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Co-Supervisor: Steven L. Bryant 

 

Pore structures within two Barnett shale samples at the microscale and macroscale 

were constructed based on conventional core analysis techniques (mercury intrusion 

capillary pressure (MICP), nitrogen sorption, and helium porosimetry). Measurements 

were performed on both bulk samples (core 2 and core 6) and organic matter isolated 

from bulk samples. Pore size distributions obtained from both core 2 and core 6 contain a 

large volume of micropores, while pore size distributions obtained from isolated organic 

matter do not, indicating that organic matter-associated pores are mesopores and most of 

the micropores are within the matrix. The organic matter-associated pore volume of core 

2 is about 22% of the total pore volume, and the organic matter-associated pore volume 

of core 6 is about 41% of the total pore volume. A bundle of short conduits model with 

constraints can explain the measured nitrogen desorption isotherm on organic matter, and 

this model was used to represent the microscale pore structure within organic matter. 

Fragment size effect was observed on both MICP curves and nitrogen sorption isotherms 

measured on bulk Barnett samples: smaller fragment size results in larger mercury 

intrusion or nitrogen gas sorption. Fragment size effect does not appear in helium 

porosity measurement on bulk samples.  



 vii 

A multiscale pore structure consisting of connected clusters of organic particles 

was constructed. The clusters have a characteristic length that controls the accessibility of 

the pore system, and the clusters are superimposed upon a background of intergranular 

voids not associated with organic matter. Within the individual organic particles, the pore 

structure consists of discrete, short pore conduits. The concept of characteristic length of 

the connected clusters can explain the fragment size effect, and the pore system can be 

fully accessible if the fragment size is close to this characteristic length. The modeled 

characteristic lengths for both core 2 and core 6 are in the micrometer range. To estimate 

permeability, the pore structure within organic matter is assumed to be a collection of 

dead ends which do not contribute to throughgoing fluid transport. Assuming further that 

the organic matter clusters are connected onto a network within the inorganic matrix, the 

permeability of the pore structure in micrometer scale is in 1 nanodarcy range. 
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 1 

Chapter 1: Introduction 

1.1. MOTIVATION AND OBJECTIVES 

In recent decades shale gas has played a vital role in increasing natural gas 

production. Continued research and advanced technologies such as horizontal drilling and 

hydraulic fracturing make gas shale exploration economically viable (Martineau 2007; 

Curtis et al. 2010). According to the U.S. Energy Information Administration (EIA 

2015), the share of shale gas compared with total U.S. natural gas proved reserves 

increased from 9.4% in 2007 to 51.4% in 2014, and natural gas imports keep declining 

from 4.6 trillion cubic feet in 2007 to 2.7 trillion cubic feet in 2014.  

Shale, which behaves as both the source of and the reservoir for natural gas and 

oil, is a fine-grained, organic rich sedimentary rock with low porosity and permeability 

(Loucks and Ruppel 2007; Bhandari et al. 2015). Many studies have been done on shale 

since the shale gas boom, among which shale pore system characterization is a very 

fundamental part. Methods including mercury intrusion capillary pressure (MICP), gas 

sorption, and digital rock physics, which are used to study conventional reservoir rocks, 

are also applied to investigate the pore system of shale. MICP and gas sorption are 

indirect methods of investigating pore structure, while digital rock physics can visualize 

the pore structure directly. Most of the pores within shale are mesopores (2 nm ~ 50 nm) 

and micropores (< 2 nm) based on the IUPAC classification (Sing et al. 1985; Loucks 

and Ruppel 2007; Milliken et al. 2013), so resolution limit might be one problem when 

applying these methods. The smallest pore that can be observed by MICP is 3.6 nm in 

diameter, and the smallest pore that can be observed by nitrogen sorption is even smaller, 

around 0.8 nm in diameter. The resolution for 2D SEM images is around 3 nm, so image-

based pore structure might miss the information of those micropores. In this project, I 

focus on MICP and gas sorption.  
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Gas transport from matrix to fractures depends on the pore structure, especially 

the pore structure within shale matrix. Most pore system characterization works focus on 

porosity, pore size distribution, and permeability measurements. However, very few have 

been published on the pore structure within the shale matrix. Digital rock physics can 

construct the pore structure of shale based on 2D/3D images, but the resolution might not 

be high enough to visualize micropores. Most of the pores in shale are organic matter- 

associated, which is quite different from conventional reservoirs, so existing pore 

network models for conventional rocks might not applicable on shale. Understanding 

how all the pores are connected to form a pore network is quite essential for meaningful 

reservoir simulation and production prediction; therefore, constructing a physically 

realistic pore network model would be an important contribution.   

Scaling is a challenge when doing pore structure modeling based on the 

experimental measurements. Experimental results provide permeability measured at the 

core scale, pore throat size and pore size distribution measured on crushed samples, and 

pore shape information measured at the micro scale, so integrating the experimental 

results at different scales is essential in constructing the pore structure. Measured MICP 

curves in conventional sandstone percolate, which is indicated by a plateau with small 

increment of capillary pressure and large decrement of wetting phase saturation (Figure 

1.1a). The presence of percolation demonstrates that the non-wetting phase in the pore 

system of conventional sandstone forms a connected cluster. Site percolation and bond 

percolation are two percolation processes for a network composed of sites (pore bodies) 

and bonds (pore throats), and percolation occurs if the site or bond occupation probability 

P is larger than the critical percolation threshold (Stauffer and Aharony 1994). Measured 

MICP curves on shale do not show percolation (Figure 1.1b) (Sakhaee-Pour 2012; Sigal 

2013), indicating that the pore structure in shale is below the critical percolation 
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threshold. According to Sahimi (Sahimi 1995), if the site or bond occupation probability 

P of a pore network is lower than the percolation threshold Pc, there exists a characteristic 

length of the sample-spanning cluster corresponding to this P. The characteristic length of 

the connected clusters plays a crucial role in integrating the micropore structure to the 

core scale.  

 

 

Figure 1.1: a) Mercury intrusion data measured on Fontainebleau sandstone (Al Sayari 
2009); b) MICP curve measured on Barnett Shale sample (Sakhaee-Pour 

2012). 
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 4 

 

Figure 1.2: Pore structure within shale at different scales. A) A bundle of short conduits 
model with three levels and two branches. The total length of one conduits 
is in 100 nm range, b) A bundle of short conduits model within one organic 

matter particle. The average size of the organic matter particle is one 
micrometer, c) A cluster formed by connected organic matter particles. The 

average size of the connected cluster is around 100 micrometers. d) Pore 
structure within shale in 2D. Blue lines represent the connections between 

organic matter particles and these connections are organic matter-associated. 
There might exist one path not passing through organic matter particle in 

this model. 

Pore structure at different scales shown in Figure 1.2 is the conceptual model of 

shale and the purpose of this Ph.D. project is to find such a model that can explain the 

measurements (MICP, nitrogen sorption, and helium porosity). Figure 1.2a shows a 

network with low connectivity, and this network is used to represent the pore structure of 

shale within organic matter. Figure 1.2b shows the pore structure within one organic 

matter particle. Organic matter particles are connected to form clusters, which is shown 
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in Figure 1.2c. Figure 1.2d shows the pore structure within shale at macro-scale. If all the 

paths have to pass through organic matter particles, the permeability of the sample will be 

dominated by the pore structure within the organic matter and the simulated permeability 

will be very low because of the small pores within organic matter. In order to explain the 

measured permeability, there might exist one path not passing through organic matter 

particle and organic matter clusters might just act as attached structures.   

The main objectives of this Ph.D project are to characterize shale petrophysical 

properties and to investigate the pore structure of shale on micro-scale and core scale. 

The specific objectives are outlined here: 

1. To determine systematically how the size of the fragments produced by the 

sample crushing process affects the results of MICP, N2 sorption and helium 

porosity measurements. Samples will be prepared as several groups with different 

fragment sizes. MICP curves, N2 sorption isotherms, and helium porosity will be 

measured on all these groups. All these three methods give porosity, and the 

correlation between the fragment sizes and measured porosity from these three 

methods will be explored. 

2. To construct a model of the pore structure within organic matter at micro-scale. 

Organic matter will be isolated from shale samples, and the extracted samples will 

be used to do N2 sorption. Pore network model that can explain the measured N2 

sorption isotherms will be constructed. 

3. To characterize the length of the connected pore space. A mathematical model 

simulating the sample crushing process will be constructed and a trend describing 

the relationship between accessible volume and crushed fragment size will be 

obtained. Based on the measured porosities from samples with different fragment 
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sizes and the trend, a characteristic length of the connected pore space will be 

calculated. 

4. To construct a model of the pore structure within shale at core scale. A pore 

structure combining the micro size scale pore structure and the characteristic 

length will be constructed and the measured permeability will be applied to 

validate this model.  

1.2. OUTLINE OF CHAPTERS 

This dissertation is presented in seven chapters. Chapter 1 describes the problem 

and introduces the motivation and objective of the project. 

Chapter 2 reviews the properties of shale pore system, methods that have been 

applied to study the pore structure of shale, and existing pore network models that have 

been constructed.  

Chapter 3 presents the sample preparation process, measurement setup, and 

measurement results. In this chapter, MICP curves, N2 sorption isotherms, and helium 

porosities measured on bulk samples with different fragment size are presented and 

discussed. N2 sorption isotherms measured on extracted organic matter are also provided 

in this chapter.  

Chapter 4 describes the microscale pore network model construction process. We 

assume that organic matter-associated pores form a microscale network. N2 sorption 

isotherms measured on extracted organic matter are applied to investigate this organic 

matter-associated pore structure. A modified BJH model is applied to interpret the pore 

size distribution and perform desorption isotherm modeling. Modeling results from 

several existing networks are compared and the one that can explain the measured 

desorption isotherm curve is selected. 
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Chapter 5 presents the characteristic cluster length calculation process. We 

assume that the distributed organic matter forms a larger scale pore network as compared 

to the microscale pore network of organic matter-associated pores, and the pore network 

formed of distributed organic matter is below the percolation threshold, so the 

characteristic cluster length means the length of the network of organic matter. A trend, 

which describes the relationship of accessible pore volume fraction and fragment size, is 

obtained from the measured MICP curves, gas sorption, and helium porosity results. The 

characteristic cluster length can be obtained by combing this trend with a simulated trend.  

Chapter 6 describes the core-scale pore structure construction process. Chapter 4 

gives the micropore structure within organic matter, and chapter 5 gives the cluster length 

of the pore network of distributed organic matter. We use a sphere packing model to 

obtain the pore network of distributed organic matter. Based on the characteristic cluster 

length, a core-scale pore structure can be constructed by putting the identical pore 

network of distributed organic matter into series.  

Chapter 7 summarizes this project and some future work.  
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Chapter 2: Background and Literature Review 

This chapter presents the background and literature review for the study including 

the background of shale pore system, methods applied to characterize shale pore system, 

existing pore network, and gas transport in shale.  

2.1. BACKGROUND OF SHALE PORE SYSTEM 

Shale, which behaves as both the source of and the reservoir for natural gas and 

oil, is a fine-grained, organic rich sedimentary rock with low porosity and low 

permeability (Loucks and Ruppel 2007; Bhandari et al. 2015). Mainly there are three 

types of pores in shale: interparticle pores that are located between particles and crystals, 

intraparticle pores that are located within particles, and organic matter pores located 

within organic matter (OM) (Loucks et al. 2012). According to Loucks et al. (2009), 

organic matter-associated pores, which range between 5 nm and 750 nm with median 

pore size of 100 nm, contribute the most to the porosity, and interparticle mineral pores 

are more likely to form a network that can transport hydrocarbon. Here I use the term 

network within nonorganic matrix to denote the network formed by the interparticle 

mineral pores.  

Organic matter-associated pores may initially be located within organic matter 

(primary pores), or can be created in the process of oil and gas generation during 

maturation (secondary pores) (Lu et al. 2015; Bernard et al. 2012; Loucks et al. 2009). 

Vitrinite reflectance (Ro) is usually used to quantify the maturity of the shale samples. 

Shale with Ro less than 0.5~0.7% is considered as immature; 0.5 to 0.7% < Ro <1.3% is 

referred to as oil window; 1.3% < Ro < 2% is referred to as zone of wet gas and 

condensate; Ro > 2% is referred to as dry gas zone (Tissot and Welte 1978). The 

relationship between the development of organic matter-associated pores and the thermal 
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maturity remains uncertain (Milliken et al. 2013; Mastalerz et al. 2013; Curtis et al. 

2011). Besides thermal maturity, total organic carbon (TOC) content, mineral 

composition and kerogen type can also affect the generation of organic matter-associated 

pores (Milliken et al. 2013; Mastalerz et al. 2013). Milliken et al. (2013) showed that 

there exists a positive correlation between TOC and porosity for samples with a TOC less 

than 5.5 wt.%, while this correlation disappears when TOC is larger than 5.5 wt.%. 

 Recent research has shown that organic matter-associated pores can be developed 

in both depositional organic matter and migrated organic matter (Loucks and Reed 2014). 

Kerogen, which is insoluble organic material, is initially present as discrete maceral 

particles within the grain matrix. With increasing thermal maturation, kerogen will be 

converted into bitumen, and the formed bitumen can stay in place or migrate into the 

adjacent interparticle pores. Pores will be created after oil and gas evolve in both the 

kerogen and bitumen. Both depositional organic matter (kerogen) and migrated organic 

matter (bitumen) can reduce the connectivity of the pore network within the nonorganic 

matrix, but the connection between pores formed within organic matter and the pore 

network in the nonorganic matrix for these two types of organic matter will be different. 

The connection between pores in the organic matter and the nonorganic matrix will be 

restricted by the surface area of the organic matters if organic matter stays in place. If the 

organic matter migrates into adjacent interparticle pores, it can occupy a volume with 

more connections to the pore network within the nonorganic matrix. Kuila et al. (2014) 

analyzed the pore structure of twenty-three organic-rich mudrock samples before and 

after organic matter removal and found that volume of observed mesopores increases 

when organic matter is removed. This observation supports the statement that organic 

matter (either depositional or migrated) reduces the connectivity of the pore network 

within the nonorganic matrix.  
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Figure 2.1a shows one example of depositional organic matter-associated pores, 

and Figure 2.1b shows one example of migrated organic matter-associated pores. The 

organic matter shown in Figure 2.1b migrates through a large volume and it is more 

likely to form a continuous structure in 3D. Figure 2.2 shows the corresponding 

representation of organic matter in a simple pore network. Suppose the network within 

the nonorganic matrix is well connected in 3D. The number of connections between the 

depositional organic matter and the network within the nonorganic matrix is lower 

compared to the migrated organic matter. The migrated organic matter tends to have a 

well-connected network (Figure 2.2b) through pores created within organic matter (blue 

lines). Depositional organic matter tends to connect to the network as a dead end (Figure 

2.2a), while migrated organic matter tends to have a well-connected network (Figure 

2.2b). Though the migrated organic matter is well-connected to the nonorganic matrix, 

the detectable pore volume will not be high because pores within organic matter itself are 

not well-connected.   

 

Figure 2.1: a) Depositional organic matter-associated pores in Eagle Ford shale; b) 
migrated organic matter-associated pores in Eagle Ford shale (Loucks and 

Reed 2014).  
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Figure 2.2: a) Representation of depositional organic matter in network; b) representation 
of migrated organic matter in a network. The blue lines represent pores 
created within organic matter and the connected organic matter particles 

form a connected cluster. 

2.2. METHODS APPLIED TO INVESTIGATE PORE SYSTEM OF SHALE 

The main methods we used in this study are MICP, gas sorption, helium 

porosimetry, and transient pressure-pulse decay, so next I will summarize these methods.   

2.2.1. Mercury Intrusion Capillary Pressure 

MICP method has been extensively used to characterize porous media. The main 

information we can obtain from MICP is permeability, porosity, pore throat size 

distribution, and pore connectivity. The smallest pore that can be observed by MICP is 

3.6 nm in diameter; therefore, MICP method can be applied to investigate mesopores and 

macropores. For conventional rocks, permeability can be obtained from MICP curves 

through some empirical models (Purcell 1949; Swanson 1981). Comisky et al. (2007) 

gave a comprehensive review of current models that people use to derive permeability 

from MICP curves. Pore throat size is obtained from MICP curves based on a bundle of 
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tubes model, and MICP can be combined with gas adsorption to characterize pore volume 

and pore size distribution (Echeverría et al. 1999; Schmitt et al. 2013; Daigle 2014).  

Different rock types show different MICP curves. Generally, a rock with larger 

pores connected to the surface will have low entry pressure; while a rock with smaller 

pores connected to the surface will have high entry pressure. MICP curves obtained from 

a rock with well-connected pore structure will show percolation and more pore space will 

be invaded by mercury; while MICP curve obtained from a rock with low connectivity 

won’t show percolation and the fraction of invaded pore space is small; therefore, MICP 

can provide us information about pore connectivity and pore throat size distribution 

(Dullien 1991). Sigal (2013) observed three types of MICP curves from Barnett Shale 

samples: Type 1 rock, which has a ratio of MICP porosity to helium porosity equal to 

70%, shows maximum incremental intrusion at pressure below 60,000 psi, indicating that 

most of the pores in this type of rock are above the resolution of mercury; Type 3 rock 

shows incremental intrusion that keeps increasing as the pressure increases, and the ratio 

of MICP porosity to helium porosity is 30%, indicating most of the pores in this type of 

rock are below the resolution of mercury (either because they are small or they are 

blocked by small pores); and type 2 is the transition between type 1 and type 3.  

Broadbent and Hammersley (1957) introduced percolation processes 

mathematically to describe fluid spreading through a random medium. Measured MICP 

percolates if a large mercury intrusion volume is observed when the pressure is above a 

certain value. MICP measured in conventional rocks typically exhibits a percolation 

threshold, while MICP measured in gas shale does not (Sakhaee-Pour and Bryant 2014). 

The MICP curves measured by Sakhaee-Pour (2012) are consistent with those measured 

by Sigal (2013). The non-percolation character indicates that the pore connectivity within 

shale is poor and below the percolation threshold.  
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The pressure difference across the interfacial boundary between two immiscible 

fluids is the capillary pressure. Injection means the process of non-wetting fluid 

displacing wetting fluid, and withdrawal means the process of wetting fluid displacing 

non-wetting fluid. In this study, we used intrusion to denote injection, and extrusion to 

denote withdrawal. The pressure required to replace a wetting fluid with non-wetting 

fluid should be larger than the capillary pressure. Capillary pressure depends on the pore 

size, interfacial tension, and contact angle. Interfacial tension and contact angle can be 

considered as constants when the wetting phase, non-wetting phase and porous medium 

are given. However, pore size changes from rock to rock. For cylindrical tubes and slits, 

the capillary pressure can be determined analytically. Mayer and Stowe (1965) provided 

an analytical expression for the capillary pressure for forcing mercury or other non-

wetting phases into the pore system of a packed spheres. Prodanović and Bryant (2006) 

applied a level set method to calculate the capillary pressure for irregular geometries.  

Haines (1930) observed non-wetting phase intrusion/extrusion hysteresis, and 

proposed two criteria to calculate the critical capillary pressures for the non-wetting 

phase to invade into and withdraw from the pore system. For a network composed of 

small pores (pore throats) and large pores (pore bodies), the critical capillary pressures 

required for the non-wetting phase to invade into the pore system are controlled by the 

small pores (pore throats), while the critical capillary pressures required for the non-

wetting phase to withdraw from the pore system are controlled by the large pores (pore 

bodies). Because of these two criteria, MICP measured on a pore network with 

converging and diverging geometry has hysteresis. During extrusion, the non-wetting 

phase in one pore may not get out of the pore system if it is blocked by a smaller pore, so 

pore blocking can also cause hysteresis.  
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The rules of mercury intrusion and extrusion capillary curve modeling for a given 

network with pore bodies and pore throats have been well defined. According to Mason 

and Mellor (1995), there are two rules for mercury intrusion capillary curve modeling: 1) 

the capillary pressure should be larger than the entry pressure of the pore throat; 2) the 

pore body should be connected to one pore body that is already occupied by mercury. 

There are also two rules for the mercury extrusion capillary curve modeling, which are: 

1) the capillary pressure should be lower than the critical pressure of the pore body such 

that mercury in that pore body would become unstable; 2) there exists one path which is 

occupied by mercury for the mercury in that pore body to come out.  

Conformance error and blank error are two main sources of error when using high 

pressure mercury porosimetry measurements. Both conformance error and blank error 

would give apparent mercury intrusion, which actually does not invade into the pore 

system. Mercury not filling the container at the beginning of the measurement would give 

conformance error, which is indicated by a large intrusion volume at the first few 

pressure points, then followed by a small intrusion. Conformance error is significant for 

fine samples with large surface area to volume ratio, especially for crushed samples. 

Blank error is due to the compression of the sample, measurement apparatus, and 

mercury at high pressure. Generally blank error is corrected by subtracting a measured 

MICP curve on a non-porous sample with the same mineral from the raw data, so 

different samples would have different blank correction curves. Sigal (2009) gave a very 

good review of how these two errors are created and how to correct for these two errors. 

The method provided by Sigal (2009) is for intact samples. For crushed samples, 

Comisky et al. (2011) presented Bailey’s method. This method assumes that the 

compression is a linear function of pressure on a log-log plot. The pressure point at which 

the compressibility deviates from linearity gives the conformance pressure and intrusion 
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pressure. Equation (2.1) calculates the compressibility of the pore system from measured 

intrusion data:  
𝐶!"#$% =

!
!"!"

!"#!"
!"!"#

, (2.1) 

where CpMICP is the pore compressibility (psi-1), PVHg is the recorded mercury 

intrusion in cc/g, and PcHg is the capillary pressure in psi.  

 

Figure 2.3: Method proposed by Comisky et al. (2011) to apply conformance and 
compression corrections for MICP curve. Blue dots are pore compressibility 

calculated from the measured data, and red curve is the compressibility 
given by the model, which is linear in log-log space. Black curve is the 
deviation of calculated pore volume compressibility from the modeled 

compressibility. 

The method proposed that the compressibility of the pore volume and the 

capillary pressure is a straight line in log-log plot, which can be represented by equation 

(2.2): 

𝐶!"#$%& = 𝐶!"𝑃!"#!, (2.2) 

where CpModel is the compressibility of the pore volume based on the model, Cpo is the 

intercept, and m is the slope.  

 The calculated compressibility of the pore volume from the measurement is the 

blue line shown in Figure 2.3, and the modeled compressibility of the pore volume is the 
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red line in Figure 2.3. The deviation of the calculated pore volume compressibility from 

the modeled compressibility gives the conformance pressure and intrusion pressure. In 

this case, CpMICP and CpModel depart at 25 psi and 5578 psi; therefore, conformance pressure 

is 25 psi, and 5578 psi is the true intrusion pressure. The method assumes that only 

compression occurs when pressure is between conformance pressure and intrusion 

pressure. Mercury intrusion recorded below the conformance pressure is considered as 

conformance error, and mercury intrusion recorded when pressure is above the intrusion 

pressure is considered as true mercury intrusion invaded into the pore system.  

2.2.2. Gas Sorption 

Gas sorption has been widely used to investigate the pore system of porous media 

(Adesida et al. 2011; Clarkson et al. 2013; Kuila and Prasad 2013; Schmitt et al. 2013). 

Generally nitrogen sorption measured at 77 K is applied to detect mesopores, and carbon 

dioxide sorption measured at 273 K is used to measure micropores. Due to the higher 

diffusion rate and the ability to reach lower relative pressure, carbon dioxide sorption 

works as a complementary method to nitrogen sorption to measure micropores (Gotzias 

et al. 2015). The main information we can obtain from gas sorption is porosity, pore size 

distribution, pore surface area distribution, and pore structure (Mason 1988; Kruk and 

Jaroniec 2001; Kuila and Prasad 2013; Daigle 2014). Very often, gas sorption is 

combined with mercury intrusion capillary pressure, which measures mesopores and 

macropores, to characterize the pore system (Jiang et al. 2015; Schmitt et al. 2013; 

Murray et al. 1999; Echeverría et al. 1999).  

