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Abstract 

 
THE VARIANCE OF METHANE ADSORPTION AND 

ITS RELATION TO THERMAL MATURITY 

IN THE MARCELLUS SHALE 

 

Alexander Miller, MS 

 

The University of Texas at Arlington, 2015 

 

Supervising Professor: John Wickham 

 

In unconventional shale gas plays, gas-in-place is a major factor in evaluating the shale’s 

potential and determining well density and lateral placement. The two main contributors to total 

gas-in-place are free gas and adsorbed gas. Gas in pores, “free” gas and adsorbed gas, which 

equal gas-in-place when summed, contribute to production from unconventional mudstone 

reservoirs like the Middle Devonian Marcellus Shale in the Appalachian Basin. Gas-in-place and 

production volumes however, vary throughout the different areas of Marcellus production in the 

basin. This paper analyzes the change in volumes of adsorbed methane through the geologically 

different regions of Marcellus production. Comparing samples from the main production areas, 

two results are evident. The first is that Langmuir methane adsorption storage capacity (GSL, 

scf/ton) varies primarily with TOC and thermal maturity. The second observation is that other 

factors influence GSL such as porosity, bulk density, clay content, and resistivity. Through multiple 

regression analysis, a model was created to predict GSL from its most significant factors.  
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Chapter 1  

Introduction 

 As of September 2015, the Marcellus Shale is producing approximately 16.4 

bcf/day, and accounts for 36% of American shale gas production, making the Marcellus the 

largest unconventional shale gas play in the United States (US EIA, 2015). As production grows 

and geologists explore beyond sweet spots, gas-in-place serves as an important factor in 

directing capital expenses for drilling. Gas-in-place is comprised of free gas and sorbed gas 

(Ambrose et al., 2010). Adsorption is an important factor of gas in place, and according to Lu et 

al. (1995), and Schettler et al. (1991), adsorbed gas accounts for 61% and roughly 50%, 

respectively, of total gas in Devonian shales. Figure 1-1 is a graph from Heller and Zoback (2014) 

that shows a production model of gases produced as pressure declines from a Marcellus sample. 

As pressure decreases the volume produced of free gas and adsorbed gas both increase. Heller 

and Zoback (2014) suggest that desorption of methane is partly responsible for flat production 

decline curves.  

To date, there is no published study quantifying the adsorptive storage capacity of the 

Marcellus Formation. Many other studies have published the properties of methane adsorption in 

shales, but none with the focus solely on the Marcellus. Gasparik et al. (2012) and Lu et al. 

(1995) both tested the adsorption of specific clays and while there was adsorbed methane on 

clays, it was minimal compared to the overall capacity of an organic shale. Furthermore, no 

relationships could be established between total clay content and adsorptive storage capacity. All 

of the mentioned studies found a positive linear correlation between total organic carbon weight 

percent (TOC wt%) and adsorptive storage capacity. Furthermore, it was found that adsorptive 

storage capacity for methane increased with increasing thermal maturity. Zhang et al. (2013) and 

Gasparik et al. (2012) both observed a change in this trend when samples of highest thermal 

maturities had lower adsorptive storage capacities than lower maturity samples. Levels of thermal 

maturity where storage capacity began to decrease varied in these studies, but both studies 

found that storage capacity decreased when vitrinite reflectance equivalent (VROE) was greater 
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than 2%. This paper compares the maximum (Langmuir) adsorptive storage capacities for a 

Marcellus Formation data set with TOC volume percent (TOC vol%), mineralogy, and thermal 

maturity. 

 

 

Figure 1-1 Gas produced (scf/ton) vs. Pressure (psia) 

From Heller and Zoback (2014). Modeled Marcellus gas production vs. pressure. As pressure 

decreases adsorbed gas volume produced increases. Figure volumes not indicative of all 

Marcellus shale wells.  
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Chapter 2  

Geologic Setting 

Appalachian Basin Geologic History 

The geologic history of the Appalachian basin began in the Neoproterozoic era of the 

Precambrian. Continent separation along the east coast of today’s United States created many 

rifts along the eastern North American continent, Laurentia. Due to this continent separation, the 

Rome trough developed as a rift through western and central Pennsylvania (Faill, 1999). By the 

end of Precambrian time, an uplift to the east of the Rome trough provided clastic material that 

had begun to fill the trough. At the beginning of the Cambrian, the entire east coast became a 

passive continental margin with continued continent separation. A westward transgression 

resulted in multiple carbonate deposits in the Appalachian basin lasting through the middle 

Ordovician.  

A reversal of the continent separation that created the Rome trough initiated the 

beginning of the Taconic Orogeny during the middle Ordovician. Oceanic crust was subducted 

under a volcanic arc micro continent as convergence began and the micro continent moved 

westward to the Laurentian continental shelf. Further convergence initiated multiple thrust faults 

that formed a tectonic wedge creating the Taconic Mountains in today’s easternmost 

Pennsylvania. As the mountains rose, the Appalachian basin began to fill to the west with sands 

shales and conglomerates (Faill, 1999; Olusanmi et al., 2013).  

The Acadian Orogeny began in the early Devonian and can be marked regionally by what 

is called the Tioga Ash bed (Faill, 1999). The collision of another volcanic micro continent with 

Laurentia, followed by collisional thrusting is responsible for the mountain building of this episode 

(Park et al., 2010). Following deposition of the Tioga Ash bed the Marcellus Formation was 

deposited, accompanied by rapid subsidence. Figure 2-1 is a paleogeographic map modified from 

Blakey showing the paleogeographic setting of the Appalachian Basin in the Middle Devonian 

(2013). As clastic sedimentation decreased, the Tully Limestone was deposited over a 

widespread area. Upper Devonian through middle Pennsylvanian time is represented by an influx 
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of sediment in the form of westward prograding deltas. Middle Pennsylvanian through Permian 

time is represented by widespread swamp environments that produced coal. 

 

 

Figure 2-1 Paleogeographic map of the Middle Devonian (385 ma) 

Modified from Blakey (2013). State of Pennsylvania outlined in black. White arrows indicate 

movement of island arc and African continent towards Laurentian continent. 
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The final major orogeny is the Allegheny Orogeny. This orogeny originated from the 

continent-to-continent collision of the Laurentian (North American) and African Plates, beginning 

from early Pennsylvanian to early Permian, depending on the author (Faill, 1999; Kulander and 

Ryder, 2005). This collision began with a series of low angle basement rooted thrust faults 

dipping to the south east. As the faults propagated to the northwest, the more ductile Paleozoic 

rocks kink folded above terminating thrust fault planes. The final product of this collision resulted 

in a relatively undeformed Appalachian plateau in western Pennsylvania, a valley and ridge 

province of parallel fold and thrust faults in the foreland of the Appalachian basin, and a complex 

southeastern area consisting of overlapping thrust sheets (Faill, 1999; Ruppert and Ryder, 2014). 

