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Abstract

This paper investigates controls on gas content in the Upper Devonian to Lower Mississippian New Albany Shale, specifically 
addressing the influence of organic matter content and porosity on the desorbed and residual gas contents. The shale samples 
studied come from Daviess County, Indiana, where the entire New Albany Shale thickness of 40 m (~120 ft) was cored. Gas 
content was measured by canister desorption and volumetric displacement apparatus, and porosimetric techniques included 
He adsorption (total porosity) and low-pressure N2 (mesopore characteristics) and CO2 (micropore characteristics) adsorption 
techniques. Other techniques included organic petrographic analysis, TOC and S analysis, and SEM. Total porosity of the shales 
ranges from 2.9 to 10.3 %, BET surface area from 4.1 to 9.1 m2/g, BJH mesopore volume 0.0125 to 0.0243 cm3/g, and micropore 
volume 0.0080 to 0.0197 cm3/g. Our data demonstrate that organic matter content is a good predictor of gas content, and micro-
pores present in organic matter are the main storage sites not only for residual but also desorbed gas. The role of larger pores in 
gas storage in these shales is limited.
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Introduction

The New Albany Shale (NAS) in the Illinois Basin is a Middle 
and Upper Devonian to Lower Mississippian unit, correlative 
with the Antrim Shale of the Michigan Basin and the Ohio Shale 
of the Appalachian Basin. These shale units are thought to be 
part of an epicontinental succession deposited in response to 
a sea-level rise over large areas of the North American craton 
[1,2]. In Indiana, the NAS is underlain unconformably by Mid-
dle Devonian North Vernon Limestone and is lithostratigraph-
ically subdivided into the following six member units in suc-
cession from the oldest to the youngest: the Blocher Member, 
the Selmier Member, the Morgan Trail Member, the Camp Run 
Member, the Clegg Creek Member, and the Ellsworth Member 
[3]. In most of Indiana, the NAS is overlain by the Rockford 
Limestone (Figure 1a). 

The NAS is an organic-matter-rich formation, with organic 
matter content often exceeding 10% and representing domi-
nantly oil window maturity [4]. The presence of gas in the NAS 
sparked continued industrial interest since the late 1800s. 
Gas production from the NAS commenced in Harrison Coun-
ty, Indiana, in 1885 [4-6]. Over time, limited early production 
in Harrison County expanded into other areas of Indiana. Ini-
tial production test rates (IPs) of wells typically ranged from 
567 to 11,327 m3 of gas per day (20 to 400 Mcf/day), although 
some wells in northern Daviess and southern Sullivan Coun-
ties are believed to have produced more than 28,316 m3/day 
(1 million ft3/day, MMcf/day). Gas-in-place estimates of the Il-
linois Basin NAS gas reserves vary from 86 to 160 Tcf [7] from 
which technically recoverable resources are estimated at be-
tween 1.3 to 8.1 Tcf (mean 3.8 Tcf; [8])
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Methods

Of the 23 shale samples originally selected for canister  
desorption, 12 were selected to closely examine the relationship  
between gas content, porosity characteristics, and mineralogi-
cal composition. The samples are from one borehole located in 
Daviess County, Indiana; this well penetrated the entire thick-
ness of the NAS, and the selected samples represent all the 
members of the NAS, from the oldest, Blocher, at the bottom 
part of the section to the youngest, Ellsworth, in the topmost 
sample (Table 1).

Canister desorption measurements were initiated in the field 
using a volumetric displacement apparatus and standard gas 
desorption measurement procedure described in “A Guide to 
Determining Coalbed Gas Content” (Gas Research Institute, 
1995). Briefly, the volume of gas that displaced fluid in the 
displacement apparatus (called “desorbed gas”) was record-
ed first at field temperature, and later, after the samples were 
transported to the laboratory at the Indiana Geological Survey, 
at room temperature (~21oC). The initial gas measurements 
were taken every 10 minutes for 1 hour, followed by 1-hour 
intervals for 7 hours; after that, gas readings were taken every 
day.