Micropore filling, monolayer-multilayer gas adsorption, and capillary 

condensation are the three main stages that gas adsorption undergoes (Sing et al. 1985). 

Micropore filling, which is due to the intense interaction of the adsorbate and the pore 
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wall in micropores, occurs at very low relative pressure (P/P0, ratio of gas pressure to 

saturation vapor pressure at analysis temperature). Gas adsorption-desorption isotherms 

exhibit hysteresis loops, and the relative pressure point at which the loop is closed 

depends on the nature of adsorbate. For nitrogen at 77 K, the closure pressure point of the 

adsorption-desorption isotherm is around P/P0 = 0.42. According to IUPAC, six types of 

gas adsorption isotherm and four types of hysteresis loop were defined (Figure 2.4). 

Mainly there are three explanations for the gas adsorption-desorption hysteresis: 1) a 

different mechanism of condensation and evaporation; 2) Pore network effect (Mason 

1982; Seaton 1991); 3) Cavitation, and the pressure at which cavitation occurs is 

consistent with the closure point of the hysteresis (Ravikovitch and Neimark 2002). For a 

single pore, the pressure at which gas condenses to fill the pore and the pressure at which 

the condensed gas evaporates are different (Cohan 1938; Foster 1932). According to 

Neimark et al. (2003), nitrogen adsorption-desorption isotherms for single pores < 2~3 

nm are reversible, which is because adsorbate exists in supercritical state rather than as 

discrete liquid and vapor phases in small pores due to the small tensile strength of 

meniscus. Pore blocking, which is associated with the pore network, means the pore will 

not be empty at its evaporation pressure if it is blocked by a pore with lower evaporation 

pressure (Mason 1983; Cordero et al. 2002).  
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Figure 2.4: a) Six types of gas sorption isotherms; b) four types of hysteresis loop (Sing 
et al. 1985) 

Barrett-Joyner-Halenda (BJH) method and density function theory (DFT) are two 

common methods applied to interpret pore size distribution (Roque-Malherbe 2007). BJH 

considers the adsorption process as monolayer-multilayer adsorption and condensation 

based on Kelvin’s equation and the statistical adsorbed film thickness equation (Barrett et 

al. 1951). Because the BJH model cannot account for interaction between adsorbed 

molecules and the opposing pore wall, which become important in pores < 7 nm, it fails 

to interpret micropores (Lastoskie et al. 1993). DFT takes this interaction into 

consideration and works well in micropores, but it does not provide a direct relation 

between pressure and pore size which makes the sorption modeling difficult. The 

modified BJH model (Nguyen and Do 1999), which improves the statistical thickness as 

a function of both relative pressure and pore width, can extend the monolayer adsorption 

and pore filling mechanism to micropores.  
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Nitrogen adsorption-desorption hysteresis provides information of the pore 

topology and nitrogen adsorption-desorption isotherm modeling has been done by many 

researchers (Jiang et al. 2015; Liu et al. 1993; Mehmani and Prodanović 2014; Mason 

1983). When doing adsorption-desorption isotherm modeling, some rules have to be 

followed. Blocking effect does not exist during adsorption process, and all the pores are 

accessible to the adsorbate no matter if it is blocked by a filled pore or not (Mason 1983), 

so rules for adsorption modeling are: 1) micropore filling first; 2) monolayer-multilayer 

adsorption; 3) gas in pore condenses when the relative pressure reaches its condensation 

pressure. Desorption is affected by blocking effect and the desorption process is more 

complicated than adsorption. Ravikovitch and Neimark (2002) proposed three 

evaporation mechanisms that control evaporation process: 1) pore evaporates at its 

evaporation pressure, indicating that it is not blocked; 2) pore evaporates at a pressure 

lower than its evaporation pressure, indicating it is blocked; 3) pore evaporates at a 

pressure higher than its evaporation pressure, which is called cavitation, and the pressure 

at which cavitation occurs is consistent with the closure point of the desorption isotherm. 

By combining blocking effects and cavitation, we have rules for the desorption isotherm 

modeling: 1) before cavitation occurs, evaporation can happen in a pore if the pressure is 

lower than the evaporation pressure and the pore is connected to gas phase; 2) when 

relative pressure reaches the cavitation pressure, all pores which have not evaporated 

should evaporate no matter if they are blocked or not.  

2.2.3. Helium Porosimetry 

Helium porosity is measured based on Boyle’s law using a standard helium 

porosimeter. Figure 2.5 shows a schematic diagram of a Boyle’s law porosimeter. A 

crushed sample is put in the sample chamber with a volume of V2 and initial pressure 
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Pinitial. V1 is the volume of the reference chamber, and the pressure of the reference 

chamber at initial condition is P1. When the valve between the sample chamber and 

reference chamber is opened, helium gas in the reference chamber will expand into the 

sample chamber and Pfinal is the final pressure when the system is in equilibrium.  

 

Figure 2.5: Schematic diagram of a Boyle’s law porosimeter for grain volume 
determination by gas expansion. Red solid dots are fragments from crushing 

the rock sample. 

Based on Boyle’s law, the sample grain volume is given by equation (2.3): 
𝑉! =

!!"#$%× !!!!! !!!×!!!!!"!#!$%×!!
!!"#$%!!!"!#!$%

,  (2.3) 

where  

V1: the volume of the reference chamber 

V2 : the volume of the sample chamber 

Vg : the grain volume of sample 

Pinitial: initial pressure of sample chamber before the two chambers are connected 

P1: the pressure of reference chamber before the two chambers are connected 

Pfinal: final pressure after the two chambers are connected. 
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2.2.4. Transient Pressure-pulse Decay Method 

Transient pressure-pulse decay method, which was first introduced by Brace et al. 

(1968) to measure the permeability of granite, is a very useful technique to measure low-

permeability rock samples. Traditional permeability measurement involves measuring the 

steady state flow rate under constant pressure gradient. However, the time required to 

reach equilibrium is usually very long for rock samples with low permeability; therefore, 

the transient pressure-pulse decay method was established and permeability can be 

obtained from the slope of the semi-log plot of pressure decay versus time (Hsieh et al. 

1981; Dicker and Smits 1988). Experiment design and analytical solution to the transient 

pressure-pulse decay method have been well developed for us (Hsieh et al. 1981; Lin 

1982; Trimmer 1981; Dicker and Smits 1988). Generally helium or argon is used as 

probe fluid to avoid gas adsorption effects (Sakhaee-pour and Bryant 2011; Heller et al.,  

2014; Bhandari et al. 2015). Slippage effects are significant at low pressure in small 

pores; therefore, the Klinkenberg correction has to be applied to the measurement 

(Klinkenberg 1941). The transient pressure-pulse decay method can be applied to both 

intact and crushed samples. Using crushed samples can save time, though crushed 

samples might not have the same degree of connectivity in their pore structure as the 

intact sample. Measuring permeability on intact samples can allow application of 

confining pressure and pore pressure.  

Knowing how permeability changes with effective stress is very import in 

production since the reservoir pressure decreases during hydrocarbon depletion. The 

transient pressure-pulse decay method can test the sensitivity of rock permeability to 

stress by applying pore pressure and confining pressure to the sample. Many articles have 

showed that permeability decreases with increasing effective stress (Bhandari et al. 2015; 



 22 

Metwally and Sondergeld 2011). Heller et al. (2014) applied this method to measure 

permeability of shale samples over a range of confining and pore pressures and found that 

the effect of pore pressure on permeability is larger than that of confining pressure.   

2.3. NETWORK REVIEW 

A pore network model, which is a conceptual representation of the morphology of 

a porous media, is a useful tool to simulate fluid transport and predict petrophysical 

properties (Mani and Mohanty 1998; Jia et al. 2007; Mousavi 2011; Mehmani et al. 

2013). Many pore network models have been introduced and here I present several 

common ones. The first one is the bundle of tubes model as shown in Figure 2.6a. Purcell 

(1949) applied the bundle of tubes model to calculate the permeability from MICP 

curves. Even now, the bundle of tubes model is still used to obtain the pore throat size 

distribution from MICP curves. There is no interaction between tubes in bundle of tubes. 

The 2D square lattice model, which was introduced later by Fatt (1956), provides 

connection between each tube (Figure 2.6b). A pore network with pore bodies and pore 

throats is also widely used. The number of pore throats connected to one pore body is 

called connectivity. Figure 2.7a shows a pore network with connectivity of four. 

Sakhaee-Pour (2012) applied a tree-like structure to catch the non-percolating property of 

the MICP curve measured from shale. Figure 2.7b shows a picture of a tree-like structure.  
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Figure 2.6: a) Bundle of tubes model; b) 2D square lattice model 

 

Figure 2.7: a) Network with pore bodies and pore throats; b) tree-like structure  

Models like the bundle of tubes or 2D square lattice might be able to catch some 

features of the pore space geometry, but they do not physically represent the morphology 

of the porous medium. One physically representative network model for sedimentary 

rocks is based on a random packing of spheres (Mason and Mellor 1995; Thane 2006; 

Behseresht 2008). Figure 2.8 shows one pore network model obtained from randomly 

packing spheres. Pores are obtained by extracting the pore space between deposited 

spherical grains, and pore throats are the paths connecting pores. For shale, images 
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become a widely used tool to obtain pore network model (Keller et al. 2011; Blunt et al. 

2013; Prodanović et al. 2015). Figure 2.9 shows one pore network of the Bentheimer 

sandstone. As mentioned before, low resolution of images might miss some pore 

structure in micropores. Based on the pore network model obtained from random sphere 

packing, Mehmani et al. (2013) and Mehmani and Prodanović (2014) constructed a 

multiscale network model by combining the pore network obtained from random packing 

of spheres and images (Figure 2.10). In this model, one microscale pore network for 

pores within organic matter was constructed by using the pore network extracted from 

sphere packing model. The connection between organic matter and intraparticle pores 

was constructed at a larger scale and those microscale pore structures can be attached to 

this larger scale network in series or parallel. 

 

Figure 2.8: Network of pore bodies (solid dots) and pore throats (lines connecting two 
pore bodies) (Behseresht 2008).  
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Figure 2.9: Pore-throat network obtained from images (Prodanović et al. 2015). 

 

Figure 2.10: Multi-scale pore network model proposed by Mehmani and Prodanović 
(2014). a) Pore network model with one scale; b) Dual scale network model. 
The smaller scale clusters formed within organic matter and the larger scale 

pores are in series; and c) Dual scale network model. The smaller scale 
pores formed within pyrite framboids and the larger scale pores are in 

parallel.  
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2.4. GAS TRANSPORT IN SHALE MODELING 

Due to the nano-pore structure of shale, gas flow within it cannot be simply 

represented by Darcy flow. Gas slippage and Knudsen diffusion dominate the flow. 

Klinkenberg (1941) gave one formula to calculate the gas mass flux based on the first-

order slip model (equation 2.4): 

, (2.4) 

where  

J: Gas mass flux [kg/s/m2] 

r: Radius of the pore throat [m] 

M: Molar mass [kg/mol] 

R: Gas constant [J/mol/K] 

T: Temperature [K] 

ρ: Density [kg/m3] 

ΔP/L: Pressure gradient [Pa/m] 

α: The tangential momentum accommodation coefficient, varies theoretically in a 

range from 0 to 1 

µ: Viscosity [Pa-s]. 

Javadpour (2009) modified Klinkenberg’s equation by adding Knudsen diffusion. 

Gas mass flux in mudrocks combining gas slippage and Knudsen diffusion is given in 

equation (2.5): 

, (2.5) 

where F is given as .
 

0.5 28 21 1
8
avg

avg

rRT PJ
M P r L

ρπ µ
α µ

⎛ ⎞ Δ⎛ ⎞ ⎛ ⎞= − + −⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠

0.5 22 8
3 8

avgrrM RT PJ F
RT M L

ρ

π µ

⎡ ⎤ Δ⎛ ⎞= − +⎢ ⎥⎜ ⎟
⎝ ⎠⎢ ⎥⎣ ⎦
0.58 21 1

avg

RTF
M P r
π µ

α
⎛ ⎞ ⎛ ⎞= + −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠



 27 

Shabro et al. (2011) proposed one model considering slip flow, Knudsen diffusion, and 

desorption-adsorption. Later, Shabro et al. (2012) modified this previous model by 

adding gas diffusion from kerogen. Equation (2.5) will be used in this study to calculate 

the fluid flux through an individual pore.  
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Chapter 3: MICP, Helium Porosity, and Gas Sorption Measurements on 
Barnett Shale Samples 

3.1. INTRODUCTION 

Mercury intrusion capillary pressure (MICP), helium porosimetry, and gas 

sorption are three common indirect methods applied to investigate the pore system of 

shale (Schmitt et al. 2013; Kuila and Prasad 2013; Mastalerz et al. 2013). MICP can only 

see mesopores and macropores because of the upper pressure limit on standard 

instruments, while N2 sorption can investigate mesopores and micropores (Echeverría et 

al. 1999; Schmitt et al. 2013). Due to the low permeability and small pores in shale, 

crushed samples are typically used to measure porosity, and a sample size dependence 

has been observed. Comisky et al. (2011) studied the sample size effect on MICP and 

observed a negative correlation between the sample size and raw MICP porosity. Sample 

size effect was also observed on nitrogen sorption measurements (Kuila and Prasad 2013; 

Chen et al. 2015). Chen et al. (2015) showed that smaller sample size provided higher 

measured mesopore volume for samples with certain maturity ranging from immature 

(Ro 0.35 %) to postmature (Ro 1.41 %).  According to Chen et al. (2015), the sample 

size effect observed on nitrogen sorption measurement can be explained by the pore 

system accessibility: smaller sample size gives more accessible pore volume. Therefore, 

sample size effect should be taken into account when measuring porosity, and in this 

study MICP, helium porosity, and nitrogen gas sorption would be measured on two 

Barnett Shale samples with different sample sizes.  

The Barnett Shale play is of Mississippian age and located at the Fort Worth 

Basin, north-central Texas. As one of the most import natural gas production plays, 

Barnett Shale has been intently studied (Pollastro et al. 2007; Martineau 2007; Hickey 

and Henk 2007; Bowker 2007; Browning et al. 2013; Loucks and Ruppel 2007; Loucks 
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et al. 2009; Gale, Reed, and Holder 2007). Free gas in pores and adsorbed gas on organic 

matter are two main types of gas storage mechanism, so porosity and organic matter 

content are two important parameters for estimating gas reserves. The porosity of Barnett 

Shale samples measured by Milliken et al. (2012) ranges from 0.9% to 3.8%. The average 

total organic carbon (TOC) content of Barnett Shale is 4.5 wt.% and vitrinite reflectance 

ranges from 0.6% to 1.6% Ro (Jarvie et al. 2007). Hill et al. (2007) showed the 

dependence of gas generation potential of Barnett shale on organic richness, thickness, 

thermal maturity, and the amount of retained petroleum in shale by modeling the gas 

generation process in the laboratory. Permeability is a very important parameter for 

measuring the ability of porous medium to transmit fluid. The matrix permeability 

measured on 1.5” diameter by 0.4” long core plugs from Barnett Shale samples, which is 

anisotropic and stress dependent, is in the nano-darcy range (Bhandari et al. 2015).  

3.2. SAMPLE DESCRIPTION AND PREPARATION 

The samples tested in this study are unpreserved Barnett Shale obtained from the 

Mitchell 2 T.P. Sims well, Wise County, Texas, at measured depth ranging from 7610 ft 

to 7756 ft (Hickey and Henk 2007). Two samples (hereinafter called core 2 and core 6) 

were crushed into different fragment sizes to perform helium porosity, mercury 

intrusion/extrusion, and N2 sorption measurements. Figure 3.1 shows the backscattered 

electron scanning electron microscope images of core 2. We can see some macropores 

within organic matter. The organic matter shown in Figure 3.1b fills the interparticle 

pores between grains. The thermal maturity of core 2 is 1.9% Ro, but the thermal maturity 

of core 6 was not measured (Bhandari et al. 2015). The TOC values of core 2 and core 6, 

which were measured by LECO method, were 3.75 wt.% and 2.85 wt.%, and the bulk 

densities were 2.52 g/cm3 and 2.47 g/cm3, respectively. Figure 3.2 shows the XRD 
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mineral composition of these two samples. Both samples are dominated by quartz and 

illite-smectite. Core 6 contains more dolomite than core 2.  

 

Figure 3.1: Backscattered electron scanning electron microscope images of core 2: a) 
Horizontal image that is parallel to the bedding of the sample; b) Vertical 
image that is perpendicular to the bedding of the sample (Bhandari et al. 

2015). 

 

Figure 3.2: XRD mineral composition for core 2 and core 6. 

Core 2 Whole Rock Quartz	
Plagioclase	
K-Feldspar	
Calcite	
Calcite	(Mg	rich)	
Dolomite	
Pyrite	
Anhydrite	
Celestine	
Apatite	
Muscovite	
Illite	
Illite-Smectite	

a)
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Figure 3.2 continued. 

Table 3.1: Crushed fragment size range for each group 

Group number 1 2 3 4 

Fragment size (µm)  (1400, 2380) (850, 1400) (425, 850) (125, 425) 

 

Figure 3.3: Crushed samples from Barnett core 6 used to perform helium porosity, 
mercury intrusion/extrusion, and N2 sorption measurements: a) group 1, b) 

group 2, c) group 3, and d) group 4. Similar groups were prepared for a 
second Barnett sample, denoted core 2. 

Core 6 Whole Rock Quartz	

Plagioclase	

Calcite	

Dolomite	

Siderite	

Pyrite	

Anatase	

Muscovite	

Illite-Smectite	

b)

b) c) d) a) 
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Four groups with different fragment sizes for each core sample were prepared. 

Table 3.1 shows one example of the fragment size ranges applied to perform mercury 

intrusion/extrusion for both samples. Figure 3.3 shows the prepared sample for core 6. 

Besides bulk shale samples, corresponding isolated organic matter samples, which 

were processed by Weatherford Lab, were also investigated in this study. The 

experimental procedure of Love (1982) was followed to perform organic matter isolation: 

first the sample was ground into fragments smaller than 150 micrometer, then HCl 

treatment and HF treatment were applied to the fragments which removed most of the 

minerals except pyrite. Finally, density separation method was used to separate pyrite 

from the isolated organic matter. Figure 3.4 shows the isolated organic matter samples of 

core 2 and core 6.  

 

 

Figure 3.4: Isolated organic matter of core 2 and core 6. 
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Two samples without organic matter were selected as a control in this study. The 

first is a well-connected mudrock from the Nankai Trough offshore Japan with porosity 

of 53%, permeability of 23 millidarcies, and median pore width in the 100 nanometer 

range (Daigle and Dugan 2014). The second is a shaly sand from the Wilcox Formation 

obtained from the Mobil Lake Creek Unit No. 48 well in Montgomery County, Texas. 

The Wilcox sample has a low porosity of 11%, and low permeability of 10 microdarcies 

(Guevara and Grigsby 1992). The Nankai Trough mudstone was crushed into several 

groups with different fragment size ranges to perform N2 sorption and helium porosity 

measurements. The Wilcox sample was also crushed into several groups with different 

fragment size ranges to measure N2 sorption isotherms and MICP curves.   

Samples were dried at 220 °C for at least 48 hours. N2 sorption isotherms were 

measured at 77 K using a Micromeritics 3Flex Surface Characterization Analyzer. About 

0.5 g of each sample was used for the measurement. Mercury intrusion/extrusion were 

performed on a Micrometrics AutoPore III. The sample mass for MICP measurement was 

about 2 g, and the pressure ranged from 1 to 60,000 psi. In this study, the method of 

Comisky et al. (2011) has been applied to correct the MICP raw data for conformance 

and intrusion in the interstices between individual fragments. Helium porosity was 

measured based on Boyle’s law using a standard helium porosimeter.  

3.3. EXPERIMENTAL RESULTS 

3.3.1. MICP Measurement 

Measured MICP curves for both samples are shown in Figure 3.5. Due to the 

interspace between fragments, a large intrusion occurred at low pressure around 3 psi for 

all the groups. As the fragment size gets smaller, the total volume of mercury intrusion 

tends to become larger. Applying the method described in Comisky et al. (2011) gives 
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corrected MICP curves in Figure 3.6. The trend that more intrusion is observed for 

smaller fragment size is preserved in the corrected MICP curves. Percolation is not 

apparent on any of the measured MICP curves, implying that connectivity of the pore 

structure is very low.  

 

 

Figure 3.5: Raw data of MICP (see text) from four groups of samples with different 
fragment size ranges (in microns, per legend) for crushed samples of a) core 
2, and b) core 6. Black circles are for smallest fragment size, with red, blue, 

and magenta being successively larger fragment sizes. 
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Figure 3.6: Corrected MICP data from four groups of samples with different fragment 
size ranges (in microns, per legend) for crushed samples of a) core 2, and b) 

core 6. Black curves are for smallest fragment size, with red, blue, and 
magenta being successively larger fragment sizes. 

3.3.2. Gas Adsorption 

Nitrogen gas sorption was also performed on these two Barnett Shale samples 

with different fragment sizes. The group sizes are different from the group sizes used for 

MICP (Figure 3.5), but each group does not overlap. For nitrogen gas sorption 

measurements, finer fragment sizes were used in order to reduce experimental time. 

Figure 3.7 shows the measured N2 adsorption-desorption isotherms for crushed samples 
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of both core 2 and core 6. As with mercury intrusion, substantially more total N2 

adsorption was observed for smaller fragment size. As the fragment size becomes larger, 

the N2 adsorption isotherm becomes flatter. The slow increase of the quantity of N2 

adsorbed for P/Po between 0.05 and 0.9 for samples with larger fragment sizes indicates 

that the samples do not contain many accessible mesopores, which is also reflected in the 

pore size distribution (Figure 3.8). Figure 3.8 shows the pore size distribution based on a 

density functional theory (DFT) model for adsorption in carbon slit pores (Lastoskie et al. 

1993). Notice that the pore size distributions for different fragment sizes of the same core 

are qualitatively similar, with differences in amplitude reflecting differences in total N2 

adsorbed. The higher amplitude shown by group four with smaller fragment size 

indicates a greater total amount of N2 adsorbed, or in other words, smaller fragment size 

results in more accessible pore volume, but the pores have similar size distributions 

regardless of their accessibility. The peak on the pore size distribution around 1 nm are 

pores associated with illite-smectite interlayers (Daigle 2014).  
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Figure 3.7: Measured N2 adsorption-desorption isotherms from four groups for different 
fragment size ranges (in microns, per legend) for crushed samples of Barnett 
a) core 2, and b) core 6. Blue points are for largest fragment size range, with 
red, black, and green being successively smaller fragment sizes 75 and 125 

micrometer.  
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Figure 3.8: Pore volume distribution obtained from four groups for different fragment 
size ranges (in microns, per legend) for crushed samples of Barnett a) core 
2, and b) core 6. Blue points are for largest fragment size range, with red, 

black, and green being successively smaller fragment sizes 75 and 125 
micrometers.  
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discrepancies in the isotherms at high relative pressure result in some differences in the 

pore volume distribution of pores larger than 20 nm since the DFT pore size models are 

very sensitive to slight changes at high relative pressure (Lastoskie et al. 1993). The steep 

increase of quantity of N2 adsorbed for P/Po between 0.05 and 0.9 indicates that most of 

the pores within mudrock are mesopores, which is reflected in the pore size distribution 

shown in Figure 3.10a. The pore size distribution is obtained based on the DFT model for 

carbon slit pores.  

 

Figure 3.9: Nitrogen adsorption-desorption isotherms obtained from control groups with 
three fragment sizes (in microns, per legend): a) Nankai Trough mudstone, 

and b) Wilcox sample. Black points are for largest fragment size range, with 
blue, and red being successively smaller fragment sizes of 300 and 425 

micrometer. 
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Figure 3.9: Continued 

 

Figure 3.10: Pore volume distribution for each fragment size from two control groups: a) 
Nankai Trough mudstone, and b) Wilcox sample. Black points are for 

largest fragment size range, with blue, and red being successively smaller 
fragment sizes of 300 and 425 micrometer. 
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Figure 3.10: Continued. 