 
Regional Stratigraphy 

For the purposes of this study, the Marcellus Formation producing area is divided into two 

regions in southwest and northeast Pennsylvania. These regions were chosen because they are 

considered the areas of highest production in the play (Figure 2-2, MCOR, 2015). Figure 2-3 

contains type logs for the Marcellus Formation from southwest and northeast PA. The southwest 

type log, located in Washington County, is west of the depocenter of the basin and was deposited 

in a shelf like environment (Olusanmi, 2013). From the southwest area, moving deeper into the 

basin from west to east, the Marcellus Formation thickens. The type log for the northeast area is 

located in Lycoming County and shows a thicker Marcellus section than the southwest area 

(Figure 2-3). This thickness increase on this type log is attributed to its proximity to the 

depositional foredeep of the basin. In the foredeep, sedimentation and subsidence rates are 

higher than any other parts of the basin (Decelles and Giles, 1996; Olusanmi, 2013). Track 1 on 

the type log contains a caliper and gamma ray API with red shading of values greater than 200 

API. Track 2 contains resistivity, red being shallow and green being deep. Track 3 contains bulk 

density in black, density porosity in blue, neutron porosity in dashed red, and density correction in 

fine black. 
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Figure 2-2 Unconventional Wells Drilled in Pennsylvania 

Map of Pennsylvania indicating two main regions where unconventional wells in Pennsylvania 

have been drilled to date (Marcellus Center for Outreach and Research, http://marcellus.psu.edu) 

 

Members of the Marcellus 

For this thesis, certain comparisons are highlighted by formation member and 

depositional setting. Formation Members are Union Springs shale, Cherry Valley Limestone, and 

Oatka Creek shale (Figure 2-3) (Lash and Engelder, 2009). The Union Springs member is the 

oldest member of the Marcellus Formation and directly overlies the Onondaga Limestone. In the 

northeast part of the study area (Figure 2-3) the Union Springs has two different sections, a lower 

section with gamma ray (GR) API values greater than 200 API, and an upper section with lower 

GR API values. In the southwest part of the study area, this section is condensed and only 
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consists of an elevated GR API section. The lower Union Springs is characterized on a wireline 

log by the highest GR API units in the entire Marcellus Formation (200 to 600 API), the highest 

resistivities, and the lowest bulk densities. This interval has the highest TOC content (up to 20 vol 

% in the data set) and low clay content. Pyrite and algal cysts are both abundant.  

In the northeast, the upper Union Springs’ GR API’s average is 150 API. Resistivities are 

lower and bulk densities are higher than the lower, higher GR API interval. The upper Union 

Springs commonly has higher clay content than the lower section, a lower TOC (6-13 vol %), has 

high pyrite content, and contains few burrows. The Union Springs member is capped by the 

Cherry Valley Limestone. 

 The Oatka Creek Member is the youngest member of the Marcellus Formation.  Residing 

above the Cherry Valley Limestone, this member contains a lower amount of organics but still 

contains a significant amount of gas-in-place. Gamma ray values vary for this member due to a 

changing sequence of depositional settings. In this member, resistivity’s decrease, bulk density 

increases, and some bioturbation can be observed. The lower organic content of this member 

can be attributed to a larger clastic influence, diluting the organic concentration. Overlying the 

Marcellus is the Mahantango Formation, a non-organic grey shale, which is capped by the Tully 

Limestone. 
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Figure 2-3 Type logs of Marcellus Formation from core production areas 

Type logs from the Marcellus’ two core production areas. The member names are shown at the top of the respective member. The Oatka 

Creek Member top is the same as the Marcellus top in the logs. The red gamma ray shading is to highlight GR API greater than 200 API 

and represents an Anoxic depositional setting. 
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The Union Springs and Oatka Creek members can both be described by a series of 

changes in depositional setting related to sea level change. These changes are a transgression 

systems tract (TST) and a high stand systems tract (HST), separated by a maximum flooding 

surface (MFS) (Lash and Engelder, 2009). The TST and MFS can be observed in Figure 2-3 on 

the gamma ray log as an increase in GR API moving up section with maximum API occurring at 

the MFS. During this event, the water column near the sediment was anoxic and a high 

concentration of organic deposition and preservation occurred (Wendt et al., 2015). It is in these 

zones of local higher GR API in Wendt et al’s (2015) and my data set, that TOC vol% is higher 

compared to lower GR API zones. Anoxic conditions are represented on the type logs by a GR 

API shading in red of greater than 200 API. HST is a period of time when sea level likely 

remained constant, but periods of dysoxia occurred in the water column due to higher sediment 

influx resulting in lower concentrations of organic deposition and preservation (Wendt et al., 

2015). GR API values for this depositional setting are lower than 200 API on the type logs.  

Data in this study will be presented and compared in a variety of ways. Data presented 

concerning thermal maturity values will be divided and averaged by formation member. Thermal 

maturities may vary between the Union Springs and the Oatka Creek because the Union Springs 

was deposited below the Oatka Creek, being potentially subjected to greater thermal alteration. 

Visual comparisons within many of the graphs will be color coded by depositional setting. During 

anoxic deposition, the largest amounts of TOC were deposited. Since TOC is most likely the 

greatest control on the rock’s ability to adsorb methane, this zone will be highlighted and 

compared against a dysoxic zone with lower TOC vol%.   
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Chapter 3  

Previous Studies 

There have been many studies involving adsorption of gas in shales due to its 

importance in evaluating reservoir gas-in-place. Results of these studies have yielded many 

shared observations of adsorptive storage capacity of methane in organic rich shales. All 

reviewed studies show a positive correlation between adsorptive storage capacity and TOC 

content (Chareonsuppanimit et al., 2012; Gasparik et al., 2014; Guo, 2013; Heller & Zoback, 

2014; Lu et al., 1995; Ross & Bustin, 2009; Schettler et al., 1991; Zhang et al., 2012). Another 

variable controlling adsorptive storage capacity is thermal maturity. Gasparik et al. (2014), Heller 

& Zoback (2014), Ross & Bustin (2009), and Zhang et al. (2012) all observed that adsorptive 

storage capacity increased with maturity from immature to gas prone samples. However, 

Gasparik et al. (2014) and Zhang et al. (2012) both observed that adsorptive storage capacity 

decreased in samples considered to be over mature, above 2% VROE. 

Heller & Zoback (2014), Ross & Bustin (2009), and Zhang et al. (2012) also found that 

pore composition and structure affects adsorptive storage capacity. Samples with many small 

pores have a large surface area which results in a large micropore volume of adsorbed gas. 

Higher quantities of gas can be adsorbed in under those conditions as opposed to large pores 

with less surface area. In addition to TOC content as the major controlling factor of adsorption, Lu 

et al. (1995), Ross & Bustin (2009), and Schettler et al. (1991) attribute a portion of total 

adsorption to other mineral constituents. Their findings all agreed that illite, the most common 

clay in their shales, is capable of adsorbing methane. Out of these eight studies, only two have 

data from the Marcellus shale. Heller & Zoback (2014) and Lu et al. (1995) both included 

Marcellus data in their papers, both samples contained very low TOC wt%, 1.2% and 1% 

respectively.  
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Chapter 4  

Data Set 

The data set for this study comes from a proprietary industry consortium. With permission 

from each well’s operator and the proprietor of the consortium, data has been made available for 

this study on the condition that the identity of the operators and wells is kept anonymous.  Well 

data includes wireline logs, methane adsorption isotherms, vitrinite reflectance estimations, TOC/ 

Rock Eval Pyrolysis, and XRD. Figure 4-1 is a map of Pennsylvania with the general locations of 

the wells. Tables 4-1 through 4-5 contain the entire data set for reference. A dash in the table (–) 

means there was no sampled data for that depth point. 