Recording of the desorbed gas was discontinued after sever-
al measurements did not record any gas. After gas desorption 
was complete, canisters containing samples were weighed, 
and the weight of the shale was obtained by subtracting the 
empty canister weight. Lost gas content, desorbed gas, and to-
tal gas contents were calculated using Desorption Data Analy-
sis Software of the Gas Research Institute (1995). 

After canister desorption was complete, residual gas content 
was determined on a split of ~15 g of each sample. The sample, 
after being placed in a container with a septum, was ball milled 
for 5 minutes. The gas volumes were measured on a small vol-
umetric apparatus. In addition to the analysis of the represen-
tative sample, from each canister two samples were selected, 
one of a relatively dark color and one of a relatively light color, 
to see variations within the same canister. To test the repro-
ducibility of the technique, two residual gas determinations 
were done on each sample. The same samples that were used 
for residual gas determinations were analyzed for TOC using 
ELTRA instrumentation. 

Dark and light varieties of each canister sample were crushed 
to 60 mesh (250 µm) and analyzed for surface area and mes-
opore characteristics using low-pressure nitrogen adsorption; 
micropore characteristics were tested using low-pressure car-
bon dioxide adsorption. Surface area, mesopore- and microp-
ore characteristics were determined on an ASAP 2020 poro-
simeter. More details about these techniques are available in 
our previous publications [11,12]. The pore classification into 
micropores (<2 nm), mesopores (2–50 nm), and macropores 

With regards to origin, the NAS gas appears to fall into three 
general gas play categories, (i) thermogenic, (ii) mixed ther-
mogenic-microbial, and (iii) microbial [9,10]. The most promi-
nent gas production so far has come from a dominantly micro-
bial (i.e., biogenic) gas play at shallow depth in Indiana. Strąpoć
et al. [10]  analyzed petrography, gas desorption, geochemistry, 
and micro- and mesoporosity of the NAS in the eastern part 
of the Illinois Basin at two locations in Indiana, in Owen and 
Pike Counties. The gas content in these locations was primarily 
dependent on the total organic carbon (TOC) content and the 
micropore volume of shales. The depth of burial, thermal his-
tory, and the salinity of formation water dictated the origin of 
the gas-in-place (i.e., microbial, thermogenic, or mixed). 

Figure 1a. Lithostratigraphy of the New Albany Shale in Indiana. Af-
ter Strąpoć et al. (2010) and references therein. 

This paper further investigates controls on gas content in the 
NAS, specifically focusing on the influence of organic matter 
content and porosity characteristics on the desorbed and re-
sidual gas. The main purpose of the study is to understand 
and predict the fraction of gas that can be easily extracted 
(desorbed gas) from gas that is very difficult to impossible to 
extract without opening additional pores (residual gas). The 
location studied is in Davies County, Indiana, where the drill-
ing intersected the entire NAS thickness (Figure 1b). 
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Table 1. Stratigraphic unit, depth, vitrinite reflectance (Ro), total organic carbon (T0C), total sulfur (S) of the shale samples studied.

Sample Stratigraphic 
member 

Depth 
(m) 

Depth  
(feet) 

Ro 
(%) 