Nitrogen adsorption-desorption isotherms results measured from organic matter 

for both core 2 and core 6 are shown in Figure 3.11. The isotherms measured from 

organic matter were multiplied by the TOC weight fraction, and the matrix isotherms 

were obtained by subtracting the organic matter isotherms from the bulk sample 

isotherms. The two isotherms shown in Figure 3.11 for bulk samples are isotherms 

measured on core 6 and core 2 with fragment size between 75 and 125 micrometers. 
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and the pores formed within organic matter are well connected, but the connection of the 

pores within organic matter to the pore network within the nonorganic matrix is 

restricted. This low connectivity between organic matter and the pore network within the 

nonorganic matrix will delay the desorption process in the bulk sample, especially for 

core 6 because most of its pores are organic matter-associated. 

Nitrogen sorption isotherms obtained from bulk samples and nitrogen sorption 

isotherms obtained from organic matter also show some differences at low relative 

pressure. A very steep increase in the adsorption amount was observed in the nitrogen 

sorption isotherms from the bulk samples of both core 2 and core 6 at very early relative 

pressure, indicating that the bulk samples contain micropores, while the isotherms 

obtained from organic matter do not contain such a quick increase of adsorption amount 

at low relative pressure. Figure 3.12 shows the pore size distribution obtained based on 

the DFT model for adsorption in carbon slit pores for both bulk samples and organic 

matter samples (Lastoskie et al. 1993). The PSD obtained from both bulk samples shows 

a peak around 1 nm in diameter, while the PSD obtained from organic matter does not 

contain many micropores, indicating that most of the micropores are associated with the 

nonorganic matrix and organic matter-associated pores are mainly mesopores. For core 2, 

mesopores measured from organic matter account for about half of the total mesopores, 

while mesopores observed on core 6 mainly come from organic matter. 
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Figure 3.11: Isotherms obtained from Barnett shale. a and b) Isotherms obtained from 
core 2, c and d) Isotherms obtained from core 6. Blue dots are from bulk 

sample (fragment size is between 75 and 125 micrometer), red dots are from 
organic matter, and black dots are adsorption isotherms from the matrix by 

subtracting the adsorption isotherm of bulk sample from the adsorption 
isotherm of organic matter.  
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Figure 3.11: Continued.  
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Figure 3.12: Pore volume distribution obtained from Barnett shale. a) Distribution 
obtained from core 2, b) Distribution obtained from core 6. Blue curve is 

from bulk samples (fragment size is between 75 micrometer and 125 
micrometer); red curve is from organic matter; black curve is from the 

matrix. 
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of core 2. Figure 3.14 shows the measured helium porosities of the Nankai Trough 

mudstone for three fragment sizes. The mean porosity is 32.4%.  

 

 

Figure 3.13: Helium porosities obtained from four groups for different fragment size 
ranges (up bound of the fragment size range in microns) for crushed samples 

of Barnett a) core 2, and b) core 6.  
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Figure 3.14: Helium porosities obtained from three groups for different fragment size 
ranges (up bound of the fragment size range in microns) for the Nankai 

Trough mudstone (control group) without organic matter.  

3.3.4. Comparison of Porosities from Different Methods 

Figure 3.15 shows the comparison of porosities obtained from MICP, N2 

adsorption, and helium gas expansion for core 2 and core 6. Because mercury cannot 

observe pores smaller than 3.6 nm and nitrogen will miss some macropores, MICP and 
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from MICP and N2 adsorption increase with decreasing fragment size for both core 2 and 
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porosities from mercury intrusion and nitrogen sorption methods for core 6 are much 
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from mercury intrusion and nitrogen sorption for core 2 at some fragment sizes are close 

to the porosity measured from helium (Figure 3.16). Overall, the helium porosity 
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and porosity for Barnett shale samples, so the reason that the porosity of core 2 obtained 

from N2 adsorption on the smallest fragment size (between 75 and 125 micrometers) is 

larger than the average helium porosity might be that the sample used for N2 adsorption 

contains more TOC. 

The mean porosity obtained from N2 adsorption for the Nankai Trough mudstone 

is 15.6% (Figure 3.17). For the Nankai Trough mudstone, both porosities obtained from 

N2 adsorption method and helium gas expansion are not affected by fragment size. 

Because N2 adsorption only measures micropores and mesopores, porosity obtained from 

N2 adsorption is around 50% of helium porosity. This is consistent with the results of 

Daigle (2014) who found that N2 was only able to probe a fraction of the pore space in 

shallow muds from the Nankai Trough due to the presence of much larger macropores.  

 

Figure 3.15: Comparison of porosities from three methods for: a) core 2, and b) core 6. 
Blue solids are helium porosities for different sample sizes. Black crosses 

are porosities obtained from N2 adsorption. Red solid spheres are porosities 
obtained from MICP. 
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Figure 3.15: Continued. 

 

Figure 3. 16: Measured porosities in terms of accessible volume fraction versus sample 
sizes.  
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Figure 3.17: Comparison of porosities from helium gas expansion and N2 adsorption for 
the Nankai Trough mudrock without organic matter. Blue solids are helium 
porosities for different sample sizes. Black crosses are porosities obtained 

from N2 adsorption. 

3.4. DISCUSSION AND CONCLUSIONS 

MICP, nitrogen adsorption-desorption isotherm, and helium porosity were 

measured on Barnett Shale samples and two control sample groups without organic 

matter of different fragment sizes. Conformance error is significant for MICP curves 

measured on crushed samples. Measured and corrected MICP curves do not show 

percolation suggesting that the connectivity of the pore structure is low. Pore size 

distributions obtained from both core 2 and core 6 contain a large volume of micro-pores, 

while pore size distributions obtained from isolated organic matter do not, indicating that 

organic matter-associated pores are mesopores and most of micropores are within the 

matrix. Organic matter-associated pore volume of core 2 is about 22.3% of the total pore 

volume, and the organic matter-associated pore volume of core 6 is about 41.1% of the 

total pore volume.   
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the measured desorption isotherms on bulk samples of both core 2 and core 6 show a 

slower desorption process than the desorption isotherms measured on organic matter 

when relative pressure is reduced from 1. This phenomenon is particularly significant on 

core 6 because most of the mesopores of core 6 are located within the organic matter. 

Measured nitrogen adsorption isotherms on bulk samples of core 2 and core 6 show a big 

gas adsorption amount at very low relative pressure, while measured nitrogen adsorption 

isotherms on organic matters dot not, indicating that most of the micropores are 

nonorganic matrix associated. 

Fragment size effects were observed on both measured MICP and nitrogen 

sorption isotherms on Barnett Shale samples. For core 2 and core 6, with the same 

fragment size, porosity obtained from helium porosimetry is higher compared to 

porosities obtained from N2 adsorption and MICP. Porosities obtained from helium were 

not affected by the fragment sizes, but both MICP method and N2 adsorption tend to give 

higher porosities when measuring smaller fragment sizes. Both helium porosity and N2 

adsorption isotherms for two control sample groups (the Nankai Trough mudrock and 

Wilcox sample) are not affected by fragment size. The observed sample size effect 

suggests that sample size should be taken into account when comparing porosity from 

different researchers, and there should be one sample size that serves as upper bound in 

order to measure the porosity of shale when using MICP or N2 sorption. 

The reason for the fragment size effect on N2 sorption and MICP is connected 

void space within organic matter forms clusters. The path to each cluster from the surface 

of the fragment might not exist (i.e. the cluster is isolated) or if it does exist, some 

portions of the path could be very narrow (i.e. smaller then the measurable size limit of 

the probe fluid), which prevents mercury from invading into the pore space, and requires 

very long times for N2 molecules to achieve equilibrium. This reason can be supported by 
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the observation that most of micropores are within matrix. According to Mastalerz et al. 

(2013), measured porosity changes with the maturity of the shale sample, and organic 

matter is the dominant factor of causing the change. Chen et al. (2015) showed that more 

pore volume was detected on smaller fragment. Kuila et al. (2014) showed that 

micropores and mesopores located within the inorganic matrix might form a pore 

network. Recent research has shown that organic matter might migrate into the pore 

space between particles and crystals that is connected in 3D. These observations might 

imply that the network formed within the inorganic matrix and the distribution of organic 

matter cause the sample size effect. The migrated organic matter is connected in clusters, 

and the depositional organic matter tends to be isolated micropore structures. When the 

sample size approaches the cluster length, more and more pores are observed.  
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Chapter 4: Pore Structure in Organic Matter-associated Pores at 
Micro-scale1 

4.1. INTRODUCTION AND MOTIVATION 

The comparison of the PSD obtained from the two Barnett shale samples and the 

corresponding isolated organic matter showed that organic matter mainly contains 

mesopores and macropores, indicating that organic matter-associated pores within the 

Barnett shale are mesopores and macropores, while most of the micropores are 

nonorganic matrix associated. Also, results show that the organic matter-associated pore 

volume of core 6 is about 41% of the total pore volume and the organic matter-associated 

pore volume of core 2 is about 22% of the total pore volume. According to Sondergeld et 

al. (2010), porosity within organic matter can be as high as 50%. Figure 4.1 shows the 

organic matter-associated pores within a Barnett Shale sample with porosity of 41% 

within the organic matter (Loucks et al. 2012).  Since a large portion of pore volume is 

organic matter-associated, it is necessary to investigate the pore structure within organic 

matter.  

 

Figure 4.1: Organic matter-associated pores within Barnett Shale (Loucks et al. 2012). 
                                                
1     This chapter is based on: Jiang, C., S. Bryant, and H. Daigle. 2015. “A Bundle of 

Short Conduits Model of the Pore Structure of Gas Shale.” In . American 
Association of Petroleum Geologists. doi:10.15530/urtec-2015-2169349. I was 
the primary author. 
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The main method used in this chapter to construct the pore structure within 

organic matter is MICP curve and nitrogen sorption measurements. As mentioned in the 

previous chapters, the MICP curve contains the information of pore topology describing 

how pores are connected. The nitrogen adsorption isotherm provides the pore size 

distribution, and the hysteresis loop between the adsorption and desorption isotherms 

provides information on topology. In this chapter, three types of network: tree-like 

structure, 3D cubic lattice, and a short conduits model will be tested to examine the pore 

structure of Barnett shale by optimizing reconstructions of MICP curves and nitrogen 

desorption isotherms. The PSD measured from the adsorption isotherms will be used as 

an input for these three pore networks. 

4.2. METHODOLOGY 

A modified BJH model (Nguyen and Do 1999), which incorporates the pressure 

effect on the statistical thickness of the adsorbed molecular layer, was applied to interpret 

the pore size distribution (PSD) from the measured nitrogen adsorption isotherms. 

Similarly, the modified BJH model also considers the adsorption process as micropore 

filling, monolayer-multilayer adsorption, and condensation. The improvement of the 

modified BJH model is that it considers the thickness of the adsorbed layer as a function 

of both relative pressure and pore width, which extends its application to micropore 

interpretation. Equation (4.1) gives the statistical thickness of the adsorbed layer as a 

function of relative pressure P/Po and pore size r: 
! !
!!
,!

!!
= !! ! !

!!!
×

!! !"
! !!/! !!!!! !"!! !!! !"

! !!/! !!!!

!! !! ! !! !!
!! ! !

! !!! ! /! !!!
!! ! !

! !!! ! /! !!!!
,  (4.1) 

where 
𝑡!: The thickness of one layer of nitrogen molecular which is given as t! = ν! N !/!, 
where 𝜈! is the liquid molar volume (34.65 cc/mol for nitrogen) and N is Avogadro’s 
number; 
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𝑛 : The maximum number of layers of adsorbate which is given as 𝑛 =

𝑟 − 0.17 𝑡!, where r is the pore radius [nm], and the unit of 𝑡! in this formula is nm; 

𝑥: The relative pressure P/Po; 

𝑓: 𝑓 = exp (∆𝜖!), where ∆𝜖! is the excess of the reduced evaporation heat due 

to the interference of the layering on the opposite wall. For nitrogen at 77 K, ∆𝜖! =

2.2 𝐾𝐽/𝑚𝑜𝑙 (Nguyen and Do 1999); 

𝐶! 𝑟 : The coefficient of the n-BET equation for adsorption in pores, which is 

given in equation (4.2): 

𝐶! 𝑟 = 𝐶!𝑒 !! ! !!! !!, (4.2) 

where 

𝐶!: The coefficient of the n-BET equation for adsorption onto a flat surface 

𝑅: Gas constant 

𝑇: Temperature 

𝑄! 𝑟 : The heat of adsorption into a pore 

𝑄!: The heat of adsorption onto a flat surface. 

Equation 4.3a gives the relationship between the pore size and its condensation 

pressure, and equation 4.3b gives the relationship between the pore size and its 

evaporation pressure: 
𝑟 − 𝑡 !

!!
, 𝑟 = − !!!!"#$

!"#$ ! !! !"#
, (4.3a) 

𝑟 − 𝑡 !
!!
, 𝑟 = − !!!!!"!"

!"#$ ! !! !"#
, (4.3b) 

where 𝛾 is the liquid surface tension, and 𝜃 is the liquid-solid contact angle. 

The liquid surface tension between nitrogen and air is 8.85 dyne/cm, and 𝜃 is assumed 

to be 0. In this study, for all the cylindrical tubes in the network, in order to study the 

effect of network, condensation and evaporation pressures are assumed to be the same, 
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and equation 4.3a is applied to determine the pore size distribution and desorption 

isotherm modeling.  

Equations (4.1) –(4.3) are the three main equations of the modified BJH model. In 

this study, the coefficient of the n-BET equation for adsorption in pores, 𝐶! 𝑟  was 

obtained from Nguyen and Do (1999), which is shown in Figure 4.2a. Figure 4.2b gives 

the condensation pressure as a function of the pore half-width.  

 

 

Figure 4.2: a) The Cp coefficient as a function of the pore half-width, b) Condensation 
pressure as a function of the pore half-width. The pore geometry is assumed 

to be cylindrical tube (Nguyen and Do 1999). 
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recorded for those pores that are already condensed, and the volume of the adsorbed layer 

is recorded for those pores that have not condensed yet. Equation (4.4) can be applied to 

do both PSD interpretation and adsorption modeling, where !
!
 is the specific area per 

unit pore volume. The specific area per unit pore volume is equal to !
!
 for cylindrical 

pores: 

𝑉 !
!!

= 𝑓 𝑟
!!

!
!!

! 𝑑𝑟 + !
!

!!"#
!!

!
!!

𝑡 !
!!
, 𝑟 𝑓 𝑟 𝑑𝑟, (4.4) 

A tree-like structure, a 3D cubic lattice, and a bundle of short conduits model, 

illustrated in Figure 4.3, were tested to examine the pore topology. The procedure was to 

optimize reconstructions of the MICP curve and nitrogen desorption isotherm. The PSD 

used in each model was the same and was inferred from the nitrogen adsorption isotherm. 

All the pores were assumed to be cylindrical tubes with equal length. In the tree-like 

structure, radius decreases or remains the same from the trunk to the farthest branch. Sub-

branch number (the number of smaller branches at each level) and level number are the 

two parameters that define this class of structure. Pore sizes at the same level do not have 

to be the same, but probe fluids can only get into the network from the trunk, and 

narrower pores can only be accessed through wider pores. Figure 4.3a gives a tree-like 

structure with two sub-branches and four levels. The 3D cubic lattice model is a well-

connected model with connectivity (coordination number) of six (Figure 4.3b). The 

bundles of short conduits model considers two types of pores: one type is a short series of 

connected tubes, with one or more dead-end branches attached to each tube; and the 

second type is a set of disaggregated pores, represented as individual tubes. Pores sizes in 

the bundle of short conduits model are separated as two parts: one part contains those 

pores with evaporation pressures above the closure pressure (the smallest pore, around 

4.6 nm, that exhibits hysteresis because the liquid-vapor interface cannot support a 
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meniscus in smaller pores, as described below; Groen et al., 2003), and one part contains 

pores with evaporation pressure below the closure pressure. The larger sizes (>= 4.6 nm 

in diameter) are randomly assigned to the connected pores within the short conduits (blue 

connected tubes in figure 4.3c), and the smaller pores (< 4.6 nm in diameter) are assumed 

to exist as disaggregated pores (thin blue single lines in figure 4.3c). The number of 

levels and number of dead-end branches at each level parameterize this class of structure, 

and pores in the short conduits model are constrained by the PSD. Figure 4.3c gives a 

short conduits model with five levels and one dead-end branch per level, with some 

disaggregated pores below the resolution of mercury. Thus we have three distinct classes 

of structure: tree-like model has low connectivity and an ordered distribution of pore 

sizes; 3D cubic lattice model has high connectivity and randomly distributed pore sizes; 

and short conduits model has low connectivity and randomly distributed pore sizes. Table 

4.1 gives the input data, output prediction, and pore construction for the three network 

models. 

 

Figure 4.3: Networks tested in this chapter. a) A tree-like structure of four levels and two 
sub-branches, b) 3D cubic lattice, and c) short conduits model with a 

connected part of five levels and one dead-end branch per level (pore widths 
larger than or equal to 4.6 nm) and some disaggregated pores with 

condensation pressure lower than 0.45 (pore width smaller than 4.6 nm). 
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Table 4.1: Input data, output prediction and pore construction for three network models 

 
Tree-like structure 3D cubic lattice Short conduits model 

Input Data PSD from N2 adsorption 

Output 
Prediction 

N2 desorption and MICP curve 

Pore 
construction 

Radius of the tubes 
decreases or remains 
the same from the trunk 
to the farthest levels 

Pore sizes are 
randomly 
assigned 

Pore sizes above the resolution of 
mercury are randomly assigned to the 
tubes in the structure. Disaggregated 
pores are below the resolution of 
mercury. 

4.3. RESULTS AND DISCUSSION 

Before moving to organic matter-associated pore structure construction, let’s take 

a look at the experimental and modeling results obtained from the Barnett shale bulk 

samples. The MICP curves and nitrogen isotherms measured on bulk sample with 

fragment size between 75 and 125 micrometer are used in this Chapter. Figure 4.4 gives 

the pore size distributions obtained from the bulk sample and organic matter of core 2 

based on the modified BJH model. Note that these pore size distributions differ from 

those shown in Figure 3.12 since those were derived using density functional theory. 

Using these pore size distributions as input for the three networks, MICP curves and 

nitrogen desorption isotherms can be predicted based the rules mentioned in chapter 2. 

The smallest pore size mercury can measure is 3.6 nm in diameter, while the PSD 

obtained from N2 adsorption contains pores smaller than 3.6 nm. All the pores including 

those pores that cannot be invaded by mercury will be put into the network, but the 

mercury intrusion modeling will stop at 60,000 psi, which corresponds to 3.6 nm in 

diameter. For the bundle of short conduits model, those pores smaller than 4.6 nm are in 

the disaggregated part, so all the pores smaller than 3.6 nm are also set as disaggregated. 

The reason that I put pores smaller than 4.6 nm in the disaggregated part is because 
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cavitation occurs at the closure pressure of 0.42 ~ 0.45, and the evaporation pressure of a 

4.6 nm pore is P/Po = 0.45. All the pores smaller than 4.6 nm will evaporate and the 

nitrogen desorption isotherm traces the adsorption isotherm back after cavitation. 

The hysteresis loop of nitrogen adsorption-desorption isotherm closes at a relative 

pressure around 0.42 ~ 0.45 due to the tensile strength effect. A pore with diameter of 

around 4.6 nm has an evaporation pressure of 0.45. At pressure lower than the closure 

pressure, the meniscus between the vapor and liquid phases become unstable in pores 

smaller than 4.6 nm and evaporation occurs (Groen et al., 2003). The pore volume 

distribution of the organic matters isolated from core 2 and core 6 show a peak in the 

mesopore range. As the pores in the network are assumed to have equal length, a small 

volume of micropores can generate a large number of micropores. If all the pores were 

assigned in the connected part of the bundle of short conduits model, those pores with 

evaporation pressure lower than 0.45 will block pores with higher evaporation pressure. 

The reason that I put those pores with evaporation lower than 0.45 as disaggregated pores 

is because 0.45 is the closure pressure, and no pore topology information can be obtained 

from these pores. Those disaggregated pores can be considered as dead-end pores 

attached to short conduits model, or they could be connected in series from large pores to 

small pores. 
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Figure 4.4: Pore volume distribution obtained from Barnett shale core 2. Blue dots are 
from bulk samples; red dots are from organic matter; black dots are from the 

matrix.  

 

Figure 4.5: Modeled and measured MICP curve obtained from tree-like structure for 
Barnett shale core 2. 
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Figure 4.6: Modeled and measured MICP curve obtained from 3D cubic lattice for Barnet 
shale core 2. 

Figure 4.5 and 4.6 provide the modeling results for core 2. Figure 4.5 shows the 

modeled mercury intrusion curve from a tree-like structure with five levels and two sub-

branches. The measured MICP curve from core 2 does not percolate, indicating that the 

connectivity of the pore structure is low. Because the sizes of the pores in the tree-like 

structure decease or stay the same from the trunk to the dead-end, mercury would invade 

those large pores from the trunk first, and then small pores as capillary pressure increases. 

In this case, the tree-like structure acts like a simple bundle of tubes model with all the 

pores being accessed by mercury from large pores to small pores. No matter how many 

levels and sub-branch numbers are used, the modeled mercury intrusion curve from the 

tree-like structure would be the same as long as the PSD is fixed. Though the tree-like 

structure model can account for the non-percolating character of the mercury intrusion 

curve, given a suitable PSD (Sakhaee-Pour 2012), when the PSD is taken from N2 

adsorption, the large fraction of macropores controls the shape of the intrusion curve. The 

failure to account for any features of the measured MICP data indicates that the tree-like 

structure does not represent the pore structure in these samples. Figure 4.6 shows the 
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modeled mercury intrusion curve from the 3D cubic lattice. Notice that the modeled 

mercury intrusion curve percolates, which is because of the high connectivity. Thus, 

neither the tree-like model, which has low connectivity and an ordered distribution of 

pore sizes, nor the 3D cubic lattice model, which has high connectivity and randomly 

distributed pore sizes, can match the measured MICP curve.  

 

Figure 4.7: Modeled and measured MICP curves from short conduits model with 
different levels for Barnett shale core 2. “Nl” represents level number, and 

“Nb” represents branch number. “Nl_2_Nb_1” means a bundle of short 
conduits model with two levels and one branch. Blue curve is from a short 
conduits model with three levels and one branch, and red curve is from a 

short conduits model with two levels and one branch. 

Figure 4.7 shows the modeled mercury intrusion curve using short conduits 

model. Modeled mercury intrusion curves do not percolate. As the level number of short 

conduits model increases, the modeled MICP curve becomes convex, which is because 

the probability of small pores located at the very first level increases and small pores 

require high capillary pressure. In Figure 4.7, the short conduits model does not predict 

the measured MICP curve perfectly, but it can catch the non-percolation property. 
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Since the nitrogen desorption branch is also affected by the structure of the pore 

system, the nitrogen desorption isotherms obtained from Barnett shale bulk samples are 

used to further validate these three network models. In this study, only the pore network 

effect (blocking effect) and cavitation were considered, and the relative pressure at which 

cavitation occurs was assumed to be P/Po = 0.45 (closure pressure). Thus all the 

predicted nitrogen desorption isotherms would retrace the nitrogen adsorption isotherm as 

the relative pressure decreases below 0.45. A pore with 4.6 nm in diameter gives the 

condensation pressure of 0.45. Since all the pores larger than 4.6 nm are put in the 

connected part of short conduits model, the modeled nitrogen adsorption-desorption 

hysteresis loop will close at 0.45. In reality, the sample might not contain any pores 

exactly 4.6 nm in width, so the modeled nitrogen adsorption-desorption hysteresis loop 

will close at pressure around 0.4 ~ 0.5.  