 

 
 

Figure 4-1 Map of study area with numbered data points 

Black dots are wells were data points were collected. Data points are numbered by well code for 

data table. Blue outlines are states, black outlines are counties. Brown polygons are where the 

Marcellus Formation outcrops. 
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Table 4-1 Sample Number, Region, Well Code, Elevation, Sample Depth, 

Subsea Depth, Formation Member, Depositional Setting, Isotherm Temperature,  

GS In-Situ Storage Capacity, P Reservoir Pressure, GSL Langmuir Storage Capacity, 

PL Langmuir Pressure 
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Table 4-2 Normalized adsorption capacities (in-situ and Langmuir) by vol% and wt% 

TOC, TOC vol%, TOC wt%, GSLM, TOCM, GSLM with TOCM 
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Table 4-3 Pyrolysis results, Thermal maturity (VROE) whole well & by formation 

member, Deep resistivity (ohm*m), Uranium (ppm), Gamma Ray (API) 
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Table 4-4 Mineralogies from XRD in wt% 
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Table 4-5 Mineralogies from XRD in vol%, Porosity %, Bulk Density (g/cc) 
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Chapter 5  

Methods 

Methane Adsorption Isotherm 

Adsorption is the process in which gas molecules condense and remain on a solid 

surface due to surface forces (Langmuir, 1918). Weak van der Waal’s forces allow adsorption 

and desorption to occur readily on the sorbent. On the surface of the sorbent, receptor sites for 

the adsorbate (methane) can only accept one molecule. When pressure increases, more sites on 

the adsorbent become occupied until the sample is saturated. The layer of adsorbed molecules is 

only one molecule thick (Langmuir, 1918). Adsorption of methane by shales in unconventional 

reservoirs is one of two main gas storing mechanisms, the other being free gas in pore spaces 

(Ambrose et al., 2012). The Langmuir isotherm is used to measure adsorption on shales because 

of its simplicity and because the Langmuir model is a very good fit to the data (Heller and Zoback, 

2014). 

The Langmuir isotherm relationship is: 

    
     

      
………………………………………………………………………...….…(1a) 

Or    

    
   

 
  
 
   

…………………………………………………………………………….…(1b) 

GS – Gas Storage Capacity, in-situ, scf/ton  

GSL – Langmuir Storage Capacity, scf/ton 

PL – Langmuir Pressure, psia 

P – Reservoir Pressure, psia (Ambrose et al, 2012)  

 

Langmuir storage capacity (GSL) is the maximum storage capacity, occurring at infinite 

pressure. The GSL is the volume that is used in this paper for comparison purposes because it 

represents the volume at infinite pressures. This representation normalizes the samples because 
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the adsorption procedure is conducted at reservoir pressures, which can vary greatly from sample 

to sample. Langmuir Pressure (PL) is the pressure at which storage capacity is half of the GSL. 

GSL and PL are specific constants for each sample.  

Equation 1b shows that as P gets larger, GS → GSL. Also, when P = 0, GS = 0.  

 The linear form of the Langmuir relationship is: 

 

  
  

 

   
    

  

   
 ……………………………..……………….....(2) (Hartman, 2012) 

 

Shown in Equation 3 is it’s relation to the linear equation y = mx + b where y = P/GS;  

x = P; m = 1/GSL; and b = PL/GSL. 

 

  
  

 

   
    

  
   

  

               …………………………………..…………………………………...(3) 

 

In the laboratory, GS is measured from various values of P. The slope of a linear 

regression of P/GS vs. P is 1/GSL. The intercept is PL/GSL, so both GSL and PL can be found for 

that particular sample. 

The measurement process of methane adsorption is summarized as follows from 

Weatherford Laboratories (Hartman, 2012): all rock is prepared and tested, as received from 

core. A 100 gram sample is crushed down to a particle size of 60 mesh, or 250 µm. Figure 5-1 is 

a basic diagram of the isotherm testing setup. The crushed shale sample is then put into the 

sample container and weighed to the 1000
th
 of a gram. After sealing the sample container, a dead 

space volume is measured using helium gas expansion, since helium is a non-adsorbing gas. 

Volumes are measured with a precision of .03cc. The entire system is then pressurized to 

reservoir pressure with helium to ensure no leaks. Once the system is determined to be leak free, 

helium is removed. To begin the isotherm test, with the valve between the reference and sample 

cells closed, the reference cell is pressurized with methane and the pressure is recorded. Next, 
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the valve between the reference and sample is opened, allowing the sample cell to increase in 

pressure while the reference cell decreases in pressure. The valve is shut as the pressures near 

each other, but with the sample cell’s pressure slightly lower than the reference. Over a period of 

time, pressure in the reference cell remains constant, while pressure in the sample cell decreases 

then stabilizes. The pressure decrease in the sample chamber represents the conversion of free 

gas in the sample chamber to adsorbed gas on the shale sample. The stabilization of pressure 

means no more gas is adsorbing at that pressure. Using the real gas law, the volume of methane 

adsorbed can be calculated from the difference in void volume of the system before the pressure 

step, and after the pressure step. Gas storage capacity is initially calculated in cm
3
/g, and can be 

converted to scf/ton by multiplying cm
3
/g by 32.036929 (Hartman, 2012). This series of steps is 

repeated on average 6 more times, increasing the initial pressure of the reference cell each step 

until reservoir pressure is reached.  

The main source of error in measuring the adsorption isotherm is maintaining a system 

temperature within 0.1° C of the required temperature. Changes in temperature will affect the 

volume of adsorbed methane (Guo, 2013). Maintaining the temperature in the room is as 

important as maintaining temperature in the oil bath in which the measurement is made. Other 

sources of error lie in the calibration of the electronic equipment. Sample weights are measured 

to 0.001 g, and the volume transducer must measure to .033cc. If these tools are not calibrated 

correctly, measurements will be unrepresentative of the true sample. Acknowledging these 

challenges in laboratory consistency, the laboratory claims a 95% confidence interval in all of 

their adsorption isotherm measurements.  
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Figure 5-1 Generalized setup for adsorption isotherm testing 

Modified from Hartman (2012) is a generalized setup for the adsorption isotherm test. Entire 

testing schematic is submerged in an oil bath to maintain constant temperature to simulate in-situ 

reservoir conditions. 
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Thermal Maturity 

Thermal maturity of a source rock is used to estimate the volume of hydrocarbons that 

have been generated (Peters, 1986). Source rocks of low thermal maturity have generated 

minimal amounts of hydrocarbons and have potential to generate more if subjected to more 

heating. Source rocks of high thermal maturity have generated most or all of their hydrocarbons. 

Thermal maturity is most commonly evaluated by a combination of programmed pyrolysis and 

vitrinite reflectance. In this study, the Marcellus Formation is represented by two members, the 

Union Springs and the Oatka Creek. Thermal maturity values will be separated by formation 

member. Figure 5-2 shows the two members highlighted on the type logs. 

 

Programmed Pyrolysis 

The following description of programmed pyrolysis using Rock-Eval is summarized from 

Peters (1986) and Hart and Steen (2015): Rock-Eval pyrolysis evaluates thermal maturity of a 

source rock by heating crushed samples in an inert atmosphere. The sample is heated at 300°C 

for a set period of time until all of the insitu hydrocarbons are cooked off. The temperature is then 

increased at a rate of 25°C/min until temperature reaches 600°C. During this time, hydrocarbons 

are generated from the sample due to heating. Once the system reaches 600°C, temperature 

cools and a measurement of CO2 produced is taken.  
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2 

 
 

Figure 5-2 Type logs of Marcellus Formation from core production areas 

Members of the Marcellus highlighted for maturity evaluation. The Oatka Creek member is highlighted in blue and the Union Springs 

member is highlighted in red.



