 

 

 
Figure B.32-Resistivity calibration results for Berea test #2. The core is saturated with distilled 
water, and then circulated with brine containing 18% potassium chloride. 

Confining Pressure Pore Pressure B
psi psi

4200 4030.7
4380 4186.1 0.86
4200 4040.6
4390 4200.1 0.84
4560 4345.6 0.86
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After 15 minutes from the start of brine circulation, resistivities at all measurements 

decrease exponentially. As the brine front travels through the sample from the bottom to the top, 

the slope of this decrease is reduced and equilibrium is achieved 220 minutes after the initial 

point. Differences between the absolute value of the measurements are related to the length of 

the sample the electrical current has to pass through and the position of the rings to the brine 

front. For instance, resistivity measured between 0 and 1 drops faster than between 2 and 3, as 

the brine front first reaches the former than the latter ring pairs. In addition, absolute resistivity 

while measuring between rings 0 and 3 is larger than that of 0 and 1 for the same time frame, 

because at the height corresponding to ring 3 the pore space is still filled by diluted brine, but at 

the height of ring 1 all the distilled water is already been displaced from the pores by the brine, 

thus opposing less resistance to the transmission of an electric current, leading to smaller 

resistivity values.  

In addition to Berea sandstone resistivity calibrations, an upper Eagle Ford sample was 

tested under the same conditions. Sample depth and mineralogy are similar to that of the core 

plugs used for osmosis tests. Therefore, calibration results have been used as a reference for 

further testing. The results of the aforementioned calibration are shown in Figures B.33 and 

B.34. The measurements from the lower electrode plate (0) to the rings (1, 2, 3 and 4) and the 

latter, those amongst the intermediate rings (1, 2, 3 and 4) are presented in Figure B.34. Results 

are similar to those of the sandstone calibration. In a sample saturated with distilled water, 18% 

KCl brine is circulated through the bottom. Resistivity measurements are highly responsive to 

the change in conductivity of the new fluid occupying the pore space, regardless of the lower 

permeability of the core sample. Resistivity decreases exponentially in the initial hours of the 

testing, stabilizing later to a constant resistivity value.  

Although the general behavior of the resistivity curve is similar, there are a few 

irregularities in the measurements with shale cores that were not observed during sandstone 

testing. Those anomalies are marked by red dashed arrows in Figures B.33 and B.34. For 

instance, resistivity between electrodes 0 and 4 in Figure B.33 shows a continuous increase in 

resistivity. This is contradictory with the increase in conductivity of the pore water as high 

salinity (18% KCl) brine is being circulated through the surface of the sample. Native pore fluid 

in the shale core is known to have concentrations of about 6% from field operations. Hence, 
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substituting the native fluid by 18% brine should led to an increase in conductivity and 

consequently to a decrease in resistivity. 

 

Figure B.33-Resistivity calibration results for Upper Eagle Ford resistivity calibration test #1. 
Only measurements from the lower electrode plate (0) to the rings (1, 2, 3 and 4) are plotted. 

 

The anomaly of measurement 0 to 4 in Figure B.33 in addition to random peak changes 

in Figures B.33 and B.34 is thought to be electrical interference from an existing shortcut 

between the central cell piston and the core holder wall. This phenomenon occurs only during 
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shale testing because the confining stress of these tests is greater than the one used during the 

Berea sandstone tests. O-rings used in the core holder are squeezed, due to the elevated pressure, 

and occasionally the metallic wall of the piston touches with that of the wall, shortcutting and 

creating unexpected changes in conductivity. For consequent testing, a solution was found for 

this problem by applying a very thin (0.01 in) and impermeable (0.1% porosity) dielectric 

coating to the cell walls. This coating is made of aluminum oxide applied through plasma, in a 

similar manner to how gold coating is applied to samples for electron microscope scanning. 