Figure 4.8 shows the predicted nitrogen desorption isotherm obtained from the 

tree-like structure. Nitrogen adsorption and desorption isotherms from the tree-like 

structure are reversible because the ordered pore sizes in the tree-like structure cause it to 

behave as a simple bundles of tubes. Figure 4.9 shows the predicted nitrogen desorption 

isotherm obtained from the 3D cubic lattice. Because most of the large pores are blocked, 

the desorption isotherm changes much more slowly than measured. As with the mercury 

intrusion curve, neither the tree-like model, which has low connectivity and an ordered 

distribution of pore sizes, nor the 3D cubic lattice model, which has high connectivity and 

randomly distributed pore sizes, can match the measured nitrogen desorption isotherm.  
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Figure 4.8: Measured and modeled nitrogen adsorption/desorption isotherms from tree-
like structure model for Barnett core 2. 

 

Figure 4.9: Measured and modeled nitrogen adsorption/desorption isotherms 3D cubic 
lattice model for Barnett shale core 2. 
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desorption, we can conclude that short conduits model can catch the non-percolation 

property of the MICP curve but cannot predict the measured desorption isotherm, while 

tree-like structure and 3D cubic lattice model can predict neither MICP nor desorption 

isotherm.  

 

Figure 4.10: Measured and modeled nitrogen adsorption/desorption isotherms from short 
conduits model with different level numbers and branch numbers for Barnett 
core 2. “Nl” represents level number, and “Nb” represents branch number. 
“Nl_2_Nb_1” means a bundle of short conduits model with two levels and 
one branch. Blue curve is from a short conduits model with three levels and 

one branch, and red curve is from a short conduits model with two levels 
and one branch. 
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decreases, a quick decrease of the adsorbed gas volume at relative pressure close to 1 

indicates that evaporation occurs immediately. In order to catch the quick decrease of the 

adsorbed gas volume, I put those pores with evaporation pressure larger than 0.95 at the 
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first level. Generally nitrogen sorption is used to interpret pores smaller than 200 nm in 

diameter. Condensation might not occur in pores larger than 200 nm as the relative 

pressure approaches to 1, and adsorbed gas layer thinning would occur immediately as 

the relative pressure starts to decrease.  

Pore sizes need to be assigned randomly to match the MICP curve, but those large 

pores need to be located at the first level to match the nitrogen desorption curve, so in 

order to count this, a modified short conduits model that puts large pores on the first level 

and randomly assigned pores sizes in the subsequent levels is shown in Figure 4.11. The 

bundles of short conduits model shown in Figure 4.11 considers three types of pores. The 

first type is the disaggregated part shown in red. The condensation pressure of these pores 

is smaller than 0.45. The second type contains those pores with evaporation pressure 

larger than 0.90, which are green in Figure 4.11, and these pores are located at the first 

level to reduce blocking effect. The third part (blue in Figure 4.11) contains pores that 

evaporate before relative pressure arrives at 0.45. If all the pores with evaporation 

pressure larger than 0.90 were put on the first level, a large intrusion at very low pressure 

will show up in the MICP curve, so not all the pores with evaporation pressure larger 

than 0.90 are put on the first level, and pores in blue include some pores with evaporation 

pressure larger than 0.90. Pores in blue are randomly assigned. This relative pressure 

value of 0.90 is selected based on the measured desorption isotherm. Actually any value 

between 0.9 and 0.95 would be acceptable. The smallest pore located in the connected 

part, which is around 4.6 nm in diameter, also has a evaporation pressure close to 

0.42~0.45, so the modeled desorption isotherm will trace back to the adsorption isotherm 

when relative pressure is below 0.42 ~ 0.45.  
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Figure 4.11: Conceptual model of the bundle of 
short conduits model. Green tubes, which are 

connected to the inlet, are those pores with 
evaporation pressure larger than 0.90; blue tubes 

are those pores with evaporation pressure 
between 0.45 and 0.90, and these pores were 

randomly assigned; and red tubes are those pores 
with evaporation pressure below 0.45.  

 

 

 

Figure 4.12: Modeled MICP curves from the model shown in Figure 4.11 with different 
level numbers and branch numbers for Barnett core 2.  Half the pores with 

evaporation pressure > 0.9 are placed at first level. “Nl” represents level 
number, and “Nb” represents branch number. “Nl_3_Nb_2” means a bundle 
of short conduits model with three levels and two branches. Green curve is 
from a model with three levels and one branch, red curve is from a model 
with two levels and one branch, and blue curve is from a model with three 

levels and two branches. 
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Figure 4.13: Modeled nitrogen desorption isotherms from the model showed in Figure 
4.11 with different level numbers and branch numbers for Barnett core 2. 

Half the pores with evaporation pressure > 0.9 are placed at first level.  
“Nl” represents level number, and “Nb” represents branch number. 

“Nl_2_Nb_1” means a bundle of short conduits model with two levels and 
one branch. Green curve is from a model with three levels and one branch, 
red curve is from a model with two levels and one branch, and blue curve is 

from a model with three levels and two branches. 

 Figure 4.12 and Figure 4.13 show the modeled MICP curve and desorption 

isotherm for Barnett shale core 2 from the model shown in Figure 4.11 with different 

level numbers and branch numbers. In this case, for a given network, half of the pores 

with evaporation pressure larger than 0.9 are put on the very first level, and the rest of the 

half pores with evaporation pressure larger than 0.9 plus those pores with evaporation 

between 0.45 and 0.9 are randomly assigned to the connected part. Because the first level 

of the network contains half of the large pores, large intrusion occurs at very low 

pressure, and a big discrepancy between the measured and modeled MICP curve is 

observed. Increasing the level number balances the large pores located at the first level, 

so the discrepancy between modeled and measured MICP curves become smaller. 

Increasing the level number can also increase the probability that small pores block large 
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pores, so the discrepancy between modeled and measured desorption isotherms becomes 

larger. 

 Because the organic matter-associated pores contribute a large fraction of the total 

porosity (core 2: 22%, and core 6: 40%), measurements done on bulk sample also contain 

information of the organic matter-associated pore structure. The tree-like structure, 3D 

cubic lattice, and short conduits model are also applied to examine the pore topology of 

the organic matter-associated pores. For isolated organic matter, only nitrogen sorption 

was measured, so these three networks will be examined only by optimizing 

reconstructions of the nitrogen desorption isotherm. 

 

Figure 4.14: Measured and modeled nitrogen desorption isotherms from tree-like 
structure model for the isolated organic matter of Barnett core 2. 

0
1
2
3
4
5

0 0.2 0.4 0.6 0.8 1

A
ds

or
be

d 
ga

s a
m

ou
nt

(c
c/

g 
@

ST
P)

P/Po

core2_OM tree_structurecore	2	



 71 

 

Figure 4.15: Measured and modeled nitrogen desorption isotherms from 3D cubic lattice 
model for the isolated organic matter of Barnett core 2. 

 

Figure 4.16: Modeled nitrogen desorption isotherms from the model showed in Figure 
4.11 for the isolated organic matter of Barnett core 2. “Nl” represents level 

number, and “Nb” represents branch number. “Nl_3_Nb_2” means a bundle 
of short conduits model with three levels and two branches. This red curve 

is obtained from a model with three levels and two branches. 

Figure 4.14 and Figure 4.15 show the modeled nitrogen desorption isotherms 

from the tree-like structure and 3D cubic lattice. Similar to the modeled nitrogen 

desorption isotherm of Barnett shale bulk sample core 2, the modeled desorption 

0
1
2
3
4
5

0 0.2 0.4 0.6 0.8 1

A
ds

or
be

d 
ga

s a
m

ou
nt

(c
c/

g 
@

ST
P)

P/Po

core2_OM 3D_cubic_latticecore	2	

0
1
2
3
4
5

0 0.2 0.4 0.6 0.8 1

A
ds

or
be

d 
ga

s a
m

ou
nt

(c
c/

g 
@

ST
P)

P/Po

core2_OM Nl_3_Nb_2core	2	



 72 

isotherm of organic matter of core 2 from the tree-like structure is reversible and the 

blocking effect dominates the modeled desorption isotherm from 3D cubic lattice. Figure 

4.16 shows the modeled nitrogen desorption isotherms from the model shown in Figure 

4.11 for the isolated organic matter of Barnett core 2. The desorption isotherm measured 

on organic matter shows a more rapid decrease at relative pressure around 0.9 compared 

to the measured desorption isotherm on the bulk sample of core 2, and a short conduits 

model with three levels and two branches works well on the organic matter isolated from 

core 2. 

A short conduits model with two levels and one branch works well on the bulk 

sample of core 2, so the level number and branch number become smaller when applying 

short conduits model to the bulk sample. As mentioned before, organic matter can 

migrate into adjacent pore space of the matrix and reduce the connectivity of the pore 

network within the matrix. Also the connection between organic matter and the network 

within the nonorganic matrix is poor, so the connections between organic matter and the 

network within the nonorganic matrix control the accessibility of the pores located within 

organic matter. Because the connections between the pores in the organic matter and the 

nonorganic pore network appear to control the overall connectivity of the pore system, 

the overall pore network cannot be represented as some simple average of the end 

member (organic and nonorganic) pore networks.  

The short conduits model shown in Figure 4.11 is also applied to model the 

desorption isotherm of organic matter isolated from core 6, which is shown in Figure 

4.18. Because the hysteresis loop between the measured adsorption and desorption 

branches is much narrower compared to core 2, the required level number of the short 

conduits model is smaller.  
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Figure 4.17: Pore volume distribution obtained from Barnett shale core 6. Blue dots are 
from bulk samples; red dots are from organic matter; black dots are from the 

matrix.  

 

Figure 4.18: Modeled nitrogen desorption isotherms from the model showed in Figure 
4.11 for the isolated organic matter of Barnett core 6. “Nl” represents level 

number, and “Nb” represents branch number. This red curve is obtained 
from a model with two levels and one branch. 

These three network models were also applied on measured nitrogen sorption 

isotherms from two samples with no organic matter. Figure 4.19 shows two nitrogen 

sorption isotherms measured from the Wilcox sample and Silver Hill Cambrian shale 
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from Silver Hill, Montana. The measured nitrogen sorption isotherm from the Wilcox 

sample shows H3 type hysteresis, indicating that the pore system of the Wilcox sample 

contains micropores, mesopores and macropores. The measured nitrogen sorption 

isotherm on Silver Hill shale was presented in Kuila and Prasad (2013). I chose this 

isotherm because it represents pore structure that mainly contains micropores and 

mesopores, and this sample does not contain organic matter.  Figure 4.20 shows the 

modeled nitrogen isotherms of the Wilcox sample and Silver Hill shale from tree like 

structure, 3D cubic lattice, and short conduits model. Similar results were obtained for 

these two samples. Because the hysteresis loops of the Wilcox sample and Silver Hill 

shale are very narrow, a short conduits model with two levels and one branch can predict 

the measured nitrogen desorption isotherms. 
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Figure 4.19: Measured nitrogen isotherms from Wilcox Formation and Silver Hill shale 
(Kuila and Prasad 2013) and the corresponding pore volume distribution. 
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Figure 4.20: Modeled nitrogen isotherms of Wilcox Formation and Silver Hill shale from 
tree like structure, 3D cubic lattice, and short conduits model. Red circles 

are measured data, and blue curves are modeled results.  

 The tree-like structure, 3D cubic lattice, and bundle of short conduits model were 

applied to measured nitrogen sorption isotherms from two Barnett shale samples (Core 2 

and Core 6), organic matter isolated from core 2 and core 6, and two samples with no 

organic matter (Wilcox sample and Silver Hill Cambrian shale). These six samples can be 
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grouped into three types: bulk shale sample, organic matter, and mudrock with no organic 

matter. Based on the modeled the nitrogen isotherms of these six samples from the three 

networks, we can conclude that: 1) the short conduits model works for all these three 

types of samples; 2) the tree-like structure does not work for any type of the sample 

because the ordered pore sizes in the tree-like structure cause it to behave as a simple 

bundles of tubes and nitrogen adsorption and desorption isotherms for all the samples 

modeled from the tree-like structure are reversible; 3) the 3D cubic lattice does not work 

for any type of the sample. Because most of the large pores are blocked, the desorption 

isotherm modeled from 3D cubic lattice model changes much more slowly than measured 

for all the samples.  

 For the bundle of short conduits model, large pores with higher evaporation 

pressure were located at the first level to guarantee that the modeled desorption isotherm 

will quickly decrease when relative pressure is reduced. The quick decrease of the 

desorption isotherm also requires that the level number of each short conduit is not too 

large because large level number will increase the possibility that large pores with high 

evaporation pressure will be blocked by small pores with low evaporation pressure.  

 The quick decrease of the desorption isotherm at relative pressure between 0.9 

and 1 requires that large pores with high evaporation be located at the first level. In this 

case, if all the short conduits were connected through macropores, the modeled 

desorption isotherm will not change. Figure 4.21 shows the equivalent pore network of a 

bundle of short conduits. Suppose the gas phase in pores marked with number of 3, 4, 9, 

and 10 does not condense as the relative pressure approaches to 1. As the relative 
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pressure decreases, adsorbed gas layer thinning would occur in those pores first, and 

those pores would act as if they are located at the first level of a bundle of short conduits 

model. 

 Since the short conduits might be connected through macropores, the short 

conduits model might not represent the actual pore structure of the sample. We observed 

a sample size effect on the Barnett bulk samples, while the sample size effect disappeared 

on the Wilcox sand sample, so the sample size effect can help distinguish the true short 

conduits model from the apparent short conduits model that might be connected through 

macropores. The lack of a sample size effect observed on the Wilcox sand sample 

requires that the short conduits be connected and is diagnostic as to whether the bundle of 

short conduits model is an accurate representation of the pore system. The bundle of short 

conduits model only covers the mesopores, and the pore structure of a sample also 

contains micropores and macropores. The way that the bundle of short conduits model 

connects to the macropores and micropores is unknown. Even though the bundle of short 

conduits with two levels and one branch can predict the measured nitrogen desorption 

isotherm, it is possible that these short conduits are connected through macropores. 
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Figure 4.21: Bundle of short conduits model with pores with evaporation pressure above 
a certain cutoff at the very first level can be connected in series.  

It is widely accepted that pores associated with organic matter were created 

during the oil and gas generation process (Mastalerz et al. 2013; Fishman et al. 2012; 

Bernard et al. 2012). When depth and temperature have increased to a sufficient level, 

organic matter will progressively convert to oil or directly convert to gas. The conversion 

process of organic matter to oil/gas would occur wherever organic matter is present and 

most of the pores created during this process would be isolated from each other. Suppose 

pores in Figure 4.22a are pore spaces occupied by oil/gas. As more organic matter is 

converted, more pores can be generated and these pores might be connected to the 

existing pores (Figure 4.22b). The existing pores may also be enlarged as organic matter 

exposed on the pore surface may then be converted to oil or gas. This would tend to favor 

larger pores near the outer surface of the organic matter particle. As the process 

continues, the created pores might connect to form conduits with large pores connected to 

small pores, and pores formed from different locations might also connect to form a 
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longer path (Figure 4.22c). The pores created in organic matter would mainly be isolated 

pores, so the extension of pores from existing pores should not be too long. As shown in 

Figure 4.22c, created pores might connect to form conduits, and single pores might also 

connect to any existing pores. This type of pore structure satisfies the constraint of the 

short conduits model that some large pores should be located at the first level. The 

disaggregated pores in the short conduits model simulate the condition that single pores 

might be created during the organic matter conversion process. Since the pores were 

mainly isolated pores created at the early stage of the conversion process, the level 

number of short conduits model should not be too large. In other words, the extension of 

pores from existing pores should not be too long. Also not too many pores would be 

extended, so the branch number in the short conduits model is also small. In the short 

conduits model, the pore geometry is assumed to be cylindrical, but the pores might not 

be regularly shaped in reality. 

 

Figure 4. 22: Pore network within organic matter. a) Pores occupied by oil/gas at the 
early stage of organic matter conversion; b) more pores were generated from 

the existing pores; c) pores generated from different locations might also 
connect to form a long path. Organic matter is represented by gray color, 
and pores are represented by white color. The gray circle represents one 

single organic matter particle.  
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From Figure 4.22 we can notice that pores generated during the maturation 

process are accessible to the probe fluid if each organic matter particle has been separated 

from the matrix, while they might not be detected when the organic matter particle is 

embedded in nonorganic matrix and connected only to the pore network within the 

nonorganic matrix. Figure 4.23 shows a network with both organic matter and pore 

structure within the nonorganic matter matrix. Only those pores connected to the network 

can be measured, and pores might act as dead end pores even if they are connected to the 

network.   

 

Figure 4.23: A network with both organic matter and pore structure within the nonorganic 
matter matrix. 

4.4.CONCLUSIONS 

The pore structure of organic matter within Barnett shale has been studied by 

measuring the nitrogen adsorption/desorption isotherms on isolated organic matter from 

Barnett shale, and a modified BJH model was used to interpret the pore size distribution 

(PSD) from the measured nitrogen adsorption isotherms. Results obtained from nitrogen 
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adsorption show that organic matter mainly contains mesopores (2 nm ~ 50 nm) and 

macropores (>50 nm), while bulk sample contains pores ranging from micropores (<2 

nm) to macropores. Organic matter-associated pore volume for core 2 is about 22% of the 

total pore volume, and the organic matter-associated pore volume of core 6 is about 41% 

of the total pore volume. The measured adsorption/desorption isotherm from organic 

matter showed a very narrow hysteresis loop, indicating that the network effect is very 

small. Due to the less significant network effect, a bundle of short conduits model with 

constrained pore arrangement can predict the measured nitrogen desorption isotherm of 

the isolated organic matter from two Barnett shale samples. The short conduits within 

organic matter might be connected through macropores or stay isolated from each other, 

and the conduit can be formed when pores generated during conversion process of 

organic matter to oil and gas are connected.   
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Chapter 5: Characteristic Length in Shale Pore Structure 

5.1. INTRODUCTION AND MOTIVATION 

Helium porosimetry, MICP, and N2 sorption have been applied to measure the 

porosity of Barnett shale samples which were crushed to obtain systematically varying 

fragment size ranges. Results show that helium porosities obtained from Barnett shale 

samples were independent of fragment size. In contrast, N2 sorption and mercury 

intrusion on the Barnett shale samples depended on the fragment size, with smaller 

fragments yielding larger porosities. Measured pore size distributions (PSD) from Barnett 

shale samples contain both mesopores and micropores, while the measured PSDs from 

isolated organic matter mainly contain mesopores, indicating that micropores are 

generally associated with the inorganic matrix. 

The sample size effect on mercury intrusion and N2 sorption is consistent with the 

observations of Comisky et al. (2011) and Chen et al. (2015). According to Chen et al. 

(2015), measured mesopore volume increases with decreasing fragment size, while 

reduction of fragment size does not always increase measured micropore volume (Figure 

5.1). Recent research has shown that organic matter in shale may migrate into pores 

between particles, and these pores might be connected to form a network in three 

dimensions (Loucks and Reed 2014).  

The sample size effect suggests that different sample sizes give different 

accessible pore structure and we cannot assume pores are always connected for a given 

sample size. The smallest pore that mercury can invade at 60,000 psi is 3.6 nm in 

diameter, but shale contains many pores smaller than 3.6 nm and these pores cannot be 

accessed by mercury. The same situation occurs with N2 sorption; for N2 sorption 

measured at 77 K, due to the kinetic energy limit, N2 cannot probe micropores smaller 

than ~0.7 nm. If the pores in shale form clusters and those clusters are not connected, or 
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are connected via very small pores, large fragment sizes might prevent mercury or N2 

from entering a cluster unless the cluster is exposed to the surface of the fragment. In 

addition, it might be difficult for mercury or N2 to travel from one cluster to another when 

the fragment size is large because of the same accessibility issues. This conceptual model 

implies that the topology of the pore structure will strongly affect the overall permeability 

of the pore system, and that developing a method to quantify that topology would be 

valuable. 

 

Figure 5.1: Pore volumes versus vitrinite reflectance (Ro) from varying sample sizes: a) 
micropore volumes measured from CO2 adsorption; b) mesopore volumes 

measured from nitrogen adsorption based on Barrett-Joyner-Halenda (BJH) 
method. Red circles are from samples size of 250 micrometers, black 

squares are from samples size of 840 micrometers, and blue triangles are 
from sample size of 4746 micrometers (Chen et al. 2015). 
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Figure 5.1: Continued. 

Chapter 4 has shown that the pore structure within organic matter can be modeled 

as a bundle of short conduits. The effect that the short conduits have at the scale of 

laboratory samples has not been investigated. According to Mastalerz et al. (2013), 

porosity changes with the maturity of the shale sample, and this change is mainly caused 

by the organic matter transformation due to hydrocarbon generation.  Chen et al. (2015) 

showed that sample size effect can be observed on mesopores while the sample size 

effect on micropores is varying. Also the measured PSD on organic matter of Barnett 

shale samples shows that micropores are mainly inorganic matrix associated. These 

observations might imply that it is the pores developed within organic matter during 

maturation that cause the sample size effect. Based on the sample size effect observed in 

both MICP and N2 sorption, and the abundance of organic associated pores within shale, 

we hypothesize that the organic matter in shale hosts clusters within a characteristic 

cluster length that controls the accessibility of the pore system in gas shales, and that this 

pore system is superimposed upon a background of intergranular voids common to all 
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shales. We describe a simple quantitative model in which most of the pore-scale 

frameworks are located within organic matter and are connected to form clusters of a 

characteristic size. The clusters are connected at larger scales via pores in the inorganic 

matrix. As mentioned in chapter 2, there are two types of organic matter: depositional 

organic matter and migrated organic matter. Compared to depositional organic matter, 

migrated organic matter is more like to form connected clusters, so the connected clusters 

mainly represent organic matter that migrates into the space between particles and 

crystals, and the space between particles and crystals is initially connected in 3D. When 

the fragment size used for laboratory measurements is close to the characteristic cluster 

length, all the pore space in the fragment is accessible to the probe fluid (either mercury 

or N2). However, when the fragment size is greater than the cluster length, not all clusters 

will be accessible to the probe fluid, resulting in an erroneously low porosity. The 

purpose of this chapter is to find a characteristic length that controls the accessibility of 

the gas shale pore space. 

 Figure 5.2 shows the conceptual model of the pore structure within Barnett shale 

at the sample scale (~100 micrometer). Each small cube represents the organic matter, 

and within each organic matter fragment there exists one micropore structure. Some paths 

between organic matter fragments are visible to the probe fluid (marked in blue color in 

Figure 5.1), and some paths between organic matter fragments are below the resolution of 

the probe fluid (marked in red color in Figure 5.1).  
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Figure 5.2: Conceptual model of the pore structure within Barnett shale at the sample 
scale (~100 micrometer). Each small cube represents one organic matter 

fragment, and there exists a micropore structure within each organic matter 
fragment. Blue connections between organic matter fragments represent 
those pores that are visible to the probe fluid. Red connections represent 

those pores that are below the resolution of the probe fluid.  

One fundamental concept in this study is that as the fragment size becomes 

smaller, the overall surface area of the crushed sample becomes larger, so the likelihood 

that a pore cluster is in contact with the surface of a fragment increases, and thus more 

pore space becomes accessible. A simple 2D model shown in Figure 5.3 illustrates the 

dependence of pore space accessibility on crushed fragment sizes. I assume that the pore 

clusters, which are shown in Figure 5.3a as red line segments, have uniform size and are 

embedded in the matrix without intersecting one another. Blue circles, which are shown 

in Figure 5.3b, are the crushed sample fragments, which all have the same size. Pores, 

which are marked as black in Figure 5.3b, are those pores intersecting the surface of the 

fragments. The pore spaces that do not intersect the surface of the fragments are colored 

red. As the blue circle size gets smaller, more pore space becomes accessible (Figure 

5.3c). The increasing accessibility of pore space with decreasing crushed fragment size 

can be used to explain the sample size effect on N2 adsorption and MICP results.     
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Figure 5.3: a) Pore space representation in 2D. The area within the box is a volume of 
shale matrix. Red line segments represent individual clusters of smaller, 

connected pores within the matrix. The clusters have the same characteristic 
size. The length scale is in arbitrary units. b) Blue circles represent 

fragments created when the volume in (a) is crushed. A pore cluster is 
accessible (black) to a probe fluid only if the pore cluster is intersected by 
the surface of a fragment. Pore clusters entirely within a fragment (red) are 
not accessible. c) As the crushed fragments get smaller, the probability of a 

line segment intersecting a blue circle increases, and thus more pore space is 
accessible. 