 

23 

 
 

Figure 5-3 Programmed Pyrolysis responses 

Diagram of typical programmed pyrolysis responses during heating of rock sample (Hart and 

Steen, 2015). The green curve is change in temperature with time. The S1 peak measures 

hydrocarbons previously generated in the sample. The S2 peak represents hydrocarbons 

generated during heating of the sample. The S3 peak represents carbon dioxide from cracking of 

residual kerogen. Tmax is the temperature at which the S2 peak occurs. 

 
Figure 5-3 is an image of a standard pyrogram from Hart and Steen (2005). Five 

measurements take place during the pyrolysis procedure. The first measurement is S1 (mg HC/g 

rock), represents how many hydrocarbons are contained, already generated, in the rock. The 

second measurement, S2 (mg HC/g rock), represents hydrocarbons generated from pyrolysis, or 

the generative potential if the source rock were to continue heating in-situ. The third 
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measurement, S3 (mg CO2/g rock), represents CO2 generated during pyrolysis as a result of 

thermal cracking of kerogen. The fourth measurement, Tmax, is the temperature at which the 

maximum S2 occurs (the peak). This value can be used to evaluate the thermal maturity of 

organic matter, but if a low S2 peak occurs, Tmax can be unrepresentative. In this study, due to 

low S2 values, Tmax is rendered un-useable as a maturity evaluator. The fifth measurement is 

S4. Once pyrolysis is complete, the sample is oxidized, and the residual carbon of the sample is 

measured. This carbon is highly condensed and represents organics that may have once 

generated hydrocarbons. The addition of S1 (mg HC/g rock), S2 (mg HC/g rock), and the final 

residual carbon S4 are summed to get a TOC weight percent (wt%) (Jarvie, 1991; Hart and 

Steen, 2015). For the purposes of this paper, TOC volume percent (vol%) will be used instead of 

a wt%. Because it has a low density, TOC volume is more representative of its contribution to the 

entire mineral assemblage of the rock. Volume is also used because it is compared to a volume 

of gas that is adsorbed on a volume of organics. Figure 5-4 is the comparison of TOC vol% vs. 

TOC wt%, showing vol% to be an average 1.55x wt%. 

One method of evaluating thermal maturity using programmed pyrolysis data is plotting a 

Hydrogen Index vs. an Oxygen Index of multiple samples. A Pseudo Van Krevlin diagram is a plot 

of HI (S2/TOC) x100 on the Y axis, and OI (S3/TOC) x100 on the X axis (Figure 5-5, Hart and 

Steen, 2015). This type of graph is typically used to evaluate kerogen types, but can also 

evaluate maturity because samples will decrease in HI and OI with increasing maturity (Nordeng, 

2012). Figure 5-6 is a pseudo Van Krevlin diagram of my data set. All but three of the points have 

an S2 value lower than 1, resulting in very low HI values. When S2 values are less than 2.5 the 

source rock has poor potential for generating additional hydrocarbons (Peters, 1986). It is clear 

that all but three of the samples are very mature, but are indistinguishable due to their small 

deviation in HI. 
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Figure 5-4 TOC vol% vs. TOC wt% 

TOC vol% vs. TOC wt%. plotted from data in Table II. TOC vol% is shown to be greater than 

TOC wt% by an average factor of about 1.55x TOC wt%. Color coding is by depositional setting: 

anoxic is red and dysoxic is blue. 

 

y = 1.548x 
R

2
 = 0.95 
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Figure 5-5 Pseudo Van Krevlin diagram highlighting maturity trends 

Pseudo Van Krevlin diagram from Hart and Steen (2015). Figure plots HI vs. OI and evaluates 

maturity by decreases in HI and OI. 
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Figure 5-6 Pseudo Van Krevlin diagram for data set 

Pseudo Van Krevlin diagram from data set. This is a poor method of maturity evaluation for this 

data set due to the low S2 numbers and the majority of the data set indistinguishable due to low 

HI values. 

Vitrinite Reflectance 

The second common evaluator of thermal maturity is vitrinite reflectance (VRO). An 

organic petrographer evaluates the maturity of a source rock by measuring the reflectance of 

vitrinite particles. Vitrinite is the plant derived kerogen of a source rock. The Marcellus Shale 

however, contains mainly algal organic macerals instead of vitrinite. Reflectance relationship 

methods, such as used by Petersen et al. (2013) and Repetski et al. (2002), measure reflectance 

of other organic matter and relate it to a corresponding vitrinite reflectance. Vitrinite reflectance 

equivalent (VROE) methods are used in this thesis to compare maturities. The vitrinite reflectance 

scale for prediction of the hydrocarbon phase window for oil prone source rocks is 0-.6% 

(immature), .6-.9% (oil), .9-1.3% (wet gas), 1.3%+ (dry gas) (Senftle and Landis, 1991). There is 

not a single VROE estimate for each individual point in the adsorption data set, but there are many 
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VROE estimates throughout each wellbore containing the adsorption data points. I’ve averaged the 

VROE within each of the Marcellus members, Union Springs and Oatka Creek, for each well. This 

average should be representative for each formation member from which the adsorption sample 

points were obtained since the formation thickness does not exceed a few hundred feet. The 

vitrinite reflectance equivalence values give an estimate of thermal maturity in order to 

differentiate the adsorption data points from one another. The range of VROE of the sample points 

(Figure 6-2) is consistent with the high maturity shown in Figure 5-6. Just as the majority of the 

points in Figure 5-6 are of elevated maturity, the majority of the points plotted in Figure 6-2 are of 

thermal maturity greater than a VROE of 2. The three sample points of lowest maturity in Figure 5-

6 equate to the points of lowest maturity in Figure 6-2. 

 

X-Ray Diffraction 

X-ray diffraction is used to determine mineralogy. The following description is 

summarized from Mason and Berry (1967). Samples are powdered and subjected to x-rays at 

varying angles of incidence to the sample. Final results of mineral and clay constituents are given 

in weight percents and volume percents. Volume percents can be calculated using density and 

porosity of the sample. Lu et al. (1995), Ross and Bustin (2009), and Schettler et al. (1991) all 

tested adsorption of methane on illite and found the mineral capable of adsorbing methane. For 

this reason I have collected x-ray mineralogy data to test whether there is any correlation of 

adsorption with clays or any other minerals. 

 

Multiple Regression Analysis 

While analyzing the data on Langmuir storage capacity (GSL) in the Marcellus Shale, it 

became apparent that there are many factors that govern this property. In order to evaluate the 

strongest controls on GSL, a multiple regression analysis in Microsoft Excel was completed. The 

output from Excel can be seen in Tables 7-1, 7-2, and 7-3 from different regression analyses 

completed in this paper. The adjusted R Square value shows the strength of the independent 
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variables that predict the value of the dependent variable. The closer this value is to 1, the greater 

the influence of the independent variables. The Significance F under the ANOVA table evaluates 

if the data is a good fit for the model. Values less than 0.05 are good fits. The Coefficients are 

used to calculate a predicted model for the dependent variable y. The coefficients have units that 

eliminate the units of the input variables to equal the units of the output. For example, if the 

equation is  

                                     
       

       
 , the coefficient means for every 1x input, 

there is a coefficient y output. This relationship can then be summed with multiple x inputs of 

differing units to get a total y output. The coefficient units are always 
       

       
 . This cancels out the 

input x units to equal an output y. The P-value in the final table evaluates the strength of the 

coefficient: values less than 0.05 are strong and values greater than 0.05 are weak. Regression 

model equations are built on the platform of Equation 4, where Y is the modeled (dependent 

variable) output and X1 through Xn are the independent variable inputs. 