TOC (wt 
%) light 

TOC (wt 
%) dark 

S (wt %) 
light 

S (wt 
%) dark 

C/S 
light 

C/S 
dark 

can 17 Ellsworth 534 1751 0.67 15.61 15.23 2.01 1.57 7.77 9.70 
can 22 Clegg Creek 535 1755 nd 7.73 8.63 1.96 2.28 3.94 3.79 
can 24 Clegg Creek 537 1762 nd 9.43 9.79 2.69 2.89 3.51 3.39 
can 19 Clegg Creek 539 1767 nd 11.54 11.25 3.64 3.14 3.17 3.58 
can 21 Clegg Creek 540 1771 nd 11.57 10.88 3.66 4.61 3.16 2.36 
can 25 Morgan Trail 541 1776 nd 6.18 9.99 1.86 3.13 3.32 3.19 
can 29 Camp Run 543 1782 0.67 4.01 5.9 2.2 2.31 1.82 2.55 
can 31 Camp Run 551 1806 nd 5.87 5.01 1.79 1.62 3.28 3.09 
can 33 Camp Run 552 1812 nd 3.28 4.94 1.24 1.63 2.65 3.03 
can 40 Selmier 554 1817 nd 7.63 7.34 2.07 1.8 3.69 4.08 
can 34 Blocher 563 1848 0.68 1.47 7.69 1.28 1.27 1.15 6.06 
can 35 Blocher 564 1851 nd 1.22 5.66 1.1 0.95 1.11 5.96 

 

Figure 1b. Location of the well in Daviess County, Indiana.  



ratios are below 4; most are within the 2 to 4 range (Table 1), 
suggesting conditions close to normal marine [14,15]. 

Figure 2. A – Histograms of total organic carbon (TOC) in lighter and 
darker shale; B – Residual gas content in lighter and darker shale.

There is a distinct positive correlation between TOC and S, 
with only the shallowest sample (can 17) differing (Figure 3). 
With this sample omitted, the coefficient of determination (R2) 
is 0.87 for the dark samples and 0.62 for the lighter samples 
(Figure 3). This positive correlation with a near-zero sulfur in-
tercept also suggests that the sediments were deposited under 
normal marine conditions [14]. Recently Alrowaie (2015) doc-
umented a positive correlation between C and S for the NAS in 
Pike County, Indiana, but showed that this relationship varied 
between different members, which would explain the scatter 
observed in this study, which includes samples from all mem-
bers.

Mineralogical Composition

Mineralogically, the shales are dominated by quartz (30.5–51.5 
%), muscovite (illite, 31.1–48.6 %), and albite (2.2–13.0 %), 
with other minerals varying within minimal ranges (Table 2). 
There is a weak positive correlation between quartz and TOC 
(R2 =0.45, Figure 4A), suggesting a biogenic source of some sil-
ica [16].There is also a negative correlation between musco-
vite (illite) and TOC (R2 =0.65, Figure 4B).

(>50 nm) used in this study follows the classification system 
of the International Union of Pure and Applied Chemistry [13].
 
Total porosity was measured on splits of samples of approx-
imately 7 mesh (particle size ~2.8 mm) size and calculated 
by subtracting the grain volume from the sample volume. The 
former was determined on a helium pycnometer ULTRAPYC 
1200e, whereas GeoPyc 1360 was used to determine the sam-
ple volume. 

The mineralogy of selected samples was identified using 
X-ray diffraction (XRD) techniques. The XRD analyses with 
2θ 2–70° were carried out on nine bulk powdered samples 
(canister numbers 17, 19, 21, 25, 29, 33, 34, 35, 40) (Table 2).  
Selected samples were also analyzed using SEM techniques 
on carbon-coated polished blocks to determine chemical com-
position of minerals. Specifically, eight polished blocks repre-
senting dark varieties of canister samples (17, 19, 25, 29, 35, 
and 40) and light varieties (33, 34) were analyzed with SEM at 
Hacettepe University and the General Directorate of Mineral 
Research and Exploration.  

Results and Discussion

Organic Petrographic Characteristics

Random vitrinite reflectance Ro values of the samples stud-
ied are around 0.67 % (Table 1), placing the source rock into 
the early mature zone but close to the mid-mature transition. 
Amorphinite and alginite macerals of the liptinite group dom-
inate the organic petrological composition of the samples 
throughout the section. Alginite occurs both as small bodies 
and large well-preserved algae spores such as Leiosphaeridia 
and Tasmanites. Alginite fluorescent color is golden yellow, 
but greenish-yellow and dull yellow alginite is also present. 
Contributions of terrigenous vitrinite and inertinite macerals 
are low, rarely exceeding 5 % of the total volume of organic  
matter. Solid bitumen is present in all the samples. Organic  
petrographic observations (e.g., abundance of marine algae) 
suggest a predominantly marine source of organic matter in 
the NAS, which is consistent with the previous studies [10].