Pore accessibility increases with decreasing fragment size. Since the connected 

cluster length does not change, it is the ratio of fragment size to connected cluster length 

that controls the pore accessibility, and the pore accessibility can be modeled as a 

function of the ratio of fragment size to connected cluster length. The method applied in 

this chapter to calculate the characteristic length of the connected pore clusters is 

modeling the pore accessibility as a function of the ratio of fragment size to the 

connected cluster length, and assuming this relation is universal. Assuming that helium 

can observe all the connected pores, while mercury and nitrogen can only observe pores 

above their resolution, therefore, the ratio of porosity obtained from mercury intrusion or 

nitrogen adsorption to helium porosity can be equivalent to the pore accessibility. Once 

the pore accessibility is given, the ratio of fragment size to connected cluster length can 

be obtained based on the universal relationship between pore accessibility and ratio of 
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fragment size to connected cluster length. Given the fragment size, the connected cluster 

length may be obtained directly from this ratio. Three shapes of the connected cluster will 

be used in this chapter: i) line segments all the same length in 3D; ii) disks all the same 

diameter in 3D; iii) spheres with all the same diameter in 3D. For lines, the characteristic 

length is the length of the line, for disks, the characteristic length is the diameter of the 

disk, and for spheres, the characteristic length is the diameter of the sphere.  

5.2. METHODOLOGY 

Figure 5.3 illustrates the concept in 2D, but all calculations were performed in 3D. 

A dense disordered sphere packing model, which is applied to study the geometric results 

of grain deposition processes by many researchers (Thane 2006), is used to define 

geometric locations of fragments obtained during crushing, with each sphere 

corresponding to a fragment. The matrix between the spheres is assumed to form smaller 

fragments that are separated from the spherical fragments before the pore size 

measurement. Figure 5.4 shows a sphere packing model with uniform spheres. For a 

given cube containing the packed spheres, I consider a single realization of the number 

and (random) location of the clusters. The clusters can be represented as line segments, 

disks, or spheres for each realization. Monodisperse spheres are packed densely into the 

cube, and the more spheres in the box, the smaller the sphere size, so the ratio of 

fragment size to the connected cluster length changes as the number of spheres in the 

cube changes. For a small number of large spheres, clusters are likely to be located 

entirely within a sphere. More clusters will intersect the surface of the spheres as the 

sphere size gets smaller, indicating that more clusters become accessible. 
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Figure 5.4: Sphere packing in a 
fixed cube. The size of the spheres 
is uniform, and each sphere 
represents one crushed fragment. 
The sphere size decreases with 
increasing sphere number. 

 

 

 

Assuming the clusters are uniformly distributed within the cube shown in Figure 

5.4, the number of clusters that intersect with any arbitrary slice of the cube is 

proportional to the area of that slice. If we crushed the cube shown in Figure 5.4 into 

eight pieces with equal size (decrease the size of the cube by 2), the surface area would 

double, which increases the number of clusters that intersect with the surface by 2, so 

theoretically the product of fragment size and surface area (number of accessible clusters) 

is a constant. Cluster length is assumed to be constant, so the cluster length/fragment size 

ratio should be proportional to the accessible pore volume. This relation is valid when the 

cluster length/fragment size ratio is low. As the cluster length/fragment size ratio 

increases, decreasing the fragment size by 2 does not always increase the number of 

accessible clusters by 2.  
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Figure 5.5: Cluster length/fragment size ratio versus accessible volume fraction. a) The 
ranges of both accessible volume fraction and cluster length/fragment size 
ratio are between 0 and 1; b) Data points with accessible volume fraction 
between 0.05 and 0.6 show perfect linear trends. Red line is obtained by 

assuming the shape of connected cluster is sphere, blue line is obtained by 
assuming the shape of connected cluster is disk, and pink line is obtained by 

assuming the shape of connected cluster is line segment.  
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Figure 5.5 shows the relation between the connected cluster length/fragment size 

ratio and the accessible volume fraction. The accessible fraction is calculated by dividing 

the number of clusters that are accessible by the total number of clusters. The connected 

cluster length/fragment size ratios for three types of clusters are proportional to accessible 

pore volume fraction when accessible pore volume is lower than 0.6, but the slopes of the 

three curves increase as the fragment size is approaching to the cluster length (higher 

cluster length/fragment size ratio). For a given connected cluster length/fragment size 

ratio, connected cluster with a shape of sphere gives the highest accessible volume 

fraction, which can be explained by its highest surface area. When the cluster 

length/fragment size ratio approaches to 1 (fragment size approaches to the cluster 

length), the difference of accessible volume fraction becomes smaller for these three 

shapes of connected cluster. For accessible volume fraction close to 1, the fragment size 

and cluster length are similar and the shape of fragment does not matter. When accessible 

pore volume fraction is lower than 0.6, the modeled relationship between connected 

cluster length/fragment size ratio and accessible volume fraction can be represent by a 

linear equation: 
 !"#$%&' !"#$%!
!"#$%&'( !"#$

= 𝛼×𝑎𝑐𝑐𝑒𝑠𝑠𝑖𝑏𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛,    (5.1) 

The parameter 𝛼 is obtained by fitting the modeled data.  Because the measured 

data points of accessible volume fraction in this study is less than 0.6, the solid curves 

shown in Figure 5.5 are fit to only those modeled data points with accessible volume 

fraction less than 0.6. Data points with accessible volume fraction between 0.05 and 0.6 

show perfect linear trends (Figure 5.5b). The three solid curves may converge to 1 if all 

the data points were considered but the fit might not be as good at smaller accessible 

volume fractions. 



 93 

We assume that helium atoms can access all the pore space of the crushed sample, 

regardless of fragment size, so the accessible cluster fraction can be thought of as 

equivalent to the ratio of MICP porosity to helium porosity, or to the ratio of N2 porosity 

to helium porosity. Once we know this ratio, based on equation 5.1, the cluster length to 

fragment size ratio can be obtained. Since we already know the fragment size, it is easy to 

calculate the cluster length. Suppose the ratio of MICP porosity to helium porosity is 0.3, 

the cluster length to fragment size ratio is 0.20 if the connected cluster is assumed to be 

lines, while the fragment size to cluster length ratio are 0.12 and 0.10 for disks and 

spheres. As shown in Figure 5.5, the point (0.3, 0.20) indicates that when the measured 

MICP porosity is 30% of the helium porosity, the cluster length of the sample is about 

0.20 times as large as the fragment size. We can control the fragment size when we 

prepare the samples, so once we know the ratio of cluster length to fragment size, we can 

calculate the characteristic cluster length.  

5.3 RESULTS AND DISCUSSION 

Figure 5.6 shows the measured porosities from mercury intrusion, nitrogen 

sorption, and helium porosimetry, which are also shown in chapter 3. Assuming helium 

porosity measures all the pore volume, accessible pore volume fraction to nitrogen or 

mercury can be obtained by dividing the measured porosity of nitrogen or mercury to the 

helium porosity. We need to perform some data selection to determine the cluster length 

from the accessible pore volume fraction. MICP porosities of core 2 obtained from group 

3 (fragment size of 850 micrometer) and group 4 (fragment size of 425 micrometer) are 

almost the same as the helium porosity, and the measured porosity from fragment size of 

75 micrometer is much larger than the helium porosity. Reasons for this might be: i) the 

helium porosity is underestimated; or ii) sample with fragment size of 75 micrometer for 
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core 2 is smaller than the connected cluster length so the model is no longer applicable 

for estimating cluster length. Therefore, for core 2, only those data points with porosity 

lower than helium porosity will be used. For core 6, all the data points will be used to 

model the connected cluster length. 

 

 

Figure 5.6: Comparison of porosities from three methods for: a) core 2, and b) core 6. 
Blue solids are helium porosities for different sample sizes. Black crosses 

are porosities obtained from N2 adsorption. Red solid spheres are porosities 
obtained from MICP. Green dashed line represents the average porosity 

obtained from helium porosimetry. 

 

0

2

4

6

8

0 1000 2000 3000

Po
ro

sit
y 

(%
)

Fragment size (micrometer)

Helium MICP N2
a) core 2 

0
2
4
6
8

10

0 1000 2000 3000

Po
ro

sit
y 

(%
)

Fragment size (micrometer)

Helium MICP N2
b) core 6 



 95 

Converting the measured porosities shown in Figure 5.6 into accessible volume 

fraction gives results in Figure 5.7. 

 

 

Figure 5.7: Accessible volume fraction versus fragment size for core 2 and core 6. Black 
crosses are porosities obtained from N2 adsorption. Red solid spheres are 

porosities obtained from MICP.  

 

Using these accessible pore volume fractions yields the characteristic cluster 
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arrow indicates that fragment size increases from the bottom to the top. Theoretically, 

there exists only one characteristic cluster length for each sample, but the fragment size 

of each group prepared to do MICP and N2 adsorption measurements was not uniform 

(Table 5.1); this resulted in a range of the characteristic cluster lengths.  

Table 5.1: Crushed fragment size range for each group applied to measure MICP and N2 
sorption 

 Fragment size (um) 

Sample Measurement Group 1 Group 2 Group 3 Group 4 

Core 2 MICP (1400, 2380) (850, 1400) (425, 850) (125, 425) 

Core 2 N2 sorption (850, 1400) (425, 850) (125, 425) (75, 125) 

Core 6 MICP (1400, 2380) (850, 1400) (425, 850) (125, 425) 

Core 6 N2 sorption (1180, 1400) (710, 850) (300, 425) (75, 125) 
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Figure 5.8: Characteristic cluster length obtained from MICP and nitrogen adsorption for 
each sample group for core 6. a) Connected clusters are assumed to be 

spheres; b) connected clusters are assumed to be disks; and c) connected 
clusters are assumed to be lines. Group 1 corresponds to the largest fragment 

size, and group 4 corresponds to the smallest fragment size. 
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Figure 5.8: Continued. 

 

Figure 5.9: Characteristic cluster length obtained from MICP and nitrogen adsorption for 
each sample group for core 2. a) Connected clusters are assumed to be 

spheres; b) connected clusters are assumed to be disks; and c) connected 
clusters are assumed to be lines. Group 1 corresponds to the largest fragment 

size, and group 3 corresponds to the smallest fragment size. 
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Figure 5.9: Continued. 
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the connected cluster is assumed to be a sphere, and line segment gives the largest 
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a given accessible volume fraction, connected cluster length/fragment size ratio is the 

0 200 400 600 800 1000 1200
Connected cluster length

N2
MICP

b) core 2, disk

Fr
ag

m
en

t s
iz

e

group 1

group 2

group 3

0 200 400 600 800 1000 1200
Connected cluster length

N2
MICP

c) core 2, line

Fr
ag

m
en

t s
iz

e

group 1

group 2

group 3



 100 

lowest when connected clusters are assumed to spheres. Because the fragment size is the 

same, this resulted in the smallest connected cluster length.  

Overall, the characteristic cluster lengths to N2 for both Barnett core samples are 

smaller compared to those of mercury. N2 adsorption can only investigate micropores and 

mesopores, so the characteristic length of clusters formed by micropores and mesopores 

could be smaller. In contrast, because mercury can investigate mesopores and 

macropores, the characteristic length of the clusters would be larger. An additional 

explanation involves scaling of pore lengths with pore size, which has been shown from 

consideration of fractal scaling of pore sizes (Mualem 1976; Turcotte 1986). When 

fragment size is large, characteristic cluster length to mercury is larger than that to N2, but 

they tend to converge when fragments are smaller because of the loss of some large 

pores.  

Another possible reason that the cluster length to nitrogen is smaller compared to 

the cluster length to mercury is the cluster length to nitrogen is underestimated. 

Theoretically, the cluster length to nitrogen should be larger than the cluster length to 

mercury since nitrogen can measure smaller pores than mercury. The pore system shown 

in Figure 5.10a is the pore cluster that can be observed by nitrogen, and the pore system 

shown in Figure 5.10 b is the pore cluster that can be observed by mercury. If the pore 

bodies in the pore system are macropores, nitrogen cannot fill them completely, while 

mercury can fill the pore bodies completely. Since the accessible ratio is obtained from 

the measured volume, the accessible ratio of nitrogen is underestimated because nitrogen 

does not measure the accessible volume correctly, and lower accessible ratio results in a 

smaller cluster length. This can only happen in a pore system containing many 

macropores.  
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Figure 5.10: Pore clusters observed by mercury and nitrogen. The pore network is formed 
with pore body and pore throat. a) Pore cluster can be observed by nitrogen; 
b) pore cluster can be observed by mercury; and c) nitrogen cannot fill the 

pore bodies completely; d) mercury can fill the pore bodies completely. 

Table 5.2: Estimated length in μm of the connected cluster for two Barnett shale samples 
for three types of shapes.  

Probe fluid N2 Mercury 

Cluster shape Sphere Disk Line Sphere Disk Line 

Core 2 200 200 300 300 400 600 

Core 6 25 30 50 80 90 140 

Table 5.2 gives the estimated length of the connected cluster length for two 

Barnett shale samples for three types of shapes. If the connected cluster is assumed to be 

spheres, the characteristic cluster length to N2 is around 200 micrometers for core 2, and 

the characteristic cluster length to mercury is around 300 micrometers; the characteristic 
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cluster length to N2 is around 25 micrometers for core 6, and the characteristic cluster 

length to mercury is around 80 micrometers. If the connected cluster is assumed to be 

disks, the characteristic cluster length to N2 is around 200 micrometers for core 2, and the 

characteristic cluster length to mercury is around 400 micrometers; the characteristic 

cluster length to N2 is around 30 micrometers for core 6, and the characteristic cluster 

length to mercury is around 90 micrometers. If the connected cluster is assumed to be line 

segments, the characteristic cluster length to N2 is around 300 micrometers for core 2, and 

the characteristic cluster length to mercury is around 600 micrometers; the characteristic 

cluster length to N2 is around 50 micrometers for core 6, and the characteristic cluster 

length to mercury is around 140 micrometers.   

5.4. CONCLUSIONS 

Based on the observation that larger porosity was obtained for smaller sample 

fragment size for two Barnett shale samples with abundance of organic matter, while no 

sample size effect was observed on the two control samples without organic matter, I 

hypothesize that the organic matter in the Barnett samples hosts clusters of pores within a 

characteristic length that controls the accessibility of the pore system in gas shales, and 

that this pore system is superimposed upon a background of intergranular voids common 

to all shales. The smaller the fragment size, the more pore volume can be accessed by 

conventional measurements, and it is the fragment size/connected cluster ratio that 

controls the accessibility of the pore volume. A relation between the accessible volume 

fraction and connected cluster/ fragment size ratio can be obtained through modeling the 

sample fragment crushing process and assuming the connected clusters to be spheres, 

disks, and lines. The relation between the accessible volume fraction and connected 
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cluster length/fragment size ratio serves as a universal trend for calculating the connected 

cluster length for a given type of connected clusters.  

Interpreting helium porosity, MICP, and N2 adsorption/desorption measurements 

simultaneously adds much insight into plausible models of gas shale pore structure. 

Obtaining the characteristic cluster length from the fragment size effect on MICP and N2 

adsorption worked very well on Barnett core 6. If the connected cluster is assumed to be 

spheres, the characteristic cluster length to N2 is around 200 micrometers for core 2, and 

the characteristic cluster length to mercury is around 300 micrometers; the characteristic 

cluster length to N2 is around 25 micrometers for core 6, and the characteristic cluster 

length to mercury is around 80 micrometers. If the connected cluster is assumed to be 

disks, the characteristic cluster length to N2 is around 200 micrometers for core 2, and the 

characteristic cluster length to mercury is around 400 micrometers; the characteristic 

cluster length to N2 is around 30 micrometers for core 6, and the characteristic cluster 

length to mercury is around 90 micrometers. If the connected cluster is assumed to be 

segment lines, the characteristic cluster length to N2 is around 300 micrometers for core 2, 

and the characteristic cluster length to mercury is around 600 micrometers; the 

characteristic cluster length to N2 is around 50 micrometers for core 6, and the 

characteristic cluster length to mercury is around 140 micrometers.  

For the three types of connected cluster shapes (spheres, disks, and lines), the 

relation between the accessible volume fraction and connected cluster length/fragment 

size ratio gives the theoretical connected cluster length/fragment size ratio at which the 

accessible volume fraction is 100%. According to Figure 5.5, the accessible pore volume 

fraction becomes 100% as the cluster length/fragment size ratio approaches to 1, which 

means that if the fragment size is as large as the connected cluster length, all the pore 

volume can be investigated. This number is very useful for pore structure rescaling. We 
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can consider a sample fragment with the size as the connected cluster length as a self-

similar and fractal object, and a core scale pore structure can be obtained by adding a 

large number of the fragment size with the same size together.  

The characteristic cluster length is of great importance to the problem of rescaling 

the pore structure. From previous results, the bundle of short conduits model has a size in 

the 100 nm range. If we interpret the pores within organic matter as a bundle of short 

conduits and assume each organic matter particle is connected to its neighboring organic 

matter particle to form clusters, the characteristic length can be used to constrain the size 

of the connected organic matter clusters. 
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Chapter 6: Pore Structure in Shale at Macro-scale 

6.1. INTRODUCTION AND MOTIVATION 

Chapter 4 showed that pore structure within organic matter can be modeled as a 

bundle of short conduits, and chapter 5 showed the characteristic length of the connected 

clusters formed by organic matter particles. The characteristic length of the connected 

clusters plays a crucial role in integrating the micropore structure within organic matter 

with larger-scale pore systems.  Based on the sample size effect observed in Barnett 

shale samples and the abundance of organic matter, I hypothesized that the organic matter 

in the Barnett samples hosts clusters of pores within a characteristic cluster length that 

controls the accessibility of the pore system in gas shales, and that this pore system is 

superimposed upon a background of intergranular voids common to all shales. In Chapter 

5, I described a simple quantitative model in which most of the pore structures are located 

within organic matter and the organic matter is connected to form clusters with a 

characteristic size. The clusters are connected at a larger scale via pores in the inorganic 

matrix. In this chapter, I will expand upon this model to allow permeability computation, 

and compare the results to permeability measured on these samples. 

Recent research has shown that organic matter-associated pores can be developed 

in both depositional organic matter and migrated organic matter (Loucks and Reed 2014). 

As mentioned in chapter 2, both depositional organic matter and migrated organic matter 

are located in the pore space between mineral particles and crystals and they can reduce 

the connectivity of the pore structure within the nonorganic matrix. For simplicity, let us 

assume that the pore structure within the nonorganic matrix can be constructed by 

tessellating a random sphere packing (Thane 2006). Based on such a pore network model 

obtained from a random sphere packing, Mehmani et al. (2013) constructed a multiscale 

network model for shale by shrinking or enlarging pore throats or enlarging pore bodies. 
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In this chapter, I will also start from a 3D network obtained from sphere packing and 

replace some of the pore bodies generated from the sphere packing with organic matter 

particles to model the distribution of organic matter. The total volume of organic matter 

will be constrained from laboratory measurements. Figure 6.1 shows a 2D image of 

organic matter distribution for a Barnett shale sample. If organic matter particles are 

considered as spheres, their equivalent diameter can be as large as around 1 micrometer. 

According to Wang and Reed (2009), the estimated the total organic content (TOC) of 

Barnett shale is around 10 vol.%. Curtis et al. (2010) obtained 5.3 vol. % of organic 

matter based on a constructed 3D images of Barnett shale by using a combination of 

focused ion beam (FIB) milling and scanning electron microscopy (SEM). The size and 

volume of organic matter observed from images will be applied as constraints in 

constructing the distribution of organic matter particles. 

 

Figure 6.1: A 2D image of organic matter distribution (darker gray sections) for Barnett 
shale sample (Sondergeld et al. 2010). The image width is 5 micrometers.  
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Measured permeability on Barnett shale samples will be used to validate the 

constructed pore structure at the core scale. Figure 6.2 shows the permeability for core 2 

and core 6 measured by Bhandari et al. (2015) at different effective stresses based on the 

transient pressure-pulse decay method using argon as the test gas. Here effective stress is 

defined as the difference between confining pressure (Pc) and pore pressure (Pp). As the 

effective stress increases from 3.4 MPa to 34.5 MPa, the permeability of core 2 (a vertical 

plug) decreases from 95 nanodarcies to 21 nanodarcies, and the permeability of core 6 (a 

horizontal plug) decreases from 2.3 nanodarcies to 0.54 nanodarcies. Note that these 

measurements were done in two orthogonal directions and took stress into account, while 

the pore structure constructed in this chapter is isotropic and stress independent. 

However, an order-of-magnitude comparison will still yield useful insights into the 

modeled pore structure. 

 

Figure 6.2: Permeability versus effective stress for both core 2 and core 6 (Bhandari et 
al., 2015). a) Measurements were done on a plug that was extracted normal 
to the bedding plane of core 2; b) Measurements were done on a plug that 

was extracted parallel to the bedding plane of core 6. Pc represents 
confining pressure and Pp represents pore pressure. 
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Figure 6.2: Continued. 

6.2. METHODOLOGY 

A 3D network model extracted from a sphere packing will be modified to 

represent the network within the nonorganic matrix. The process of generating a 3D 

network from a sphere packing has been well described by many authors (Bryant et al. 

1996; Thane 2006; Behseresht 2008). Figure 6.3 shows the main steps to generating the 

3D network. Spheres shown in Figure 6.3a are used to represent mineral grains. The void 

space formed between spheres is exacted as a pore body, and the connections between 

each pore and its neighboring pores are pore throats. In this 3D network, each pore body 

has four neighboring pores, so the coordination number is four. Because the location and 

radius of each mineral grain are known, and the void space formed between mineral 

grains is considered as pore space, the porosity of the network shown in Figure 6.3c can 

be easily determined. The size of a pore body is determined as the radius of the maximum 

inscribed sphere. The size of the cube in Figure 6.3a is fixed, so the more spheres were 

packed in it, the smaller the size of the void space. 
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Figure 6.3: a) Packing of spheres in a fixed cube; b) 3D Delaunay triangulation of the 
coordinates of spheres generated from the packing of spheres; c) 3D 

network with pore bodies and pore throats (Behseresht, 2008).  

I hypothesized that the organic matter in the Barnett shale sample hosts clusters of 

pores within a characteristic cluster, and that this pore system is superimposed upon a 

background of intergranular voids common to all shales. Thus the 3D network extracted 

from the sphere packing is considered as the background of intergranular voids. As 

mentioned before, organic matter particles might stay in the pore space between particles 

and crystals or migrate into adjacent void spaces. Both depositional organic matter and 

migrated organic matter are connected to the pore network within the nonorganic matrix, 

but the number of connections between the depositional organic matter and the network 

within the nonorganic matrix is lower compared to the migrated organic matter. In my 

model, some of the pore bodies shown in Figure 6.3c were replaced by organic matter 
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particles. Figure 6.4 shows one representation of the pore network in shale with organic 

matter particles connected to the pore network within the nonorganic matrix in 2D. 

Organic matter particles with fewer connections to the pore network represent 

depositional organic matter. Also the organic matter particles were connected through 

pores associated with organic matter to form clusters, which are marked by the blue lines. 

The volume of the organic matter in the network will be constrained by the average 

organic matter volume fraction measured in Barnett shale, and the size of the connected 

organic matter cluster is constrained by the characteristic length obtained in chapter 5. 