 

                                                  

                     ……………………………………….(4) 

 

This tool allows the user to evaluate the strength of any range of input variables in 

predicting an output value, and rank the weight of each independent variable on the output 

dependent variable.  

 

Spotfire Analytics 

The data will be analyzed using Tibco® Spotfire. This software will enable me to graph 

and compare multiple variables on one graph. Visualizing relationships within the data is essential 

to understanding the results and discovering why certain relationships exist. 
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Chapter 6  

Results 

Methane adsorption isotherms were measured on 34 samples of Marcellus shale of 

varying thermal maturity and mineralogy. Figures 6-1, 6-2, 6-3, 6-4 and 6-5 are the Langmuir 

storage capacity (GSL), thermal maturity (VROE), TOC vol%, clay volume percent (vol%), and 

porosity percent (%) distributions, respectively, for the data set. As discussed earlier, all previous 

studies including methane adsorption isotherms found a positive linear correlation between 

adsorption volume and TOC content. This correlation can also be observed within the data set: 

increasing TOC vol% yields increasing storage capacity (Figure 6-6). In observing those four 

figures, it is evident that the anoxic depositional setting has the highest volumes of TOC and 

highest storage capacities compared to the dysoxic depositional setting.  

With guidance from Gasparik et al. (2014), I’ve normalized adsorptive storage capacity to 

TOC vol% due to its dependence on organic matter. Figure 6-7 is the comparison of the Langmuir 

storage capacity (GSL) normalized by TOC vol% vs. average thermal maturity (VROE). An increase 

in normalized GSL volume occurs from thermal maturities of 1% to 1.7% VROE, flattens out to 2.2% 

VROE, and then decreases as maturity increases up to 4% VROE. 

Figure 6-8 is a plot of porosity % vs. thermal maturity (VROE). As thermal maturity is 

increasing, porosity is decreasing at a logarithmic rate. Figure 6-9 is a plot of Langmuir Pressure 

(PL) vs. thermal maturity (VROE). PL remains relatively flat until a VROE of 2%, and then drops to 

remain relatively flat again as maturity increases to 4%. Figure 6-10 is a plot of thermal maturity 

(VROE) vs. deep resistivity (ohm*m). This plot shows resistivity decreasing as thermal maturity 

increases. Figure 6-11 is a plot of Langmuir storage capacity (GSL) vs. clay volume %, showing a 

weak negative relationship of the volume of clay and the methane volume adsorbed. No other 

minerals had any constraining relationships on methane adsorption capacity.  Micro-porosity is 

believed to be one of the controlling factors of sorbed gas volume (Heller and Zoback, 2014). 

Figure 6-12 is a plot of GSL vs. porosity%. Samples with porosities lower than 10% show some 

positive correlation with adsorptive storage capacity, but once porosities exceed 10%, there is no 
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recognizable correlation. Figure 6-13 a plot of bulk density (g/cc) vs. porosity %. There is a 

negative linear trend of decreasing density as porosity is increasing. Figure 6-14 is a plot of bulk 

density (g/cc) vs. thermal maturity (VROE). This comparison yields a logarithmic trend of density 

increasing with increasing thermal maturity.  
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Figure 6-1 GSL, Langmuir Storage Capacity (scf/ton) vs. Sample Number 

The sample set includes a wide range of values for the storage capacity. Color coding is by 

depositional setting: Anoxic is red and dysoxic is blue. Samples deposited in an anoxic 

environment have higher Langmuir storage capacities than those in dysoxic environments.  
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Figure 6-2 Thermal Maturity (VROE) vs. Sample Number 

Vitrinite reflectance equivalent values vary from 1 to 3.9 for the data set with a relatively uniform 

spread of maturities. Color coding is by depositional setting: Anoxic is red and dysoxic is blue. 
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Figure 6-3 TOC vol% vs. Sample number 

The anoxic samples have the highest TOC volumes while the dysoxic samples contain less TOC. 

Color coding is by depositional setting: Anoxic is red and dysoxic is blue. 
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Figure 6-4 Clay vol% vs. Sample Number 

Dysoxic samples tend to have higher volume percents of clay than anoxic samples do. Color 

coding is by depositional setting: Anoxic is red and dysoxic is blue. 
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Figure 6-5 Porosity % vs. Sample Number 

Samples that are anoxic generally have a higher porosity percent than dysoxic samples. Color 

coding is by depositional setting: Anoxic is red and dysoxic is blue. 
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Figure 6-6 GSL, Langmuir Storage Capacity (scf/ton) vs. TOC vol% 

Color coding is by depositional setting: Anoxic is red and dysoxic is blue. The anoxic samples 

contain the highest volume of TOC and the highest Langmuir storage capacities. The dysoxic 

samples contain the lowest TOC and storage capacity volumes. The equation represents a 

positive linear relationship between GSL and TOC vol% with a R
2
 fit of 0.68. 

y = 12.705x 
R

2
 = 0.68 
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Figure 6-7 Normalized GSL / TOC (scf/(ton*toc vol%)) vs. Thermal Maturity (VROE) 

Normalized adsorptive storage capacity increases for vitrinite reflectance equivalent values of 1% 

to 1.7% VROE, flattens out from 1.7% to 2.2% VROE, and then decreases as maturity increases up 

to 4% VROE. The data is fit with a 4th degree polynomial equation with an R
2
 of 0.77. 

y = (-1.23x
4
) + 15.21x

3
 – 67.48x

2
 + 122.72x + 59.82 

R
2
 = 0.77 
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Figure 6-8 Porosity % vs. Thermal Maturity (VROE) 

As thermal maturity increases, porosity percent decreases. Color coding is by depositional 

setting: Anoxic is red and dysoxic is blue. Sizing of data is by TOC vol%. Anoxic samples with 

higher TOC vol% tend to have higher porosity than dysoxic samples with lower TOC vol%. The 

black line is the trend for all samples with an R
2
 of 0.27. Colored curves are separated out by 

depositional setting with slightly stronger correlation R
2
 values. 

y = -5.22ln(x) + 14.37 
R2 = 0.31 
y = -3.23ln(x) + 8.42 
R2 = 0.31 
y = -4.98ln(x) + 11.57 
R2 = 0.27 
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Figure 6-9 PL, Langmuir Pressure (psia) vs. Thermal Maturity (VROE) 

PL decreases for thermal maturities of 2.1% and greater compared to lower thermal maturities. 