 
Figure B.34-Resistivity calibration results for Upper Eagle Ford resistivity calibration test #1. 
Only measurements amongst the intermediate rings (1, 2, 3 and 4) are plotted. 
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B.1.2.8    Deformation Measurement System 

Axial deformation is a direct indication of structural changes that occur at the 

microscopic scale. During consolidation, the sample is compressed. Hence, its axial length 

decreases; during swelling, the sample will expand and thus expansion in the axial direction will 

occur; more complex mechanisms, such as electro-osmosis, also contribute to expansion or 

contraction of the length of the sample. To be able to capture these deformations precisely, a 

continuous measurement of axial length changes is necessary. In this setup, a spring system was 

implemented externally over the piston, due to its simplicity and accuracy.  The various 

components of the deformation measurement system on top of the core holder are shown in 

Figure B.35A, and a detailed head of a GT2-70 series high-accuracy digital LVDT contact sensor 

made by Keyence® is presented in Figure B.35B. The contact sensor is firmly attached to the 

piston, slightly in contact with the top lid of the cell, which is at a fixed position during testing. 

As sample length changes, the piston will move and the spring will contract or expand. The axial 

movement in the sensor generates a change in voltage that is transmitted to the DAQ and then 

converted to length (mm) using the calibration measurements. 

 
Figure B.35-A, Components of the deformation measurement system on top of the core holder; 
B, high-accuracy digital contact sensor; C, sensor amplifier; D, aluminum 6061-T6 used for 
calibration. 
 

A critical part of the deformation measurements is the calibration of the voltage output 

generated by changes in the axial length of the contact sensor. Prior to any test, a calibration 

experiment was run to obtain the deformation of the system without the core sample present. A 

calibration follows the same stress path that the actual test, using a sample of standard aluminum 

A B C DA
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6061-T6 of known properties (Boyer and Gall 1985; Holt 1995) and dimensions instead of the 

core sample. System calibration is shown in Figure B.36. Deformation measurements are 

simultaneously run with ultrasonic wave velocity, pore pressure and axial stress calibrations to 

improve the correlation of different data sources.     

 
Figure B.36-System calibration for axial deformation versus effective stress, completed with a 
1.375/1.5 in (L/D) aluminum 6061-T6 sample of known properties.  

B.1.2.9    Temperature Control System 

Measuring pore pressure changes in samples with small pore spaces and a setup with 

small diameter capillary systems requires accurate volume, pressure and flow rate readings. 

Mudrock formations have porosities that account for less than 5% of the rock volume, and pipes 

used for transmitting water flow have diameters ranging from 1/16 to 1/8 inches. Under these 

conditions, keeping temperature constant is essential. During calibration of the temperature-

pressure relationship, we have experienced room temperature variations ranging between 2 and 5 

degrees Celsius affected by cycling day-night deviations. Although those changes may appear 
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small, they generate significant expansion and contraction of the pore fluids. For water, at 

constant volume, we have measured pressure variations of up to 500 psi between extreme 

changes in the room temperature. For gas, due to much larger compressibilities, those changes 

are even larger. Those values imply large errors in pressure measurements, indicating the 

importance of a good temperature control system.  

Various views of the insulation chamber are shown in Figures B.8 and B.10. The walls of 

the insulation chamber are made of twin wall polycarbonate sheets covering a metallic structure. 

The total heat load necessary to maintain the insulation chamber at a constant temperature of 

40C is 6,500 BTUH, assuming the doors are closed permanently. Temperature is measured by 

two sensors and controlled by 2 fine strip heaters (Figure B.37B) that are automatically switched 

on and off when necessary by their respective controllers (Figure B.37A). In order to evenly 

distribute the temperature throughout the chamber, each heater is accompanied by a set of six 

fans that push air though the heater sheets, optimizing the contact time between the heater 

element and air. As a preventive measure in case the fan set fails, a thermal fuse (Figure B.37C) 

is placed above each of the heater elements. If fuse temperature reaches a threshold value, it will 

melt and the heating element will stop. This would avoid damaging delicate equipment such as 

rubber parts, cables and pumps. Figure B.39 shows a schematic diagram of the location of the 

temperature control elements. As seen in the diagram, four sets of fans are placed at the corners 

to circulate air in a circular loop; in front of two of the sets, heater elements equipped with 

thermal fuses increasing the temperature, controlled by two independent temperature controllers. 

An example of temperature control log is presented in Figure B.38. 

 
Figure B.37-Details of the temperature control system. A, control box with the two temperature 
controllers on the left, next to the LVDT control; B, fan-heater unit. There are four of these units, 
one in each corner of the cabinet; C, fuse placed on top to each heater. It avoids overheating of 
the cabinet in case a fan unit would fail, shutting down power to the resistance. 