Because the permeability of Barnett shale is on the order of nanodarcies, the pore throat 

of the background network needs to be modified. The locations of the pore bodies (or 

organic matter particles) remain the same, and the lengths of the pore throats are also kept 

unchanged, but the size of the pore throats will come from the distribution obtained from 

the measured nitrogen adsorption. The size of the pore bodies will be shrunk to match the 

total volume fraction of the organic matter. 

 

Figure 6.4 Representation of pore network in shale with organic matter particles 
connected to it in 2D. Gray dots represent organic matter particles. Organic 

matter particles with fewer connections to the pore network within the 
nonorganic matrix (at left) represent depositional organic matter. The black 
lines represent pores in the nonorganic matrix, while the blue lines represent 

connections between organic matter particles. 
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Figure 6.5 shows the pore structure within one single organic matter particle. The 

large gray sphere represents the particle of organic matter, and this particle is connected 

to the pore network within the nonorganic matrix, represented by the white rectangular 

channels. Each conduit in the organic matter with a certain number of levels and branches 

extends from the outer surface of the organic matter particle towards its center. Some 

conduits might create connections all the way through the organic matter particle, but 

most of the conduits act as dead end pores. Only four connections exist between each 

particle of organic matter and the pore network within the nonorganic matrix, so most of 

the pores within organic matter cannot be accessed.  

 

Figure 6.5: Bundle of short conduits model within one organic matter particle. The 
organic matter particle is represented by the gray circle, and pore conduits 

are white. This organic matter particle is connected to the pore network 
within the nonorganic matrix, represented here as thin tubes. Throughgoing 
connections might be formed through the organic particle, but most of the 

conduits in the organic particle act as dead ends. The diameter of the organic 
particle is about 1 micron. 
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Figure 6.6: Pore structure within shale at different scales. A) A bundle of short conduits 
model with three levels and two branches. The total length of one conduits 
is in 100 nm range, b) A bundle of short conduits model within one organic 

matter particle. The average size of the organic matter particle is one 
micrometer, c) A cluster formed by connected organic matter particles. The 

average size of the connected cluster is around 100 micrometers. d) Pore 
structure within shale in 2D. Blue lines represent the connections between 

organic matter particles and these connections are organic matter-associated. 
There might exist one path not passing through organic matter particle in 

this model. 

Figure 6.6 shows the pore structure within shale at different scales. Figure 6.6a 

shows the bundle of short conduits with three levels and two branches. The length of each 

conduit is around 100 nm. Figure 6.6b shows the pore structure within one organic matter 

particle. The average size of one organic matter particle is 1 micrometer. Organic matter 
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particles are connected to form clusters, which is shown in Figure 6.6c. The average size 

of the connected cluster is the characteristic length, which is in the 100 micrometer range. 

If all the paths have to pass through organic matter particles, the permeability of the 

sample will be dominated by the pore structure within the organic matter and the 

simulated permeability will be very low because of the small pores within organic matter. 

In order to explain the measured permeability, there might exist one path not passing 

through organic matter particle and organic matter clusters might just act as attached 

structures.   

Due to the small (nm-scale) size of shale pores, gas flow within the shale matrix 

cannot be simply represented by Darcy flow. Gas slippage and Knudsen diffusion need to 

be taken into account. In this study, the method proposed by Javadpour (2009) is applied 

to calculate the fluid mass flux through one single pore throat:  

𝐽 = −𝜋𝑟! !!!!
!!"

!!"
!!!

!.!
+ 𝐹 !!!!"#

!!
∆!
!

, (6.1) 

where F is given as 𝐹 = 1+ !!"#
!!

!.! !
!!"#!

!
!
− 1 , and  

𝐽: Gas mass flux [𝑘𝑔/𝑠] 

𝑟: Radius of the pore throat [𝑚] 

𝑀!: Gas molecular weight [𝑘𝑔/𝑚𝑜𝑙] 

𝑅: Gas constant [𝐽/𝑚𝑜𝑙/𝐾] 

𝑇: Temperature [𝐾] 

𝜌: Density [𝑘𝑔/𝑚!], which is given in the Appendix 
∆!
!

: Pressure gradient [𝑃𝑎/𝑚] along each pore throat 

𝛼: The tangential momentum accommodation coefficient, which varies theoretically in a 

range from 0 to 1 

𝜇: Viscosity [𝑃𝑎 ∙ 𝑠]. 
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According to conservation of mass, the total mass flux flowing into one organic matter 

particle equals to the total mass flux flowing out of it (Figure 6.7).  

 

Figure 6.7: Illustration of one organic matter particle and its four neighboring organic 
matter particles. 𝑟! and 𝑙! represent the radius and length of the connecting 

pore throat, respectively, and 𝑃! represents the pressure at that organic 
matter particle.  

At the organic matter particle with pressure of 𝑃!, the total mass flux can be written as: 

𝐽!" + 𝐽!" + 𝐽!" + 𝐽!" = 0, (6.2) 

where 𝐽!! = −𝜋𝑟!!
!!!!!
!!"

!!"
!!!

!.!
+ 𝐹 𝑟! ,𝑃!,𝑃!

!!
!!!"# !!,!!,!!

!!
!!!!!
!!

, 𝑖 = 1,2,3,4. 

Applying a pressure difference on the inlet and outlet sides of the structure and assuming 

no flux on the other four sides, the pressure at each organic matter particle can be solved 

from conservation of mass. Knowing the pressure at each organic matter particle, the 

volume flux flowing into and flowing out of the cube can be calculated using those 

organic matter particles that connect to the inlet or outlet. The effective permeability of 

one single cube can be calculated once the volume flux is given:  
𝑘 = !"#

! !!"!!!"#
, (6.3) 

where 

𝑘: Effective permeability [𝑚!] 



 115 

𝑄: Volume flux [𝑚!/𝑠] 

𝐿: Length of the cube [𝑚] 

𝐴: Cross-area of the cube [𝑚!] 

𝑃!": Pressure placed on the inlet side [𝑃𝑎] 

𝑃!"#: Pressure placed on the outlet side [𝑃𝑎]. 

6.3. RESULTS AND DISCUSSION 

 

Figure 6.8: Equivalent pore width versus number of spheres packed in the fixed cube. 
The pores would be replaced by organic matter particles. 

As mentioned before, void space between spheres packed in the cube is 

considered as either pore bodies or organic matter particles. The size of the cube is fixed 

and spheres are not allowed to overlap, so the more spheres are packed in the cube, the 

smaller the size of the spheres. Let us first take a look at how the size of the void space is 

going to change with the number of spheres packed in the cube. Figure 6.8 shows the 

equivalent pore width versus number of spheres packed in the fixed cube. We can notice 

that the more spheres were packed in the cube, the smaller the average diameter of the 

pore bodies. Because part of the pore bodies would be used to represent the organic 

matter particles and the average organic matter diameter is between 0.5 micron and 1 
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micron, the number of spheres packed in the cube should be above 40,000. In this 

section, 60,000 spheres were packed into the cube to simulate the distribution of organic 

matter particles, and the average organic matter diameter is 0.8 microns. Replacing the 

pore bodies with organic matter would give a connected cluster of organic matter 

particles as shown in Figure 6.6c, and this organic matter cluster would be superimposed 

upon a background of intergranular voids common to all shales. The background of 

intergranular voids would also be generated from the sphere packing model by shrinking 

the width of the pore bodies.  

Since the size of the connected cluster of organic matter particles ensures that all 

the connected pore volume is accessible, the sizes of the pore throats connecting organic 

matter particles within the cluster must be large enough to be observed experimentally. 

Since it is difficult to assign an absolute minimum value to the pore size that can be 

observed with nitrogen, for simplicity I assume that the pore throats are larger than 3.6 

nm in diameter since this is the minimum pore size that can be intruded by mercury 

during an MICP test. Figure 6.9 shows the pore size distribution obtained from the 

inorganic matrix of core 6. The measured pore size distribution is obtained from core 6. 

Overall the simulated number frequency matches the trend of measured pore size 

distribution. The minimum size of the pore throats connecting between organic matter 

particles or pore bodies will control the permeability of the pore network, so in this 

chapter, I will test how the network permeability is going to change with the changing 

minimum pore throat size.  
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Figure 6.9: Pore size distribution of the organic matter cluster. All the pores (pore throats) 
are assumed to be larger than 3.6 nm. A) Simulated pore (throat) width for 

the network; b) Measured pore (throat) width from core 6.  

Gas slippage and Knudsen diffusion need to be taken into account when modeling 

gas flow in nanopores. Javadpour (2009) proposed one formula to simulate the gas flow 

through a nanopore while accounting for the contributions of gas slippage and Knudsen 

diffusion. Gas slippage is enhanced at low pressure and modeled permeability decreases 

as pressure increases (Javadpour 2009; Sakhaee-pour and Bryant 2011; Mehmani et al. 

2013). Understanding how the permeability changes with pressure is quite important 

since the reservoir pressure declines during production, so in this chapter several 

pressures will be tested. 
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Figure 6.10 shows the modeled permeability of networks with different minimum 

pore throat sizes and different pressures. Temperature T used in Equation 6.1 is room 

temperature, which is 300 K. The gas constant R is 8.314 𝐽/𝐾/𝑚𝑜𝑙, and the molecular 

weight of argon gas is 39.948 ×10!!𝑘𝑔/𝑚𝑜𝑙. The viscosity of argon at 300 K was 

taken from the literature (Hanley et al. 1974). Because the change in viscosity over the 

pressure range I tested is very small (2.3×10!! Pa·s at 2.5 MPa versus 2.4×10!! Pa·s 

at 6.5 MPa), I used a constant viscosity in this study, which is 2.3×10!! Pa·s. Three 

minimum pore throat sizes were tested in this chapter. The red line represents the 

modeled permeability when all the pores are assumed to be larger than 3.6 nm; the blue 

line represents the modeled permeability when all the pores are assumed to be larger than 

5 nm; and the pink line represents the modeled permeability when all the pores are 

assumed to be larger than 10 nm. The pressure pulse applied in the upstream reservoir to 

measure the permeability of core 2 and core 6 is 0.7 MPa, and the equilibrium pore 

pressure is around 6.5 MPa (Bhandari et al. 2015), so the highest pressure I used in 

Equation 6.1 is 7 MPa. In order to test the sensitivity of permeability to pressure, the 

range of average pressure used in Equation 6.1 changes from 2.5 MPa to 6.5 MPa. We 

can notice that modeled permeability increases as the minimum pore throat size increases 

(Figure 6.10a). Gas slippage is enhanced as pressure decreases, so the modeled 

permeability increases as the pressure decreases. This gas slippage effect at low pressure 

is more pronounced in small pores, which can be seen in Figure 6.10b. In Figure 6.10b, 

k_effective is the modeled permeability when both gas slippage and diffusion are taken 

into account, and k_darcy is the modeled permeability considering only the Darcy 

component. As the pore sizes decreases, the ratio of effective permeability to Darcy 

permeability increases, indicating that the contribution of gas slippage and Knudsen 

diffusion increases when pore radius decreases. This result is consistent with the 
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observation of Mehmani (Mehmani et al. 2013). Also the ratio of effective permeability 

to Darcy permeability increases as pressure decreases, which is because the slippage is 

enhanced at low pressure. Heller et al. (2014) measured permeability of shale samples at 

different confining and pore pressures and observed that the effect of confining pressure 

on permeability is larger than the effect of pore pressure. Decreasing pore pressure can 

increase the pore compression, which will reduce the permeability, but decreasing pore 

pressure can also increase the contribution of gas slippage. 

 

Figure 6.10: Permeability versus pressure for different minimum pore throat sizes. a) 
Modeled permeability as a function of pressure and minimum pore throat 
size; b) The ratio of effective permeability to the permeability modeled by 
Darcy’s law as a function of pressure and minimum pore throat size. The 

effective permeability is the modeled permeability when diffusion and gas 
slippage are considered. The red line is for the modeled permeability when 
the minimum pore throat size is assumed to be 3.6 nm; the blue line is for 

the modeled permeability when the minimum pore throat size is assumed to 
be 5 nm; and the pink line is for the modeled permeability when the 

minimum pore throat size is assumed to be 10 nm. 
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Figure 6.10: Continued. 

Heller et al. (2014) have analyzed the dependence of permeability on effective 

pressure. Assuming the pore throat decreases as the effective pressure increases, we can 

relate the change of permeability of the network to the change of pore throat size since 

we do not have method to quantify how pore throat in nanometer range is going to 

change with changing effective pressure. As shown in Figure 6.10b, decreasing the 

smallest pore throat size from 10 nm to 5 nm of network causes a deduction of 90% of 

the permeability. Thus, just like in the given example, we could fit the experimental 

permeability data (with respect to effective pressure) in order to find out how pore throat 

sizes with applied effective stress, and that could become a predictive network model. 

That said, we do expect that the organic matter pores and carbonate/silica matrix pores 

will behave differently, alas we presently do not have measurements on such changes in 

realistic shale systems. 

The measured permeability of core 6 changes from 2.3 nanodarcies to 0.54 

nanodarcy when the effective pressure changes from 3.4 MPa to 34.4 MPa, and the 

measured permeability range of core 2 is between 95 nanodarcies and 21 nanodarcies. 
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The modeled permeability of the network is close to the measured permeability of core 6 

at effective pressure of 34.4 MPa when the minimum pore throat size is assumed to be 10 

nm, while the modeled permeability of the network is much lower than the measured 

permeability of both core 2 and core 6 when the pores with pore width between 3.6 nm 

and 10 nm were included. The reason that the modeled permeability of core 6 is smaller 

than the measured permeability at effective pressure of 3.4 MPa might be because the 

matrix contains some larger backbone network that cannot be captured by nitrogen 

sorption measurements because they were performed on crushed samples. As the 

effective pressure increased during the experiment, those large backbones were 

compressed and the measured permeability decreased. As the measured permeability of 

core 2 is much higher than that of core 6, core 2 might also contains a backbone network 

connecting large pores that cannot be captured by nitrogen sorption. The backbone 

network might be consist of new pores or cracks that formed when samples were taken to 

the surface, or they might be in-situ pores that simply reopened upon core recovery (e.g., 

Landry et al. 2014). 

Besides pore throat size, another property of the network that controls the 

permeability of the network is the connectivity of the sample at the core scale. As shown 

in chapter 2, most of the conduits in organic matter are isolated and not accessible at the 

core scale, so the volume fraction of the connected pore throats that contribute to 

transport is low (below 0.5%). In this case, the modeled permeability of the network 

would be very low even if the minimum pore throat was assumed to be above 10 nm. The 

connectivity (coordination number) of the network in the nonorganic matrix is assumed 

to be four, so each pore body is connected to four neighboring pore bodies or each 

organic matter particle is connected to four neighboring organic matter particles. This 

chapter also tests the sensitivity of the network permeability to changing the number of 
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connections. Figure 6. 11 shows a plot of effective permeability versus connectivity. As 

the average connectivity is reduced from 4 to around 2.5, effective permeability decreases 

from 0.51 nanodarcies to 0.1 nanodarcies, remaining in the same order of magnitude. 

Compared to the minimum pore throat size, the connectivity of the pore network 

therefore plays a less import role in determining permeability.  

 

Figure 6. 11: Permeability versus connectivity. Average pressure used to calculate 
effective permeability is 6.5 MPa, and the minimum pore throat size is 

assumed to be 10 nm. Connectivity is defined as the average coordination 
number in the pore throat network. 

6.4. CONCLUSIONS 

Based on the characteristic length of connected pore clusters, a representative 

fragment containing well-connected organic matter particles can be constructed. The size 

of the fragments is the fragment size at which all the connected pores within it are 

accessible. The pore structure within each organic matter particle is represented by a 

short conduits model, and most of conduits are assumed to be dead-end pores. The way 

that the short conduits model is distributed within the organic matter particle is quite 

similar to the schematic of the tree-like pore structure comprising the microporosity 

proposed by Sakhaee-Pour (2012). Organic matter particles might form clusters that are 
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superimposed onto the network within the nonorganic matrix. The size of the pore throats 

within the fragment connecting each organic matter particle is assumed to be larger than 

3.6 nm and thus observable by mercury. 

Several minimum pore throat sizes and pressures were tested to analyze the 

permeability of the model by considering gas slippage and Knudsen diffusion in addition 

to Darcy flow. As the pore size increases, modeled effective permeability of the network 

increases. Gas slippage is enhanced at low pressure in small pores, so the ratio of 

effective permeability to Darcy permeability increases with decreasing pressure. The 

modeled permeability using a minimum pore throat size of 10 nm is close to the 

measured permeability of core 6 at an effective pressure of 34.4 MPa. The measured 

permeability of core 2 is much higher than the modeled permeability, which might be 

because core 2 contains backbones connecting large pores that cannot be observed by 

nitrogen sorption measurements performed on crushed samples. The permeability 

changes by less than an order of magnitude when the average coordination number is 

reduced by half, which provides further evidence for a larger-scale pore network 

contributing to permeability at the core scale. 
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Chapter 7: Conclusions and Future Work 

7.1. CONCLUSIONS 

Conventional techniques (mercury intrusion capillary pressure (MICP), N2 gas 

sorption, and helium porosimetry) were applied to obtain indirect measurement of shale 

pore structure in samples from the Barnett shale. Two Barnett shale samples (core 2 and 

core 6) from the Mitchell 2 T.P. Sims well, Wise County, Texas were tested in this study. 

The TOC values of core 2 and core 6, which were measured by the LECO method, were 

3.75 wt. % and 2.85 wt.%, and the bulk densities were 2.52 g/cm3 and 2.47 g/cm3, 

respectively. Four groups with different fragment sizes for each core sample were 

prepared to measure mercury intrusion, nitrogen gas sorption, and helium porosity. Core 

2 and core 6 are low porosity (less than 10%) and low permeability (nanodarcy range) 

samples with organic matter (Bhandari et al. 2015). Two samples (Nankai Trough 

mudstone and Wilcox sample) without organic matter were also tested in this study as 

control groups.  

Mercury intrusion curves measured from two Barnett shale samples are quite 

different from MICP curves measured on conventional source rocks. MICP curves 

measured on conventional rocks show “S” shape and percolate, while measured MICP 

curves on Barnett shale samples do not percolate, indicating that the connectivity of 

Barnett shale is very low.  

Fragment size effects were observed on both measured MICP and nitrogen 

sorption isotherms on Barnett Shale samples. For core 2 and core 6, with the same 

fragment size, porosity obtained from helium porosimetry is higher compared to 

porosities obtained from N2 adsorption and MICP. Porosities obtained from helium were 

not affected by the fragment sizes, but both MICP method and N2 adsorption tend to give 

higher porosities when measuring smaller fragment sizes. Both helium porosity and N2 
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adsorption isotherms for the Nankai Trough mudstone with no organic matter are not 

affected by fragment size, and the nitrogen gas sorption results measured from the 

Wilcox sample do not show fragment size effect. The reason for the fragment size effect 

on N2 adsorption and MICP could be the connected void space within organic matter 

forms clusters. The path through each cluster might be very narrow, which prevents 

mercury from invading into the pore space, and requires very long times for N2 molecules 

to achieve equilibrium.   

Many researchers pointed out that most of the pores within shale are organic 

matter-associated, so organic matter extracted from both core 2 and core 6 were also 

tested in this study to investigate the pore structure within organic matter. Pore size 

distributions obtained from both core 2 and core 6 contain a large volume of micropores, 

while pore size distributions obtained from isolated organic matter do not, indicating that 

organic matter-associated pores are mesopores and most of the micropores are within the 

nonorganic matrix. Organic matter-associated pore volume of core 2 is about 22% of the 

total pore volume, and the organic matter-associated pore volume of core 6 is about 41% 

of the total pore volume.   

The pore structures of both bulk samples and isolated organic matter were 

investigated by reconstructing measured MICP and nitrogen desorption isotherms from 

three network models. The mercury intrusion curve and nitrogen desorption isotherm 

give information of the pore connectivity, and the nitrogen adsorption isotherm gives 

information of the pore size distribution. Three network models, a tree-like structure, 3D 

cubic lattice, and a short conduits model, were tested in this study. For a given PSD 

obtained from nitrogen adsorption, if all the measured pores were randomly assigned to 

the three pore networks, none of the networks can predict both the measured MICP and 

nitrogen desorption isotherm. The bundle of short conduits with a small number of 
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branches predicted the measured MICP and the hysteresis loop between the adsorption 

and desorption isotherms if I made three constraints: i) pores below the resolution of 

mercury (pores with evaporation pressure smaller than 0.45) were considered as 

disaggregated; ii) part of the large pores (pores with evaporation pressure larger than 0.9) 

were assigned to the first level to reduce the blocking effect; iii) the remaining large 

pores and pores with evaporation pressure between 0.45 and 0.9 were placed randomly in 

the short conduits. Given the same PSD, the tree-like structure and 3D cubic lattice did 

not provide satisfactory predictions of both curves. In contrast the short conduits model 

can predict the measured nitrogen desorption isotherm if the same constraints were made. 

It is concluded that the pores in organic matter (smaller than ~ 100 nm) exist as numerous 

short conduits with very short dead-end branches, and that all these structures are isolated 

from each other. This short conduits pore structure is likely to be created during the oil 

and gas generation process.  

Based on the observation that larger porosity was obtained for smaller fragment 

size for two Barnett shale samples with abundant organic matter, while no sample size 

effect was observed on two control samples without organic matter, I hypothesized that 

the organic matter in the Barnett samples hosts clusters of pores within a characteristic 

length that controls the accessibility of the pore system in gas shales, and that this pore 

system is superimposed upon a background of intergranular voids common to all shales. 

The smaller the fragment size, the more pore volume can be accessed by a probe fluid, 

and it is the fragment size/connected cluster ratio that controls the accessibility of the 

pore volume. A relation between the accessible volume fraction and connected cluster 

length/fragment size ratio can be obtained through modeling the sample fragment 

crushing process and assuming the connected clusters to be spheres, disks, or lines. The 

relation between the accessible volume fraction and connected cluster length/fragment 
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size ratio serves as a universal trend for calculating the connected cluster length for a 

given type of connected clusters.  

Interpreting helium porosity, MICP, and N2 adsorption/desorption measurements 

simultaneously adds much insight into plausible models of gas shale pore structure. 

Obtaining the characteristic cluster length from the fragment size effect on MICP and N2 

adsorption worked very well on Barnett core 6. If the connected cluster is assumed to be 

spheres, the characteristic cluster length to N2 is around 200 micrometers for core 2, and 

the characteristic cluster length to mercury is around 300 micrometers; the characteristic 

cluster length to N2 is around 25 micrometers for core 6, and the characteristic cluster 

length to mercury is around 80 micrometers. If the connected cluster is assumed to be 

disks, the characteristic cluster length to N2 is around 200 micrometers for core 2, and the 

characteristic cluster length to mercury is around 400 micrometers; the characteristic 

cluster length to N2 is around 30 micrometers for core 6, and the characteristic cluster 

length to mercury is around 90 micrometers. If the connected cluster is assumed to be 

segment lines, the characteristic cluster length to N2 is around 300 micrometers for core 2, 

and the characteristic cluster length to mercury is around 600 micrometers; the 

characteristic cluster length to N2 is around 50 micrometers for core 6, and the 

characteristic cluster length to mercury is around 140 micrometers.  

For the three types of connected cluster shapes (spheres, disks, and lines), the 

relation between the accessible volume fraction and connected cluster length/fragment 

size ratio gives the theoretical connected cluster length/fragment size ratio at which the 

accessible volume fraction is 100%. According to Figure 5.5, the accessible pore volume 

fraction becomes 100% as the cluster length/fragment size ratio approaches to 1, which 

means that if the fragment size is as large as the connected cluster length, all the pore 

volume can be investigated. This number is very useful for pore structure rescaling. We 
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can consider a sample fragment with the size as the connected cluster length as a self-

similar and fractal object, and a core scale pore structure can be obtained by adding a 

large number of the fragment size with the same size together.  