Color coding is by depositional setting: Anoxic is red and dysoxic is blue. The dysoxic samples 

fluctuate and don’t follow the trend as well as the anoxic samples do. 
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Figure 6-10 Thermal Maturity (VROE) vs. Deep Resistivity (ohm*m) 

A decrease in resistivity indicates an increase in thermal maturity. Color is a gradient scale of 

normalized Langmuir adsorptive storage capacity GSL / TOC, yellow being small volumes, red 

being large volumes. Size of dots is the same scale, smaller dots small volume, larger dots, larger 

volume. The data is best fit with a logarithmic curve with a R
2
 value of 0.82. 

y = (-0.63)*Log10(x) + 3.28 
R

2
 = 0.82 
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Figure 6-11 GSL, Langmuir Storage Capacity (scf/ton) vs. Clay vol% 

Color coding is by depositional setting: Anoxic is red and dysoxic is blue. The anoxic samples 

have the lowest clay contents and the highest storage capacities while the dysoxic samples have 

the highest clay contents and the lowest adsorptive storage capacities. The data is fit with a line 

of best fit with an R
2
 of 0.44.  

y = (-3.77x) + 224.63 
R

2
 = 0.44 
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Figure 6-12 GSL, Langmuir Storage Capacity (scf/ton) vs. Porosity % 

Color grading is by TOC vol%. Red symbols have the highest TOC vol% and the yellow symbols 

have the lowest TOC vol%. Size is by thermal maturity (VROE), larger symbols have higher 

thermal maturity. Shapes are depositional setting: anoxic samples are circles and dysoxic 

samples are squares. The curve of fit is a power curve with an R
2
 of 0.299. 

y = 34.015x
0.5831

 
R

2
 = 0.299 
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Figure 6-13 Bulk Density (g/cc) vs. Porosity % 

Linear decrease in bulk density with the increase in porosity. Color coding is by depositional 

setting: Anoxic is red and dysoxic is blue. Sizing is by TOC volume percent (vol%), larger circles 

have higher TOC vol%. TOC vol% is decreasing as porosity decreases and bulk density 

increases. Samples of higher bulk density indicate potential compaction. The data is fit with a line 

of best fit with an R
2
 of 0.69.  

y = (-0.03x) + 2.75 
R

2
 = 0.69 
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Figure 6-14 Bulk Density (g/cc) vs. Thermal Maturity (VROE) 

Color coding is by depositional setting: Anoxic is red and dysoxic is blue. Sizing is by TOC 

volume percent.  As thermal maturity increases, sample bulk density also increases. Trends are 

broken up by depositional setting because of their TOC content. Samples with the highest TOC 

volumes (anoxic) will tend to have lower bulk densities. Curves are logarithmic trends of best fit. 

The black line is the trend for all samples with an R
2
 of 0.31. Colored curves are separated out by 

depositional setting with stronger correlation R
2
 values.  

y = 0.06ln(x) + 2.57 
R

2
 = 0.14 

y = 0.23ln(x) + 2.28 
R

2
 = 0.64 

y = 0.17ln(x) + 2.42 
R

2
 = 0.31 
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Chapter 7  

Discussion and Interpretation 

Many correlations were observed regarding methane adsorption, thermal maturity, and 

shale mineralogical content within the data set. The first correlation observed is the positive linear 

relationship between TOC vol% and Langmuir storage capacity (GSL, scf/ton) (Figure 6-6). This 

relationship is in agreement with observations from Chareonsuppanimit et al. (2012), Gasparik et 

al. (2014), Guo (2013), Heller & Zoback (2014), Lu et al. (1995), Ross & Bustin (2009), Schettler 

et al. (1991), and Zhang et al. (2012) in their experiments of methane adsorption on organic gas 

shales. This relationship exists because the methane adsorbs onto the micro-pores of the 

organics in the shale, thus increased organics equals increased micro pore volume (Zhang et al., 

2012; Heller & Zoback, 2014; Gasparik et al., 2014; Ross & Bustin, 2009; Ambrose et al., 2010).  

The second observed correlation, one with perhaps a less obvious explanation, is the 

change in normalized adsorptive storage capacity with thermal maturity. I will discuss the plot 

(Figure 6-7) in two stages: thermal maturity of 1% to 1.8% VROE, and 2% to 4% VROE. From VROE 

1% to 1.8%, normalized GSL/ TOC vol% increases. Schieber (2013) describes the development of 

organic porosity in Devonian shales with increasing thermal maturity beginning at percentages of 

.6%, and becoming well developed at maturities greater than 1.1% VROE. Schieber (2013) also 

describes continuous development of organic matter pores up to thermal maturities of 2% VROE. 

Figure 6-7 is in agreement with this observation: as thermal maturity increases from lower to 

higher maturities, adsorption volume increases in the presence of organic matter hosted pores.  

As thermal maturity increases from 2% to 4% VROE, normalized GSL/ TOC vol% 

decreases. The decrease in adsorptive gas volume is probably due to a decrease in organic 

micro-pore porosity. Laughrey et al. (2011) describe a significant decrease in organic porosity in 

high maturity Marcellus samples (above 2% VROE). This loss in organic porosity is most likely due 

to the change in crystallography of organic carbon as it thermally matures. All carbonaceous 

material will move to its most stable forms of carbon when exposed to heat (Harrison 1979). For 

organic matter, the two most stable end points are methane and graphite. During metagenesis, 
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the final stage of thermal evolution, the remaining organic matter is completely depleted of its 

hydrogen (Horsfield and Rullkötter, 1994). It is during this stage where the remaining carbon 

forms stacked sheets of aromatic rings, the structure for graphite (Harrison, 1979). This is 

described by Harrison (1979) in a laboratory setting where organic material progressively 

transforms to graphite with increasing heat. In that experiment, graphite was detectable in 

samples that were heated to 300 degrees Celsius. In the northeast region of the Appalachian 

basin in Pennsylvania, near the depocenter of the basin, burial depths and burial temperatures 

reached 12km and 300 degrees Celsius, respectively (Beaumont et al., 1987). It is in this location 

where the adsorption sample points experience the highest thermal maturities. As organic 

material is progressively heated, the formation of graphite occurs due to a reduction of hydrogen. 

Due to graphite’s nature to form condensed sheets, the size and connectivity of organic pores 

decreases. Although measurement of organic porosity would be difficult without the aid of 

scanning electron microscope (SEM) imagery, sample porosity is available and can be seen 

decreasing with increasing thermal maturity (VROE) in Figure 6-8. An extra level of compaction 

would have to occur to decrease the total rock volume, or else the decrease in organic volume 

would only increase total porosity of the rock. If further compaction did not occur, there would still 

be some decrease in adsorptive storage capacity because the internal surface area of the organic 

porosity is the main storage mechanism, which is lost with graphitization. Further SEM studies 

need to be conducted to confirm the decrease in total rock volume as well as a decrease in 

organic pore volume of over mature Marcellus.  

Progressive transformation into stable end products of methane and graphite through 

thermal maturation yields higher maturity organic matter, which is less attractive to adsorbed 

methane than less mature organics. This decrease in affinity is a result of decreased sorption 

sites on organic matter for methane to condense onto. Stronger carbon to carbon bonds of 

graphite don’t allow for weaker Van der Waals bonds of adsorbed methane to occur (Kwiecińska 

and Petersen, 2004). These phenomena in conjunction with previously stated decreases in 
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organic porosity are the two most likely explanations for decreased methane adsorption with 

increased maturity. 

Langmuir pressure (PL) vs. thermal maturity (VROE) in Figure 6-9 shows a higher PL for 

samples of maturity less than 2% VROE compared to samples of higher maturity, greater than 2% 

VROE. PL is the pressure at which ½ of the Langmuir volume (GSL) of gas has been adsorbed 

(Hartman 2012). Since there are less receptor sites for methane to adsorb in over mature rock 

with a decreased organic pore volume, the Langmuir volume of gas adsorbed will be less than in 

a rock with a higher organic pore volume, and the pressure at which ½ the Langmuir volume is 

adsorbed will be lower too. This is the case for the Marcellus Formation. 