A B C 
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Figure B.38-Temperature log for a long term test lasting more than 70 days. The linear regression shows that temperature is constant 
at 40C for most of the time except for instantaneous peaks of higher (up to 43C) or lower (up to 34.5C) temperatures. These peaks are 
due to the changes in temperature within the cabinet due to maintenance and valve manipulation. When the constant temperature 
chamber doors are opened to work on the system, sensors measure sudden decreases in temperature as colder air enters the closed 
space. Temperature controllers respond to this drop by booting the heaters, overshooting the temperature until equilibrium is reached. 
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Figure B.39-Schematic diagram of the temperature control system. The system is composed by 
two temperature controllers, a solid state relay, two sensors, four fan units, two heater elements 
and two thermal fuses. The accuracy of the system is within   0.3C. 

B.1.2.10    Ultrasonic Wave Velocity Measurement System  

Ultrasonic velocity measurements are performed with piezoelectric transducers (see 

Figure B.41B) of 1MHzcentral frequency. Piezoelectric transducers transform electrical pulses 

into mechanical pulses and vice-versa. Compressional and shear pulses are generated by 

applying a high voltage, short duration (ultrasonic frequency) electrical pulse to one of the 

piezoelectric transducers using a pulse generator. In this case, the pulse generator (and receiver) 
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is an Olympus 5058PR (see Figure B.41C) especially designed for ultrasonic testing and 

measurement applications in attenuating mediums. Although the pulser section may deliver up to 

900 volts in an impulse type excitation pulse to the transducers, the voltage normally used while 

testing shale rocks does not exceed 300 or 400 volts. The receiver section provides switchable 

40/60 dB gain with an additional 30 dB available from an integral low noise preamplifier.  

The electrical pulse is transmitted through the core sample in the form of an elastic wave 

and the receiving transducer at the opposite end of the core sample (blue side at Figure B.40) 

transforms that elastic wave into an electric signal, which is captured using a digital oscilloscope 

connected to the pulser/receiver. Based on the time required for the pulse (compressional or 

shear) to travel through the specimen, P-wave and S-wave velocities are calculated. 

 

 

Figure B.40-Outline of the Ultrasonic Wave Velocity Measurement System. 
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System components are illustrated in Figures B.41 and B.42. One of the two piezoelectric 

transducers and its interior, showing how it is isolated from axial pressure, are displayed in 

Figures B.41A and B.41B. The transducer is held within the axial piston and pushed toward the 

wall by a spring system. An end cap with an O-ring separates the top surface of the transducer 

(pink) from the sample. Ultrasonic couplant is placed between these two surfaces to assure 

reasonable sonic wave transmission. The pulser/receiver connection to two RF switch boxes is 

presented in Figure B.41C. These are used for manually shifting between P and S wave 

measurements without having to connect and disconnect the individual wiring.  

 
Figure B.41-A, piston cap on top of one of the piezoelectric transducers; B, transducer; C, 
pulser/receiver and RF switch for manual P or S wave velocity measurements.   

A B 
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A diagram of the communication path used for transmitting signals from the 

pulser/receiver through the digital oscilloscope and to the software is shown in Figure B.42. A 

data acquisition software package was developed using LabVIEW® to set the communication 

parameters, measurement and logging settings. Wavelength frequency/Amplitude data were 

stored in spreadsheets for post-test interpretation.         

 
Figure B.42-Communication path from the pulser/receiver to the acoustic measurement software. 
A, pulser/receiver; B, digital oscilloscope; C, software developed in LabVIEW® to facilitate 
waveform acquisition. 

 

In this research study, ultrasonic compressional and shear wave velocities are measured 

as a function of confining pressure and axial stress to evaluate changes in the core sample 

properties during loading, osmosis and failure tests. Ultrasonic velocities are used to calculate 

dynamic elastic moduli (e.g., Young’s modulus and Poisson’s ratio) and for comparison and 

calibration of other wave propagation measurements (e.g., field well logging data). Creating 
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correlations between ultrasonic laboratory and sonic logging measurements provides a means of 

transferring geomechanical properties measured in the laboratory to field measurements from the 

well logs for the same interval. In addition, changes in the ultrasonic velocities provide 

information about the changes in the microstructure of the shale cores during the tests (e.g. 

changes in porosity or permeability due to compaction, expansion or salt precipitation). 

Velocities are compared with the direct resistivity, pore pressure, deformation, stress and flow 

rate to obtain such relationships between velocities and other properties.  