Based on the characteristic length of connected pore clusters, a representative 

fragment containing well-connected organic matter particles can be constructed. The size 

of the fragments is the fragment size at which all the connected pores within it are 

accessible. The pore structure within each organic matter particle is represented by a 

short conduits model, and most of conduits are assumed to be dead-end pores. The way 

that the short conduits model is distributed within the organic matter particle is quite 

similar to the schematic of the tree-like pore structure comprising the microporosity 

proposed by Sakhaee-Pour (2012). Organic matter particles might form clusters that are 

superimposed onto the network within the nonorganic matrix. The size of the pore throats 

within the fragment connecting each organic matter particle is assumed to be larger than 

3.6 nm and thus observable by mercury. 

Several minimum pore throat sizes and pressures were tested to analyze the 

permeability of the model by considering gas slippage and Knudsen diffusion in addition 

to Darcy flow. As the pore size increases, modeled effective permeability of the network 

increases. Gas slippage is enhanced at low pressure in small pores, so the ratio of 

effective permeability to Darcy permeability increases with decreasing pressure. The 

modeled permeability using a minimum pore throat size of 10 nm is close to the 

measured permeability of core 6 at an effective pressure of 34.4 MPa. The measured 

permeability of core 2 is much higher than the modeled permeability, which might be 

because core 2 contains backbones connecting large pores that cannot be observed by 

nitrogen sorption measurements performed on crushed samples.  
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7.2. FUTURE WORK 

The size distribution and location of organic matter in the pore structure are 

modeled from a sphere packing model. Since the size of organic matter is in the 

micrometer range and the shapes are irregular, it would be more accurate if the size 

distribution and location can be inferred from 3D images.  

The measured permeability decreases with increasing effective pressure, but the 

pore structure constructed in this project does not take stress into account. Add a 

comment on what is expected to see. Key challenge is quantifying stress and changes in 

the pore throat network (presumably by making radii smaller, but the effect might be 

different in organic matter vs. carbonate/silica material). One piece of future work could 

be building a pore structure that is stress sensitive.  

The measured permeability shows direction dependence, because bedding exists 

in samples, while the pore structure constructed in this project is isotropic. Thus, 

horizontal bedding or vertical cracks can be added into the pore structure. 
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Appendix A 

PENG-ROBINSON EQUATION OF STATE 

𝑇! =
!
!!

 (A-1) 

𝛼 = 1+ 0.37464+ 1.54266𝜔 + 0.26992𝜔! × 1− 𝑇!
!
 (A-2) 

𝑎 = 0.45724 !
!!!!

!!
 (A-3) 

𝑏 = 0.0778 !!!
!!

(A-4) 

𝐴 = !"#
!!!!

 (A-5) 

𝐵 = !"
!"

 (A-6) 

Compressibility factor Z is given by equation (A-7) 

𝑍! − 1− 𝐵 𝑍! + 𝐴 − 2𝐵 − 3𝐵! 𝑍 − 𝐴𝐵 − 𝐵! − 𝐵! = 0 (A-7) 

Density of the compressible gas at a given pressure and temperature is  

𝜌 = !!!
!"#

 (A-8) 
Where 

𝜔: Acentric factor 

𝑀!: Molecular weight [𝑘𝑔/𝑚𝑜𝑙] 

𝑅: Gas constant [𝐽/𝐾/𝑚𝑜𝑙] 

𝑇: Temperature [𝐾] 

𝑇!: Critical temperature [𝐾] 

𝑃: Pressure [𝑃𝑎] 

𝑃!: Critical pressure [𝑃𝑎] 

𝜌: Density [𝑘𝑔/𝑚!] 
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Table A-1: Parameters for argon. 

𝑇(𝐾) 300 

𝑅(𝐽/𝐾/𝑚𝑜𝑙) 8.314 

𝑇! 𝐾  150.7 

𝑃! 𝑀𝑃𝑎  4.863 

𝜔 0 

𝑀! 𝑘𝑔/𝑚𝑜𝑙   39.948×10!! 
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Appendix B Measured MICP, N2 sorption, and Helium porosity data 

Table B-1: Mercury intrusion capillary pressure raw data of core 2. Raw data were 
collected on four groups. 

1400_2380 (um) 850_1400(um) 425_850(um) 125_425(um) 

P (Psi)    V (cc/g) P (Psi)    V (cc/g) P (Psi)    V (cc/g) P (Psi)    V (cc/g) 
1.2 0 
1.5 0.0097 
2.0 0.0159 
2.0 0.0198 
2.5 0.0198 
3.3 0.0222 
3.3 0.0242 
4.3 0.0242 
5.7 0.0255 
6.2 0.0264 
7.7 0.0267 
8.7 0.0271 

10.7 0.0273 
13.1 0.0276 
16.2 0.0279 
20.1 0.0282 
25.1 0.0284 
30.1 0.0285 
40.4 0.0289 
50.2 0.0294 
60.1 0.0301 
75.3 0.0305 
90.2 0.031 

115.5 0.0314 
139.7 0.0319 
175.0 0.0322 
220.0 0.0326 
270.2 0.033 
329.4 0.0332 
417.9 0.0335 
518.3 0.0337 

 

0.8 0 
1.1 0.0114 
1.5 0.0207 
1.9 0.0265 
2.3 0.0294 
2.8 0.0322 
3.2 0.0338 
4.1 0.0357 
4.1 0.0357 
5.6 0.0372 
5.6 0.0372 
6.2 0.0375 
7.7 0.0382 
8.7 0.0385 

10.7 0.0389 
13.2 0.0393 
16.2 0.0396 
20.2 0.04 
25.1 0.0402 
30.0 0.0404 
41.2 0.0404 
50.6 0.0406 
60.9 0.0406 
76.1 0.0406 
90.7 0.0406 

115.2 0.0407 
139.9 0.0408 
175.3 0.0409 
220.2 0.0411 
270.2 0.0412 
329.4 0.0414 

 

0.8 0 
1.2 0.0186 
1.6 0.0325 
1.9 0.0407 
2.3 0.0456 
2.6 0.0492 
3.1 0.0521 
3.1 0.0522 
3.7 0.0545 
4.2 0.056 
5.2 0.0577 
5.8 0.0584 
6.2 0.0589 
7.7 0.0599 
8.7 0.0605 

10.7 0.0612 
13.2 0.0617 
16.2 0.0622 
20.1 0.0627 
25.1 0.0631 
30.1 0.0634 
40.6 0.0645 
50.5 0.0652 
60.9 0.0657 
75.4 0.066 
91.0 0.0663 

115.9 0.0666 
141.0 0.067 
175.1 0.0673 
219.4 0.0677 
269.6 0.068 

 

0.7 0 
1.1 0.008 
1.4 0.0723 
1.7 0.156 
2.0 0.2341 
2.0 0.2364 
2.4 0.2919 
2.6 0.3219 
2.9 0.3439 
3.2 0.3571 
3.2 0.3576 
3.5 0.3676 
3.8 0.3761 
4.2 0.382 
4.2 0.3821 
4.5 0.3865 
4.9 0.3905 
5.3 0.3935 
5.8 0.3963 
5.8 0.3963 
6.3 0.3988 
6.3 0.3988 
6.8 0.401 
7.5 0.4031 
7.5 0.4031 
8.4 0.4051 
8.8 0.4059 
9.8 0.4076 

10.7 0.4087 
12.3 0.4103 
13.2 0.411 
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Table B-1: Continued. 

1400_2380 (um) 850_1400(um) 425_850(um) 125_425(um) 

P (Psi)    V (cc/g) P (Psi)    V (cc/g) P (Psi)    V (cc/g) P (Psi)    V (cc/g) 
638.0 0.0339 
801.0 0.034 
988.9 0.0342 

1204.1 0.0344 
1506.4 0.0345 
1898.4 0.0347 
2358.2 0.0348 
2899.8 0.035 
3600.1 0.0352 
4488.7 0.0353 
5582.9 0.0355 
6847.2 0.0357 
6869.6 0.036 
8580.4 0.0361 

10467.8 0.0362 
10565.8 0.0364 
12498.5 0.0366 
13150.0 0.0368 
14733.2 0.0368 
16339.2 0.0369 
18724.7 0.037 
19925.2 0.0373 
22580.2 0.0374 
24917.3 0.0377 
27819.4 0.038 
29953.7 0.0385 
33088.8 0.0387 
34951.8 0.0393 
39029.6 0.0398 
39954.6 0.0405 
45024.6 0.0409 
49985.4 0.0414 
54843.0 0.042 
59793.9 0.0429 
45850.8 0.0438 
36890.3 0.0438 

 

418.5 0.0417 
522.3 0.0419 
643.6 0.0421 
798.8 0.0423 
987.4 0.0425 

1208.1 0.0426 
1523.1 0.0428 
1911.2 0.043 
2363.0 0.0432 
2902.8 0.0434 
3596.6 0.0436 
4491.9 0.0439 
5576.2 0.0442 
6867.3 0.0443 
8575.5 0.0445 

10390.6 0.0448 
10562.0 0.045 
12315.2 0.0453 
13135.2 0.0454 
14679.6 0.0458 
14753.0 0.046 
16365.7 0.0461 
18567.2 0.0465 
19936.9 0.0467 
22281.0 0.0471 
24535.6 0.0475 
24929.8 0.0478 
27535.3 0.0484 
30010.0 0.0487 
33045.9 0.0494 
34946.9 0.05 
38539.1 0.0508 
40159.2 0.0513 
44371.9 0.0523 
44986.1 0.0526 
49942.2 0.0534 

 

331.0 0.0684 
420.4 0.0688 
521.7 0.0692 
641.2 0.0695 
802.7 0.0698 
990.0 0.0701 

1213.7 0.0704 
1514.5 0.0707 
1900.4 0.071 
2366.0 0.0713 
2917.6 0.0716 
3590.5 0.0719 
4496.4 0.0722 
5575.5 0.0727 
6868.5 0.0728 
8453.9 0.0731 
8585.2 0.0733 

10241.0 0.0736 
10563.9 0.0738 
12276.5 0.0742 
13155.5 0.0743 
14741.3 0.0745 
16368.7 0.0748 
18462.9 0.0752 
19941.7 0.0755 
22040.4 0.076 
24138.2 0.0765 
24937.2 0.077 
27439.5 0.0776 
29912.0 0.0781 
32740.3 0.0789 
34995.6 0.0797 
38123.3 0.0807 
40108.7 0.0813 
43968.2 0.0826 
45076.9 0.0831 

 

15.7 0.4125 
16.2 0.4127 
20.0 0.4142 
20.0 0.4142 
25.1 0.4155 
30.1 0.4164 
40.4 0.417 
50.7 0.4179 
60.3 0.4184 
75.5 0.4192 
90.6 0.4199 

115.5 0.4209 
139.8 0.4216 
175.4 0.4226 
219.7 0.4236 
270.2 0.4244 
331.1 0.4252 
419.1 0.4261 
523.4 0.4269 
639.9 0.4275 
801.8 0.4283 
991.3 0.429 

1209.0 0.4295 
1522.0 0.4302 
1915.8 0.4308 
2367.0 0.4314 
2899.7 0.4319 
3600.9 0.4324 
4497.5 0.4329 
5548.3 0.4335 
5577.0 0.4336 
6840.2 0.4339 
6867.8 0.434 
8490.8 0.4344 
8582.3 0.4345 

10357.2 0.4349 
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Table B-1: Continued. 

1400_2380 (um) 850_1400(um) 425_850(um) 125_425(um) 

P (Psi)    V (cc/g) P (Psi)    V (cc/g) P (Psi)    V (cc/g) P (Psi)    V (cc/g) 
35450.2 0.0433 
30258.6 0.0433 
27296.1 0.0428 
23581.8 0.0425 
20998.0 0.0422 
18103.7 0.0419 
16030.9 0.0415 
13574.6 0.0412 
12432.1 0.0409 
10386.5 0.0407 
9643.6 0.0404 
7814.5 0.0403 
7317.5 0.0399 
5758.6 0.0398 
5718.5 0.0398 
4318.0 0.0398 
3334.5 0.0397 
3309.9 0.0389 
2606.6 0.0389 
2014.1 0.0389 
2009.3 0.0385 
1499.9 0.0384 
1197.6 0.0384 
898.6 0.0384 
690.1 0.0384 
493.8 0.0384 
393.7 0.0384 
301.4 0.0384 
241.2 0.0383 
190.8 0.038 
145.7 0.038 
110.5 0.038 
85.1 0.038 
65.3 0.038 
50.1 0.0379 
29.9 0.0377 

 

54999.6 0.0543 
59968.5 0.0553 
45988.2 0.0553 
37583.0 0.0548 
35339.5 0.0546 
30702.4 0.054 
27261.3 0.0536 
23718.1 0.0531 
20996.4 0.0527 
18376.1 0.0522 
16026.7 0.0518 
13851.8 0.0513 
12415.0 0.0511 
10592.1 0.0506 
9633.9 0.0504 
7993.6 0.0501 
7328.1 0.0499 
5848.5 0.0489 
5723.9 0.0489 
4351.0 0.0488 
4310.0 0.0486 
3328.3 0.0486 
3312.3 0.0483 
2607.8 0.0483 
2021.0 0.0476 
2003.4 0.0475 
1506.3 0.0475 
1198.5 0.0475 
892.7 0.0475 
698.5 0.0475 
494.6 0.0473 
392.5 0.0472 
298.8 0.047 
241.8 0.046 
240.3 0.0459 
190.8 0.0459 

 

50030.3 0.084 
54875.0 0.0854 
59758.8 0.0866 
46230.1 0.0866 
39204.6 0.0862 
35244.4 0.0859 
30723.0 0.0853 
27210.1 0.0848 
23732.9 0.0844 
21066.9 0.084 
18432.2 0.0835 
16049.6 0.0831 
13939.9 0.0826 
12418.3 0.0823 
10647.5 0.0819 
9646.8 0.0816 
8026.4 0.0812 
7328.5 0.0807 
5851.9 0.0806 
5709.5 0.0806 
4374.8 0.0804 
4303.2 0.0802 
3331.6 0.0797 
3311.7 0.0797 
2609.8 0.0797 
2012.9 0.0793 
2008.1 0.079 
1504.2 0.079 
1201.7 0.079 
892.3 0.079 
695.4 0.0789 
495.2 0.0787 
397.6 0.0785 
298.9 0.0783 
240.9 0.0782 
190.6 0.0782 

 

10556.6 0.4351 
12470.9 0.4354 
13154.1 0.4355 
14734.3 0.4357 
16388.3 0.4358 
18763.4 0.4362 
19919.7 0.4364 
22536.3 0.4368 
24840.7 0.4372 
24913.3 0.4376 
27811.2 0.4381 
29909.1 0.4384 
32957.9 0.4391 
35027.0 0.4396 
38507.5 0.4405 
40037.6 0.441 
43831.1 0.4421 
45037.9 0.4425 
49615.2 0.4437 
50038.9 0.4443 
54929.6 0.4455 
59886.4 0.4465 
46150.2 0.4457 
37955.9 0.4449 
35383.1 0.4448 
29606.7 0.4443 
27178.1 0.4441 
23028.0 0.4438 
21002.4 0.4436 
17866.6 0.4433 
16044.9 0.4431 
13426.4 0.4428 
12408.1 0.4427 
10281.1 0.4424 
9626.6 0.4423 
7792.4 0.4421 
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Table B-1: Continued. 

1400_2380 (um) 850_1400(um) 425_850(um) 125_425(um) 

P (Psi)    V (cc/g) P (Psi)    V (cc/g) P (Psi)    V (cc/g) P (Psi)    V (cc/g) 
14.6 0.0377 

 

144.6 0.0459 
110.4 0.0459 
85.1 0.0459 
65.0 0.0459 
49.9 0.0459 
29.6 0.0458 
14.6 0.0457 

 

145.4 0.0782 
110.0 0.0779 
84.5 0.0776 
65.1 0.0775 
50.1 0.0773 
30.1 0.0771 
14.7 0.0768 

 

7335.5 0.442 
5740.9 0.4417 
5724.0 0.4416 
4299.8 0.4415 
3336.0 0.4402 
3306.8 0.4402 
2611.0 0.4402 
2020.3 0.4402 
2008.8 0.44 
1497.9 0.44 
1190.8 0.44 
903.0 0.4398 
694.0 0.4394 
495.0 0.4388 
392.9 0.4384 
296.2 0.4379 
241.7 0.4367 
240.9 0.4366 
190.7 0.4366 
146.1 0.4362 
144.9 0.436 
110.3 0.4355 
85.2 0.4349 
64.2 0.4342 
50.2 0.4337 
32.7 0.4326 
29.3 0.4324 
18.3 0.4311 
14.5 0.4306 
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Table B-2: Mercury intrusion capillary pressure raw data of core 6. Raw data were 
collected on four groups. 

1400_2380(um) 850_1400(um) 425_850(um) 125_425(um) 

P (Psi)    V (cc/g) P (Psi)    V (cc/g) P (Psi)    V (cc/g) P (Psi)    V (cc/g) 

0.8 0 
1.2 0.0052 
1.6 0.0086 
2.2 0.011 
2.2 0.011 
3.2 0.0126 
3.2 0.0127 
4.3 0.0134 
5.7 0.0139 
6.2 0.014 
7.7 0.0143 
8.7 0.0145 

10.7 0.0147 
13.1 0.0149 
16.1 0.0151 
20.1 0.0153 
25.1 0.0155 
30.1 0.0156 
41.1 0.0156 
50.9 0.0158 
60.6 0.0158 
74.9 0.0158 
89.7 0.0158 

114.9 0.0159 
139.9 0.0159 
174.9 0.0159 
219.6 0.0159 
269.0 0.016 
331.0 0.0161 
419.4 0.0162 
522.0 0.0163 
638.7 0.0164 

 

0.9 0 
1.4 0.0074 
1.8 0.0122 
2.4 0.0153 
2.4 0.0153 
3.2 0.0175 
3.2 0.0175 
4.4 0.0191 
5.9 0.02 
6.4 0.0203 
7.8 0.0207 
8.8 0.0209 

10.7 0.0212 
13.3 0.0215 
16.2 0.0218 
20.2 0.0221 
25.1 0.0223 
30.1 0.0225 
40.7 0.0225 
50.4 0.0226 
61.3 0.0226 
75.4 0.0227 
90.4 0.0227 

115.2 0.0228 
140.1 0.0228 
175.0 0.0228 
219.0 0.023 
270.2 0.0231 
329.4 0.0233 
420.3 0.0235 
522.9 0.0237 
640.5 0.0238 

 

1.2 0 
1.6 0.0052 
2.2 0.0086 
2.2 0.011 
3.2 0.011 
3.2 0.0126 
4.3 0.0127 
5.7 0.0134 
6.2 0.0139 
7.7 0.014 
8.7 0.0143 

10.7 0.0145 
13.1 0.0147 
16.1 0.0149 
20.1 0.0151 
25.1 0.0153 
30.1 0.0155 
41.1 0.0156 
50.9 0.0156 
60.6 0.0158 
74.9 0.0158 
89.7 0.0158 

114.9 0.0158 
139.9 0.0159 
174.9 0.0159 
219.6 0.0159 
269.0 0.0159 
331.0 0.016 
419.4 0.0161 
522.0 0.0162 
638.7 0.0163 
799.8 0.0164 

 

0.8 0 
1.4 0.0066 
1.7 0.0671 
2.0 0.1226 
2.0 0.1277 
2.3 0.1777 
2.5 0.2262 
2.8 0.2719 
3.1 0.3068 
3.1 0.3068 
3.4 0.3333 
3.7 0.3498 
4.0 0.363 
4.0 0.3634 
4.4 0.3723 
4.7 0.3787 
5.1 0.3834 
5.5 0.3876 
5.5 0.3877 
5.9 0.3909 
6.3 0.3935 
6.8 0.3963 
7.4 0.3986 
7.7 0.4 
8.4 0.402 
8.7 0.4029 
9.6 0.4047 

10.6 0.4064 
10.6 0.4064 
11.8 0.4081 
13.2 0.4096 
15.0 0.4111 
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Table B-2: Continued. 

1400_2380(um) 850_1400(um) 425_850(um) 125_425(um) 

P (Psi)    V (cc/g) P (Psi)    V (cc/g) P (Psi)    V (cc/g) P (Psi)    V (cc/g) 

799.8 0.0165 
992.4 0.0166 

1219.3 0.0167 
1512.5 0.0167 
1900.5 0.0168 
2367.6 0.0169 
2905.8 0.017 
3604.8 0.017 
4536.2 0.0172 
5578.5 0.0173 
6871.2 0.0173 
8563.8 0.0174 

10570.3 0.0175 
12653.4 0.0176 
13140.1 0.0176 
14727.0 0.0176 
16420.0 0.0176 
18889.9 0.0179 
19936.7 0.0179 
22566.6 0.0182 
24931.4 0.0184 
27911.9 0.0187 
29939.4 0.0189 
33163.7 0.0194 
35004.6 0.0198 
38929.0 0.0204 
40105.5 0.0207 
44774.7 0.0213 
45050.1 0.0216 
49922.8 0.0223 
54882.5 0.0229 
59863.6 0.0234 
46047.8 0.023 
37670.9 0.0223 

 

798.3 0.024 
990.7 0.0241 

1215.6 0.0242 
1517.7 0.0244 
1903.5 0.0245 
2364.4 0.0246 
2901.4 0.0247 
3603.2 0.0248 
4514.1 0.025 
5575.7 0.0251 
6870.9 0.0251 
8564.7 0.0251 

10501.1 0.0252 
10584.1 0.0253 
12692.7 0.0254 
13146.9 0.0254 
14740.8 0.0255 
16388.5 0.0255 
18919.6 0.0257 
19943.8 0.0257 
22659.3 0.0259 
24909.8 0.0261 
27901.0 0.0265 
29949.5 0.0267 
33364.0 0.0272 
34947.2 0.0277 
38979.6 0.0283 
40073.9 0.0287 
44973.9 0.0292 
50008.1 0.0298 
54892.3 0.0304 
59833.9 0.031 
45949.1 0.031 
35224.0 0.0305 

 

992.4 0.0164 
1219.3 0.0165 
1512.5 0.0166 
1900.5 0.0167 
2367.6 0.0167 
2905.8 0.0168 
3604.8 0.0169 
4536.2 0.017 
5578.5 0.017 
6871.2 0.0172 
8563.8 0.0173 

10570.3 0.0173 
12653.4 0.0174 
13140.1 0.0175 
14727.0 0.0176 
16420.0 0.0176 
18889.9 0.0176 
19936.7 0.0176 
22566.6 0.0179 
24931.4 0.0179 
27911.9 0.0182 
29939.4 0.0184 
33163.7 0.0187 
35004.6 0.0189 
38929.0 0.0194 
40105.5 0.0198 
44774.7 0.0204 
45050.1 0.0207 
49922.8 0.0213 
54882.5 0.0216 
59863.6 0.0223 
46047.8 0.0229 
37670.9 0.0234 
35405.3 0.023 

 

16.1 0.4119 
18.7 0.4134 
20.1 0.4141 
23.9 0.4155 
25.1 0.4159 
30.0 0.4172 
40.2 0.4184 
50.3 0.4198 
60.3 0.4207 
75.9 0.4219 
90.4 0.4229 

113.5 0.4242 
115.9 0.4243 
139.8 0.4254 
172.6 0.4266 
174.9 0.4266 
215.2 0.4279 
220.1 0.428 
271.5 0.4292 
329.5 0.4303 
413.6 0.4315 
418.9 0.4315 
521.1 0.4325 
646.0 0.4335 
796.3 0.4344 
989.8 0.4352 

1210.6 0.436 
1521.2 0.4369 
1919.0 0.4378 
2376.0 0.4385 
2896.7 0.4391 
3607.6 0.4397 
4524.0 0.4404 
5551.3 0.4411 
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Table B-2: Continued. 