During evaluation of the log data, it was observed that the higher the thermal maturity 

(VROE) of the well, the lower the resistivity. Figure 6-10 is a plot of thermal maturity (VROE) vs. 

deep resistivity. This trend suggests two things: increased conductivity and a decrease in 

hydrocarbons, often complimenting each other. The nature of graphite’s structure allows it to be 

conductive (Kethireddy et al. 2014). Resistivity will decrease with increasing thermal maturity due 

to the progressive generation of graphite from the maturation and evolution of organic matter. 

Hydrocarbon presence can also increase resistivity. Decreases in resistivity with increased 

thermal maturity highlight the reservoir’s decreasing ability to contain hydrocarbons.  Dots on 

Figure 6-10 are color coded and size scaled to enhance the observation of increased adsorptive 

storage capacity at lower thermal maturities and higher resistivities, and the decrease of 

adsorptive storage capacity at higher thermal maturities and lower resistivities.  

Figure 6-11 shows the negative relationship between clay mineral volume percent (vol%) 

and adsorbed Langmuir volumes (GSL). The graph shows that the larger the clay mineral vol%, 

the smaller the GSL. The data points on the graph are color coded by depositional setting. 

Coincidentally, the anoxic depositional setting, which has the highest TOC vol% (Figure 6-3) and 

has the highest Langmuir adsorption volumes, has the lowest clay volumes. Zhang et al. (2012) 

describes the effects of moisture on adsorption values, stating that moist samples will have lower 

adsorption volumes. This is due to clay’s hydrophilic properties, and the possibility of in-situ 
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moisture blocking pore throats or adsorption sites on organic material (Zhang et al., 2012). The 

samples in the data set are tested as-received from core, and not dried, so samples with higher 

clay content could inhibit adsorption. Due to the negative relationship between clay vol% and 

TOC vol%, it is unclear if decreased adsorption is due to presence of moist clays, due to the 

absence of organic carbon, or a combination of both. 

Figure 6-12 is a plot of Langmuir storage capacity (GSL) vs. porosity percent. The colors 

represent a gradual change in TOC vol%, shapes highlight formation members, and size of the 

shapes increase with increasing thermal maturity (VROE). In the plot, as porosity decreases, GSL 

and TOC vol% decrease. TOC vol% decrease is highlighted in a color change of red to yellow. 

Observing each shape category, sizes increase towards the origin. Pulling all the information 

together, this graph shows that samples with higher maturity experience a slight decrease in TOC 

vol%, a decrease in porosity %, and a decrease in GSL.  

Kinghorn and Rahman (1983) describe increases in kerogen’s specific gravity with 

increases in thermal maturity. This observation can be seen in this data set through Figures 6-13 

and 6-14. Figure 6-13 is a plot highlighting the relationship of an increasing sample bulk density 

with decreasing porosity. Figure 6-14 shows an increase in sample bulk density with an increase 

in maturity. The sample points are color coded by depositional setting due to the differences in 

TOC vol% between anoxic and dysoxic samples. Anoxic samples tend to have lower bulk 

densities compared to dysoxic samples. These two graphs, in conjunction with Figure 6-8 show 

that kerogen is losing its porosity and increasing in bulk density as it generates hydrocarbons and 

transforms to graphite with increasing thermal maturity. 

The process of thermal maturation greatly alters organic shale’s ability to be an 

adsorbent. As heating and maturation progresses, TOC decreases with the generation of 

hydrocarbons and organic bulk density increases. Induced stress decreases porosity, and in 

return, adsorption storage capacity decreases. Coincidentally, with a decrease in adsorbed gas, a 

reduction in resistivity can be observed as well. Analysis of this data set shows there are many 

controls on GSL volumes in the Marcellus Formation. The first and most likely strongest control is 
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TOC vol%, which can be seen in Figure 6-6 as a positive linear trend between Langmuir 

adsorptive storage capacity (GSL) and TOC vol%. The second is thermal maturity (VROE), which 

shows an increase then decrease in GSL/TOC in Figure 6-7. The third is bulk density. With its 

strong correlation to porosity, increased porosities and decreased bulk densities result in 

increased GSL’s, (Figures 6-8, 6-12, 6-13). Finally, in Figure 6-10, deep resistivity shows GSL 

decreasing (bubble size) as resistivity decreases. Due to these multiple variables affecting the 

Langmuir storage capacity of the shale, a multiple regression analysis was conducted to evaluate 

the strength of each of the controls and investigate if Langmuir volume could be predicted using a 

regression model from these variables. 

Multiple regression of GSL was completed for the following variables: TOC vol%, thermal 

maturity (VROE), resistivity, and bulk density. Table 7-1 is the output from the regression analysis 

in Microsoft Excel. The adjusted R Square value of 0.91 means the input variables have a good 

correlation in predicting GSL. The Significance F value of 2.64 E-18 means the data is a good fit 

for the model. Based off the P-values in the third table, the strength of the variables controlling 

Langmuir adsorption volumes are such from strongest to weakest: TOC vol%, bulk density, 

thermal maturity (VROE), and deep resistivity. The modeled Langmuir volume (GSLM) can be 

calculated for each sample point by Equation 5.



 

 

5
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Table 7-1 Multiple Regression Analysis statistics from GSLM 
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……………………………………………………………………………………………..…….(5) 

Figure 7-1 is a representation of this output of measured Langmuir Volume (GSL) vs. 

modeled Langmuir volume (GSLM). The R
2
 of this plot is 0.77 with a line of best fit equation y=x. I 

believe that this is a strong correlation of GSL vs. GSLM and propose the use of Equation 5 to 

predict Langmuir adsorption volumes in the absence of measured Langmuir data. If no core data 

is available, GSL can be modeled solely with well logs and public thermal maturity data. First, TOC 

vol% needs to be modeled in the absence of core data.  

Emery and Zagorski (2013) show a multiple regression of uranium (ppm) and bulk 

density to model TOC vol%. If a spectral gamma ray log is not available to obtain uranium ppm, 

uranium (ppm) can be estimated from its relationship with the gamma ray log (Figure 7-2). 

Spectral gamma ray logs were available for most of the wells in this data set so uranium (ppm) 

was used in this paper. Table 7-2 shows the multiple regression results for modeling TOC vol%. 

The adjusted R square value of 0.886 means the variables are a strong predictor for TOC vol%. A 

Significance F value of 6.38 E-13 supports the high R square value for the valuables and their 

strength to predict TOC vol%. Each variable’s P-value is less than 0.05 which means they both 

have a strong influence on the prediction of TOC vol% with uranium (ppm) being a stronger 

control than bulk density due to its smaller P-value. Equation 6 is the resulting equation from the 

regression used to predict TOC vol% at each sample point. 
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Figure 7-1 GSL, Langmuir Storage Capacity (scf/ton) vs. GSLM, Modeled Langmuir Storage 

Capacity (scf/ton) 

The line of best fit is a 1:1 correlation with an R
2
 of 0.77, meaning 77% of the data is explained by 

the line y=x. This regression can be used with the four factors controlling Langmuir storage 

capacity to predict its volume without the need for physical Langmuir adsorption data.   

y = x 
R

2
 = 0.77 
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Figure 7-2 Uranium (ppm) vs. Gamma Ray (API) 

This linear relationship highlights that 86% of the gamma ray signature is derived from uranium. 