Obtaining a good calibration of the wave velocity measurement system is critical for 

interpretation of experimental results. For each effective stress condition, P and S wave 

velocities vary, even with no core samples in the cell, due to system compliance when exposed to 

stress. Thus, prior to testing system calibration was accomplished with the same configuration 

and stress levels that core samples, and any time the test conditions are changed, a new 

calibration is needed. Once system travel times are known, they are subtracted from the 

experimental total wave travel time measurements. Table B.5 summarizes the face-to-face 

system travel times obtained from a calibration with a pure aluminum 6061-T6 sample of 

1.375/1.5 in (L/D) dimensions. Values correspond to real system travel times, this is, the effect 

of the aluminum sample is been subtracted from the total, in order to obtain face-to-face travel 

times exclusively.   

Final ultrasonic wave velocity calibrations are shown in Figures B.43 and B.44 for 

compressional and shear waves, respectively. Travel times are plotted against the effective stress 

applied in the sample under isotropic conditions. Change in travel time is different depending on 

the type of pore fluid used for testing. If the pore fluid is nitrogen gas, compressional and shear 

waves follow a power law in which travel time decreases with effective stress, because waves 

travel faster in a medium compressed due to stress (porosity collapses faster if gas is in the pore). 

On the other hand, if distilled water is the fluid of choice, the trend is also negative but linear. 

Interpretation of the first arrival for each individual wave (red arrow) is displayed in Figures 

B.43A and B.44A.  

Usually, Calibration of shear wave travel times is more challenging than that of 

compressional waves. Unlike P wave interpretation in samples, there is no ISRM standard for 

this measurement, and thus it depends on the quality of the equipment and the experience of the 

experimentalist conducting the test. Shear waves travel perpendicular to the axial direction and 
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thus arrive more attenuated than P waves, and travel with smaller velocities. S wave arrival times 

are first interpreted when the stress sustained by the sample is the maximum from captured 

waveforms (as in Figures B.43A and B.44A. When the arrival is clearly identified, the same 

criterion has been used for lower stress states, which suffer more attenuation and are thus more 

difficult to interpret.     

 

Table B.5-Summary of the face-to-face system travel times obtained from a calibration 
with a pure aluminum 6061-T6 sample of 1.375/1.5 in (L/D) dimensions. Values shown 
correspond to real system travel times, this is, the effect of the aluminum sample is been 
subtracted from the total, in order to obtain exclusively face-to-face values that can be used in 
real experiments. 

 

 

Compressional (P) Shear (S)
psi µs µs
500 20.63 46.36 2.25

1,000 20.52 42.63 2.08
1,500 20.27 42.33 2.09
2,000 20.18 42.25 2.09
2,500 19.93 42.11 2.11
3,000 19.90 41.98 2.11
3,500 19.83 41.88 2.11
4,000 19.81 41.78 2.11
4,100 19.80 41.83 2.11
4,200 19.72 41.77 2.12
4,500 19.69 41.74 2.12
5,000 19.64 41.63 2.12
5,500 19.63 41.6 2.12
5,800 19.62 41.56 2.12
1,500 19.91 41.85 2.10
2,000 19.90 41.84 2.10
4,000 19.87 41.8 2.10
5,000 19.85 41.78 2.10
5,500 19.81 41.67 2.10
6,000 19.79 41.65 2.10
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Figure B.43-Results from face-to-face system calibration of the compressional (P) 
ultrasonic wave travel time with relation to the effective stress applied in the sample under 
isotropic conditions. Note that travel time of P waves is different if the used pore fluid is nitrogen 
gas or distilled water. A, wavelengths and wave amplitudes for various stress levels, showing the 
interpretation of the first arrival on each wave (red arrow); B, compilation of all compressional 
wave arrival times plotted against effective stress. Data corresponds to Table B.5.  
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Figure B.44-Results from face-to-face system calibration of the shear (S) ultrasonic wave 
travel time with relation to the effective stress applied in the sample under isotropic conditions. 
Note that travel time of S waves is different if the used pore fluid is nitrogen gas or distilled 
water. A, wavelengths and wave amplitudes for various stress levels, showing the interpretation 
of the first arrival on each wave (red arrow); B, compilation of all compressional wave arrival 
times plotted against effective stress. Data corresponds to Table B.5. 
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