1400_2380(um) 850_1400(um) 425_850(um) 125_425(um) 

P (Psi)    V (cc/g) P (Psi)    V (cc/g) P (Psi)    V (cc/g) P (Psi)    V (cc/g) 

35405.3 0.0222 
29917.6 0.0217 
27165.3 0.0215 
23375.8 0.0212 
20980.4 0.021 
18021.2 0.0206 
16039.4 0.0204 
13520.1 0.0202 
12429.2 0.0199 
10257.9 0.0197 
9638.1 0.0197 
7743.0 0.0196 
7330.8 0.019 
5727.7 0.019 
4312.0 0.019 
3324.7 0.0188 
3313.4 0.0188 
2602.9 0.0188 
2018.2 0.0187 
2006.2 0.0187 
1505.0 0.0187 
1190.8 0.0187 
895.6 0.0187 
693.4 0.0187 
495.0 0.0187 
395.3 0.0187 
300.5 0.0187 
241.2 0.0186 
190.5 0.0186 
145.6 0.0186 
109.5 0.0184 
85.0 0.0183 
65.0 0.0182 
49.8 0.0181 

 

29465.3 0.0301 
27187.5 0.0299 
23342.7 0.0296 
20936.3 0.0293 
17990.0 0.029 
16046.6 0.0289 
13504.4 0.0286 
12416.4 0.0285 
10259.9 0.0283 
9626.8 0.0283 
7651.4 0.0282 
7334.7 0.0281 
5755.2 0.028 
5724.9 0.0278 
4297.4 0.0278 
3315.5 0.0278 
2624.9 0.0277 
2604.9 0.0277 
2008.3 0.0277 
1492.6 0.0277 
1197.9 0.0277 
898.6 0.0277 
696.2 0.0277 
494.3 0.0277 
396.2 0.0277 
301.2 0.0277 
240.8 0.0272 
190.6 0.0272 
145.7 0.0272 
110.5 0.0272 
85.4 0.0271 
65.0 0.0269 
50.0 0.0269 
29.7 0.0267 

 

29917.6 0.0223 
27165.3 0.0222 
23375.8 0.0217 
20980.4 0.0215 
18021.2 0.0212 
16039.4 0.021 
13520.1 0.0206 
12429.2 0.0204 
10257.9 0.0202 
9638.1 0.0199 
7743.0 0.0197 
7330.8 0.0197 
5727.7 0.0196 
4312.0 0.019 
3324.7 0.019 
3313.4 0.019 
2602.9 0.0188 
2018.2 0.0188 
2006.2 0.0188 
1505.0 0.0187 
1190.8 0.0187 
895.6 0.0187 
693.4 0.0187 
495.0 0.0187 
395.3 0.0187 
300.5 0.0187 
241.2 0.0187 
190.5 0.0187 
145.6 0.0186 
109.5 0.0186 
85.0 0.0186 
65.0 0.0184 
49.8 0.0183 
30.1 0.0181 

 

5580.4 0.4411 
6839.9 0.4415 
6877.1 0.4417 
8517.8 0.4421 
8573.1 0.4422 

10286.8 0.4426 
10576.3 0.4428 
12395.8 0.4432 
13148.3 0.4433 
14730.7 0.4434 
16386.5 0.4436 
18807.8 0.444 
19972.1 0.4441 
22582.5 0.4445 
24900.1 0.4449 
27957.7 0.4454 
30008.8 0.4457 
33243.3 0.4465 
35000.2 0.447 
38808.1 0.4479 
40130.2 0.4483 
44786.1 0.4492 
49902.2 0.4501 
54954.1 0.451 
59866.2 0.4517 
45817.7 0.4509 
36725.3 0.4501 
35582.7 0.4501 
28739.3 0.4498 
27139.9 0.4497 
22404.3 0.4495 
20958.6 0.4494 
17256.5 0.4491 
16029.2 0.4490 
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Table B-2: Continued. 

1400_2380(um) 850_1400(um) 425_850(um) 125_425(um) 

P (Psi)    V (cc/g) P (Psi)    V (cc/g) P (Psi)    V (cc/g) P (Psi)    V (cc/g) 

30.1 0.0181 
14.4 0.0179 

 

15.0 0.0266 
 

14.4 0.0181 
 

12950.2 0.4489 
12406.0 0.4489 
9889.2 0.4487 
9637.8 0.4487 
7355.6 0.4483 
7318.0 0.4482 

 

Table B-3: Measured nitrogen sorption data on organic matter of both core 2 and core 6. 

Core 2 OM Core 6 OM 

P/Po       V (cc/g @STP) P/Po       V (cc/g @STP) 
0.00010 2.39097 
0.00098 4.43330 
0.00499 6.54765 
0.00997 7.61768 
0.02471 9.21159 
0.04868 10.56440 
0.07670 11.61792 
0.10486 12.45022 
0.15710 13.70623 
0.21181 14.84742 
0.26453 15.86470 
0.31461 16.85311 
0.34906 17.53510 
0.39883 18.52577 
0.44872 19.58723 
0.49870 20.71197 
0.54850 21.92919 

 

0.00010 3.03688 
0.00098 5.82764 
0.00506 8.70144 
0.01008 10.23509 
0.02529 12.55032 
0.05166 14.65811 
0.07608 16.01054 
0.10396 17.23283 
0.15629 19.04715 
0.21120 20.70221 
0.26375 22.21210 
0.31408 23.64012 
0.36409 25.05881 
0.39859 26.07785 
0.44964 27.58586 
0.49949 29.16548 
0.54958 30.90588 
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Table B-3: Continued.  

Core 2 OM Core 6 OM 

P/Po       V (cc/g @STP) P/Po       V (cc/g @STP) 
0.59847 23.30336 
0.64836 24.88223 
0.69800 26.75592 
0.74747 29.09250 
0.79693 32.15990 
0.84624 36.54032 
0.89897 44.54415 
0.92055 50.14355 
0.94546 59.55057 
0.96895 74.67522 
0.97623 82.54745 
0.98464 97.52303 
0.98870 111.75430 
0.98659 110.23294 
0.98060 99.59179 
0.95301 73.52336 
0.92894 63.74712 
0.90680 58.58998 
0.89398 56.04366 
0.84336 48.48901 
0.80285 44.13120 
0.75212 39.90076 
0.69853 36.35244 
0.64515 33.48358 
0.59249 31.08380 
0.54095 29.02880 
0.49161 26.76500 
0.45315 22.29872 
0.38787 20.71160 
0.33520 19.67484 
0.28472 18.70237 
0.23444 17.75057 
0.18666 16.78681 
0.14358 15.85004 
0.09372 14.60243 
0.04811 12.94609 

 

0.59821 32.75608 
0.64895 34.97072 
0.69824 37.55666 
0.74690 40.71197 
0.79596 44.80076 
0.84393 50.43552 
0.89569 60.65781 
0.91900 68.69182 
0.94649 84.91435 
0.97175 115.31991 
0.97576 123.88462 
0.98415 148.17959 
0.98858 170.17091 
0.98667 168.71438 
0.98012 157.77100 
0.95261 108.17819 
0.92508 87.56501 
0.90270 77.52471 
0.84619 63.19666 
0.79145 55.37960 
0.75094 51.14467 
0.70034 47.03692 
0.64698 43.58935 
0.59408 40.76809 
0.54151 38.34378 
0.49235 35.78757 
0.45174 31.33964 
0.38946 29.27707 
0.33692 27.80298 
0.28635 26.41759 
0.23622 25.04617 
0.18829 23.67326 
0.14622 22.35044 
0.09513 20.47172 
0.04919 18.10659 
0.02443 16.07301 
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Table B-4: Measured nitrogen sorption data of core 2 (two fragment sizes). 

1180_1400(um) 710_850(um) 

P/Po       V (cc/g @STP) P/Po       V (cc/g @STP) 
0.00010 0.69222 
0.00099 1.37965 
0.00515 1.78054 
0.01052 2.00970 
0.02544 2.20007 
0.05337 2.31984 
0.08082 2.39878 
0.10897 2.46666 
0.16214 2.54844 
0.21675 2.62504 
0.26865 2.68696 
0.31861 2.75309 
0.36865 2.83103 
0.40061 2.89546 
0.44934 2.96805 
0.49910 3.03889 
0.54917 3.11592 
0.59925 3.19804 
0.64915 3.28392 
0.69906 3.37610 
0.74896 3.48442 
0.79903 3.60228 
0.84909 3.74797 
0.89997 3.93703 
0.92411 4.09499 
0.94930 4.30366 
0.97414 4.56445 
0.98989 4.80948 
0.97919 4.82521 
0.93213 4.67269 
0.90541 4.62142 
0.83173 4.51002 

 

0.00010 0.96872 
0.00099 1.78792 
0.00499 2.27823 
0.01032 2.52638 
0.02483 2.76864 
0.05295 2.95443 
0.08057 3.08039 
0.10788 3.17367 
0.16201 3.30021 
0.21621 3.41570 
0.26817 3.51209 
0.31838 3.60277 
0.36826 3.69570 
0.39903 3.77708 
0.44941 3.87215 
0.49890 3.97330 
0.54914 4.07176 
0.59898 4.17891 
0.64974 4.29355 
0.69915 4.41754 
0.74927 4.56614 
0.79926 4.72439 
0.84899 4.92056 
0.89904 5.18466 
0.92392 5.40327 
0.94994 5.68464 
0.97467 6.05058 
0.98879 6.39837 
0.98020 6.38849 
0.93239 6.12614 
0.90694 6.05101 
0.88150 5.99523 
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Table B-4: Continued. 

1180_1400(um) 710_850(um) 

P/Po       V (cc/g @STP) P/Po       V (cc/g @STP) 
0.78167 4.43329 
0.73130 4.37587 
0.68115 4.31973 
0.63128 4.26509 
0.58164 4.21286 
0.53102 4.15638 
0.48204 3.96618 
0.43169 3.83497 
0.38092 3.75175 
0.33113 3.68053 
0.28080 3.61787 

 

0.83229 5.88289 
0.78215 5.77721 
0.73143 5.67770 
0.68129 5.58938 
0.63204 5.51017 
0.58133 5.42834 
0.53146 5.34574 
0.48259 5.04467 
0.43201 4.83939 
0.38157 4.72079 
0.33132 4.61084 
0.28129 4.50256 
0.23106 4.39452 

 

Table B-5: Measured nitrogen sorption data for core 2 (two fragment sizes). 

300_425(um) <75(um) 

P/Po       V (cc/g @STP) P/Po       V (cc/g @STP) 
0.00010 1.17206 
0.00098 1.74423 
0.00510 2.38027 
0.01031 2.63441 
0.02640 2.96280 
0.05257 3.19907 
0.08037 3.35856 
0.10768 3.48436 
0.16164 3.67419 
0.21481 3.95424 
0.26877 4.02750 
0.31789 4.13795 
0.36806 4.27182 

 

0.00010 1.55584 
0.00099 2.32116 
0.00514 3.14624 
0.01044 3.46499 
0.02670 4.00957 
0.04969 4.36565 
0.07865 4.65156 
0.10654 4.86754 
0.15906 5.20807 
0.21365 5.50305 
0.26615 5.76453 
0.31616 6.01581 
0.36636 6.25802 
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Table B-5: Continued. 

300_425(um) <75(um) 

P/Po       V (cc/g @STP) P/Po       V (cc/g @STP) 
0.39953 4.37484 
0.44941 4.51309 
0.49912 4.65415 
0.54913 4.80843 
0.60026 4.98311 
0.64975 5.16217 
0.70061 5.38221 
0.75080 5.62780 
0.80006 5.91832 
0.84990 6.30718 
0.90047 6.87239 
0.92479 7.32847 
0.94945 7.93505 
0.97356 8.78677 
0.98939 9.74710 
0.98170 9.58594 
0.95936 9.09291 
0.93336 8.73021 
0.90810 8.47492 
0.88188 8.26706 
0.83359 7.95355 
0.78324 7.68035 
0.73232 7.44313 
0.68247 7.23261 
0.63191 7.03609 
0.58123 6.85324 
0.53103 6.68082 
0.48546 5.97288 
0.43396 5.47175 
0.38176 5.24053 
0.33206 5.06189 
0.28177 4.88758 

 

0.39883 6.43876 
0.44963 6.68337 
0.49874 6.92094 
0.54904 7.17832 
0.59895 7.47442 
0.64951 7.77939 
0.69860 8.12125 
0.74896 8.54912 
0.79921 9.07279 
0.84835 9.75751 
0.89749 10.76575 
0.92379 11.59414 
0.94817 12.68636 
0.97074 14.36798 
0.97955 15.25039 
0.98843 16.55884 
0.98437 16.26000 
0.96937 15.09726 
0.94540 13.86726 
0.91625 12.94319 
0.88806 12.32677 
0.83838 11.59132 
0.78642 11.04479 
0.73581 10.63382 
0.68489 10.29183 
0.63408 9.99693 
0.58413 9.73156 
0.53332 9.48061 
0.49320 8.48486 
0.44467 7.29697 
0.38490 6.90793 
0.33325 6.64309 
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Table B-6: Measured nitrogen sorption data for core 6 (two fragment sizes). 

1180_1400(um) 710_850(um) 

P/Po       V (cc/g @STP) P/Po       V (cc/g @STP) 
0.00010 0.13236 
0.00097 0.35338 
0.00099 0.36860 
0.00551 0.53791 
0.01052 0.58525 
0.02671 0.64376 
0.05404 0.68262 
0.08122 0.70531 
0.10852 0.71963 
0.16268 0.73906 
0.21717 0.76901 
0.26877 0.78955 
0.31891 0.81949 
0.36844 0.86045 
0.39968 0.89034 
0.44932 0.92543 
0.49907 0.95422 
0.54934 0.98535 
0.59948 1.02833 
0.64951 1.06946 
0.70022 1.11591 
0.75050 1.17408 
0.80104 1.24569 
0.85125 1.35194 
0.90075 1.47239 
0.92566 1.57796 
0.95000 1.72823 
0.97553 1.98458 
0.99009 2.28884 
0.98076 2.26498 
0.93159 2.05242 
0.88088 1.94359 
0.83027 1.87308 
0.78032 1.82292 
0.73121 1.78580 
0.68185 1.75652 

 

0.00010 0.50780 
0.00099 0.84709 
0.00525 1.05311 
0.01029 1.14066 
0.02458 1.26300 
0.05371 1.36154 
0.08106 1.42600 
0.10826 1.47317 
0.16246 1.54331 
0.21664 1.61087 
0.26863 1.67110 
0.31859 1.73867 
0.36838 1.81083 
0.39924 1.86678 
0.44963 1.93929 
0.49925 2.00748 
0.54927 2.07844 
0.59953 2.15508 
0.64928 2.23836 
0.69933 2.33263 
0.74933 2.44181 
0.79946 2.56324 
0.84934 2.71157 
0.89936 2.91747 
0.92434 3.09768 
0.95025 3.35849 
0.97462 3.76252 
0.98956 4.23511 
0.98095 4.19075 
0.93322 3.81501 
0.90752 3.69719 
0.88229 3.60504 
0.83180 3.46612 
0.78225 3.35174 
0.73189 3.25240 
0.68165 3.16644 
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Table B-6: Continued. 

1180_1400(um) 710_850(um) 

P/Po       V (cc/g @STP) P/Po       V (cc/g @STP) 
0.63154 1.72683 
0.58096 1.69618 
0.53028 1.66575 
0.48146 1.55727 
0.43059 1.48161 
0.38110 1.43946 
0.33084 1.40908 
0.28030 1.37924 
0.23056 1.35783 
0.18237 1.33974 
0.13682 1.31965 
0.10210 1.28930 
0.04597 1.21299 
0.02305 1.13602 
0.01021 1.03671 

 

0.63204 3.09011 
0.58116 3.01502 
0.53131 2.93930 
0.48216 2.71222 
0.43199 2.53624 
0.38111 2.44417 
0.33124 2.36709 
0.28095 2.29545 
0.23094 2.22664 
0.18274 2.15484 
0.13722 2.07584 
0.10289 1.99942 
0.04636 1.82711 
0.02344 1.69536 
0.00952 1.53610 

 

Table B-7: Measured nitrogen sorption data for core 6 (two fragment sizes). 

300_425(um) <75(um) 

P/Po       V (cc/g @STP) P/Po       V (cc/g @STP) 
0.00010 0.37882 
0.00098 0.73306 
0.00485 0.93530 
0.00533 0.95356 
0.01034 1.04030 
0.02495 1.15121 
0.05426 1.25140 
0.08164 1.31969 
0.10910 1.36845 
0.16352 1.44014 
0.21699 1.50776 
0.27007 1.56951 
0.32020 1.63216 
0.36912 1.70571 
0.40084 1.75945 

 

0.00010 1.11964 
0.00099 1.69938 
0.00500 2.16707 
0.00981 2.40498 
0.02545 2.74993 
0.05135 3.02582 
0.07940 3.21929 
0.10713 3.37152 
0.16035 3.60401 
0.21500 3.80281 
0.26741 3.98137 
0.31747 4.14787 
0.36763 4.31381 
0.40011 4.42840 
0.44926 4.59012 
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Table B-7: Continued. 

300_425(um) <75(um) 

P/Po       V (cc/g @STP) P/Po       V (cc/g @STP) 
0.44938 1.82748 
0.50063 1.89526 
0.55066 1.97055 
0.60039 2.06457 
0.64970 2.15680 
0.69899 2.26885 
0.74933 2.40575 
0.79932 2.56845 
0.84949 2.79512 
0.89916 3.15104 
0.92519 3.49068 
0.94995 3.96398 
0.97445 4.83508 
0.98844 5.81518 
0.98241 5.66894 
0.95877 5.07226 
0.93368 4.66773 
0.90742 4.39556 
0.88120 4.18898 
0.83300 3.90738 
0.78098 3.67970 
0.73073 3.51242 
0.68081 3.37639 
0.63068 3.25826 
0.58068 3.15185 
0.53058 3.05248 
0.48346 2.64083 
0.43165 2.36431 
0.38065 2.26472 
0.33126 2.19167 
0.28036 2.12689 
0.23074 2.06714 
0.18248 2.01150 
0.13699 1.94817 
0.10282 1.89055 
0.04602 1.75291 

 

0.49908 4.75604 
0.54911 4.93364 
0.59933 5.12499 
0.64902 5.33338 
0.69926 5.58047 
0.74899 5.86834 
0.79919 6.23191 
0.84917 6.70832 
0.89742 7.42981 
0.92364 8.02417 
0.94868 8.90477 
0.97082 10.37188 
0.97952 11.20036 
0.98889 12.42549 
0.98422 12.11922 
0.96804 11.05012 
0.94313 9.94860 
0.91444 9.17731 
0.88628 8.66315 
0.83702 8.07897 
0.78581 7.65597 
0.73461 7.33537 
0.68367 7.07546 
0.63370 6.85756 
0.58272 6.65581 
0.53250 6.47366 
0.48989 5.60082 
0.43780 4.92320 
0.38241 4.70067 
0.33238 4.53183 
0.28211 4.37124 
0.23193 4.21005 
0.18405 4.04581 
0.13909 3.87185 
0.09219 3.65149 
0.04671 3.34396 
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Table B-8: Measured nitrogen sorption data for tight sandstone (control B, Lake Creek 
sandstone) (three fragment sizes). 

1400_2000(um) 710_850(um) 300_425(um) 

P/Po        V(cc/g @STP) P/Po      V(cc/g @STP) P/Po      V(cc/g @STP) 
0.000097 0.202057 
0.000972 0.383419 
0.005127 0.582783 
0.010378 0.646101 
0.026820 0.722311 
0.053853 0.786918 
0.075026 0.831578 
0.100178 0.876806 
0.149447 0.956065 
0.199227 1.031582 
0.249242 1.117733 
0.299219 1.216227 
0.349125 1.323066 
0.399308 1.433192 
0.449530 1.543888 
0.499225 1.646830 
0.548966 1.755666 
0.599693 1.876880 
0.648838 2.004610 
0.698955 2.159314 
0.748885 2.341522 
0.798972 2.575772 
0.850409 2.901425 
0.898870 3.353821 
0.924955 3.721484 
0.948629 4.232393 
0.971479 5.107546 
0.978190 5.537507 
0.988205 6.466834 
0.992932 7.200938 
0.986135 6.615731 
0.966298 5.556784 
0.939243 4.787255 
0.910653 4.276209 
0.883898 3.927257 

 

0.000097 0.180728 
0.001001 0.350229 
0.005158 0.529635 
0.010362 0.586298 
0.026502 0.654256 
0.053726 0.716032 
0.074635 0.751068 
0.099705 0.790229 
0.149502 0.864551 
0.199285 0.934718 
0.248986 1.011467 
0.299413 1.095369 
0.349023 1.190143 
0.399400 1.285178 
0.449833 1.384806 
0.499375 1.480063 
0.550044 1.578149 
0.600132 1.684429 
0.649636 1.808219 
0.699055 1.951765 
0.748884 2.123663 
0.799040 2.343025 
0.848641 2.628885 
0.898425 3.055513 
0.923402 3.386237 
0.949738 3.904454 
0.972583 4.769968 
0.980076 5.202257 
0.988117 6.008854 
0.993527 6.820195 
0.983369 6.018177 
0.965149 5.143639 
0.938297 4.420226 
0.910810 3.944746 
0.883867 3.616075 

 

0.000097 0.192159 
0.001010 0.370139 
0.005170 0.555661 
0.010435 0.615407 
0.026525 0.686871 
0.053704 0.751070 
0.074697 0.788511 
0.100155 0.831970 
0.149277 0.906441 
0.199277 0.983948 
0.249018 1.064028 
0.299023 1.153939 
0.349348 1.254553 
0.399607 1.361348 
0.449441 1.466386 
0.499310 1.569326 
0.549994 1.677654 
0.599297 1.790948 
0.649496 1.918529 
0.699580 2.067369 
0.749268 2.246865 
0.798831 2.470337 
0.848833 2.769929 
0.898707 3.218260 
0.926431 3.608529 
0.949556 4.138832 
0.973035 5.082629 
0.978943 5.496882 
0.987802 6.385939 
0.993100 7.219639 
0.986533 6.620473 
0.967154 5.496925 
0.939397 4.655965 
0.910833 4.127072 
0.883712 3.774193 
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Table B-8: Continued. 

1400_2000(um) 710_850(um) 300_425(um) 

P/Po        V(cc/g @STP) P/Po      V(cc/g @STP) P/Po      V(cc/g @STP) 
0.834720 3.462466 
0.783697 3.125944 
0.733496 2.864184 
0.683160 2.657682 
0.632867 2.472034 
0.582287 2.304140 
0.532304 2.150593 
0.483484 1.849107 
0.433084 1.534462 
0.381505 1.404667 
0.331232 1.291585 
0.281306 1.186002 
0.230828 1.094570 
0.183031 1.010455 
0.137501 0.929551 
0.102821 0.870465 
0.045920 0.763256 
0.025778 0.719569 
0.009370 0.631836 

 

0.834658 3.177096 
0.783525 2.853585 
0.733641 2.601663 
0.682296 2.395694 
0.633624 2.230193 
0.582459 2.078127 
0.532412 1.938261 
0.483806 1.656013 
0.433313 1.360287 
0.381709 1.245876 
0.331166 1.143100 
0.280922 1.050946 
0.231050 0.964153 
0.183003 0.887362 
0.137386 0.819798 
0.102876 0.768147 
0.045829 0.669343 
0.022926 0.616999 
0.010031 0.552362 

 

0.834515 3.309548 
0.782947 2.965871 
0.733091 2.710117 
0.682820 2.497627 
0.633032 2.322729 
0.582339 2.164661 
0.532015 2.018938 
0.483182 1.730729 
0.433570 1.433320 
0.381199 1.310252 
0.331237 1.203674 
0.281043 1.104882 
0.230993 1.013172 
0.182871 0.932994 
0.137389 0.860730 
0.102969 0.805715 
0.045852 0.701932 
0.022923 0.643892 
0.010034 0.579039 
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