This relationship could be used to estimate uranium content if a spectral gamma ray is not 

available.  

y = 0.11x - 3.98 
R

2
 = 0.86 



 

   

5
5 

Table 7-2 Multiple Regression Analysis statistics from TOCM 
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…………………………………………………………………………….…………………...…(6) 

Figure 7-3 is the graph comparing the measured TOC vol% from core points vs. the 

modeled TOCM vol% from uranium and bulk density. The R
2
 of the comparison is 0.69, which 

means 69% of the data can be explained by the line of best fit y = x. This strong correlation 

allows me to use the modeled TOC vol% and re-run the modeling of GSL using only log data.  

A multiple regression was run using the same variables as was previously done with core 

TOC vol% but this time with all log data to model GSL. These variables were: TOCM vol%, thermal 

maturity (VROE), deep resistivity (ohm*m), and bulk density (g/cc). Table 7-3 shows the results 

with an adjusted R square value of 0.88 and significance value of 3.4 E-11, both supporting a 

strong model.  Based off the P-values, the order of strongest to weakest variables influencing the 

calculation of modeled GSL is: TOCM vol%, deep resistivity (ohm*m), bulk density (g/cc), and 

thermal maturity (VROE). Equation 7 is the equation used to model Langmuir volume (GSLM):  

                                       

                                                    

                                                
 

  
         

………..…………………………………………………………………………………………..(7) 

Figure 7-4 is the comparison of Langmuir volume (GSL) values measured from core vs. 

modeled Langmuir volume (GSLM) from well logs. The line of best fit is y = x with an R
2
 of 0.76. 

The log modeled GSL has a good fit compared to the core measurements, and has a 0.01 lower 

R
2
 fit to the core data than modeled GSL using core TOC vol% values.  Thus, using this proposed 

method of estimating GSL from well logs (Equation 7) should be sufficient without the need of core 

data.  
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Figure 7-3 TOC vol% vs. TOCM, Modeled TOC vol% from U and Bulk Density 

This 1:1 relationship shows that TOC vol% can effectively be modeled from these two logs and 

that 69% of the data is explained by the y=x relationship.  

y = x 
R

2
 = 0.69 



 

  

5
8 

Table 7-3 Multiple Regression Analysis statistics from GSLM using all logs 
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Figure 7-4 GSL, Langmuir Storage Capacity (scf/ton) vs. GSLM Modeled Langmuir Storage 

Capacity with TOCM (scf/ton) 

The line of best fit is a 1:1 correlation with an R
2
 of 0.76, meaning 76% of the data is explained by 

the line y=x. This regression can be used with the four factors controlling Langmuir storage 

capacity as log data to predict its volume without the need for physical Langmuir adsorption data.   

y = x 
R

2
 = 0.76 
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Using this method to model GSL, a geologist can take these equations, and apply them to 

the entire Marcellus Formation and get estimates for GSL throughout the wellbore. Instead of 

sampling a few select core points, the entire well can be estimated at depth increments of 0.5 ft 

(or the best resolution of available logs). Figure 7-5 is a plot of the two original type logs with the 

4th track representing the results from the modeled work. First, the original core sample points 

are plotted as dots. Green circles are TOC vol% from core and black squares are GSL (scf/ton) 

from core. The black curve is modeled TOC vol% from logs (TOCM vol %). The red curve and fill 

is the modeled Langmuir volume (GSLM scf/ton) from log data. The black dashed line is the 

thermal maturity (VROE). From this modeled Langmuir volume (GSLM), if a relationship between 

GSL and free gas could be established, total gas-in-place could be estimated throughout the 

wellbore, then on a basin-wide scale, enabling the user to highlight areas of higher gas-in-place, 

and potentially greater productivity.  



 

  

6
1 

 
 

Figure 7-5 Type logs of Marcellus Formation from core production areas with TOCM and GSLM curves plotted 

Green circles are TOC vol% from core and black squares are GSL (scf/ton) from core. The black curve is modeled TOC vol% from logs 

(TOCM vol %). The red curve and fill is the modeled Langmuir volume (GSLM scf/ton) from log data. The black dashed line is the thermal 

maturity (VROE). This plot shows that GSL can be modeled for the entire wellbore as opposed to the three selective core points. This allows 

the geologist to more effectively evaluate gas storage potential on a full well basis.
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Chapter 8  

Conclusions 

This study evaluated methane storage capacity and its relationship with thermal maturity 

in the Middle Devonian organic rich Marcellus Shale using core and log data. Through the use of 

direct comparison, many rock properties, including thermal maturity, were found to be influences 

on Langmuir methane storage capacity.  

1. TOC vol% and Langmuir methane adsorption storage capacity (GSL) have a positive linear 

relationship.  

2. Langmuir methane adsorption storage capacity (GSL) was normalized by TOC vol% to 

eliminate potential of miss-interpreting gas volumes due to large TOC volumes. 

3. Normalized GSL/TOC vol% increases with thermal maturity (VROE) until approximately 2% 

VROE.  

4. GSL/TOC vol% decreases as thermal maturity increases to 4% VROE.  

Once there was a realization that normalized adsorptive storage capacities change over 

a spectrum of thermal maturities, changes in rock properties were highlighted in comparison to 

thermal maturity.  

5. A decrease in porosity occurs with increasing thermal maturity (VROE).  

6. A decrease in Langmuir pressure (PL) occurs for thermal maturities greater than 2% VROE. 

7. Deep resistivity decreases with increasing thermal maturity (VROE). 

Other comparisons to Langmuir storage capacity were made to try to understand factors that 

affected the property. 

8. There is a negative relationship between clay volumes and Langmuir storage capacity  

9. There is a positive correlation of porosity % and Langmuir methane adsorption (GSL).  

Finally, explanations were given as to why GSL behaved the way it did over an increasing 

spectrum of thermal maturities 
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10. The decrease in normalized adsorptive storage capacity with increasing thermal maturity 

greater than 2% VROE is explained by a decrease in organic porosity, the primary host for 

adsorbed methane, as a result of changes in organic carbon crystallography.  

11. There is a decrease in affinity between adsorbed methane and organic carbon due to the 

change in crystallography of organic carbon.  

It is clear that there are many factors affecting the Langmuir storage capacity (GSL) of 

adsorbed methane in the Marcellus shale. First using core and well logs, GSL was modeled at for 

the depths samples. Then, using only well logs, GSL was successfully modeled for the entire 

wellbore of 2 type logs. 

12. Using multiple regression analysis, the four strongest factors governing methane adsorption: 

TOC vol%, bulk density, thermal maturity, and deep resistivity, were compared against 

Langmuir volume (GSL), and a correlation was observed. 

13. TOC vol% was then modeled from a multiple regression of uranium and bulk density from 

wireline logs to eliminate need for core values. 

14. The new modeled TOC vol% was used in a new multiple regression of GSL using the original 

variables and the strong relationship was upheld.  

15. Using only well logs, GSL was modeled for the entire wellbore enabling GSL to be estimated 

at many depths as opposed to the previous selective core points. 

With a strong correlation between modeled GSL and measured GSL, the relationship 

between GSL and its four factors could be used to model and predict GSL in areas where 

adsorption data is un-available. Using modeled GSL data and its relation to free gas volumes, gas-

in-place could be estimated on a basin-wide scale using publicly accessible basic well logs and 

thermal maturity data. 
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