TOC ranges from 1.22 to 15.61 % for the lighter color samples 
and from 4.94 to 15.23 % for the darker color variety (Table 
1). For the majority of samples, TOC of the lighter varieties is 
very similar to those of the darker ones (Figure 2A), but five 
samples (25, 29, 33, 34, and 35) had significant differences 
between the lighter and the darker counterparts, indicating 
internal canister sample heterogeneity. Total sulfur contents 
range from 1.1 to 3.66 % for the light-colored samples and 0.95 
to 4.61 % for the darker samples. Similar  to TOC, the majority 
of the light and dark samples had similar S contents (Table 1). 
Collectively, the C/S values  for the lighter and darker variet-
ies are very similar; only two samples, the shallowest and the 
deepest, showed significant differences. All but one of the C/S 
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Figure 3. Scatter plot showing relationships between TOC and S con-
tent for lighter and darker shale. Sample 17 (can 17) shows unusually 
high TOC for a relatively low S content.

No correlation between mineralogical composition and resid-
ual gas content was observed. Brittleness index calculated as 
the ratio of (quartz + dolomite)/(quartz + dolomite + calcite 
+ clay + TOC) [17] varies within a range of 38 to 53 (Table 
2). Brittleness index serves as an indicator of rock affinity to 
break under stress of hydraulic fracturing, with high values 
being desirable for unconventional systems. For example, the 
best-producing intervals of the Devonian Barnett Shale con-
sist of ~45 wt % quartz and as low as 27 wt % clays [18]. The 
brittleness index range for the shales studied is comparable to 
other shales considered suitable for hydraulic fracturing, for 
example, the Cretaceous Second White Specks Formation [19].

Shale-forming minerals identified by XRD in the samples were 
also analyzed with SEM to determine chemistry of minerals 
and their distribution (Figures. 5 and 6). SEM work indicates 
that some siderites in the samples are Mg siderites with Ca 
and Mn traces, and some dolomites have light-color rims of 
Fe-bearing dolomite (or ankerite) composition. 

 

Figure 4. Scatter plots showing relationship between TOC and (A) 
quartz content and (B) illite content.
 
Figures 5 and 6 present examples of mineral associations in clay-
rich samples 33 and 17 and quartz-rich sample 19. Quartz-rich 
(51.5%, Table 2) sample 19 shows associations of silica with  
illite, K-feldspar, Na-feldspar, dolomite, pyrite, and organic  
matter (Figure 5A, B). A clay-rich (48.6 % illite, Table 2) sample 
33 shows association of clays with silica, K-feldspar, in addi-
tion to framboidal pyrite (Figure 5C, D). Micron-sized minerals 
such as sphalerite, sphalerite with Fe traces, Ti-oxide with Fe 
traces, rare-earth phosphate (monazite), fluor-apatite, zircon, 
and pentlandite were also identified in some samples.
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Table 2. Mineralogical composition (weight %) of the samples studied. BI = brittleness index.

 

Sample Kaolinite Pyrite Chlorite Albite Illite Quartz Orthoclase Ankerite Siderite Dolomite BI 
can 17 2.3 3.2 2.8 11.1 41.2 38.9 0.0 0.0 0.6 0.0 39 
can 19 0.5 4.6 2.2 10.0 31.1 51.5 0.0 0.0 0.0 0.0 53 
can 21 1.0 4.1 5.5 2.2 31.4 47.5 8.5 0.0 0.0 0.0 49 
can 25 1.4 4.3 2.3 13.0 37.1 40.4 0.0 1.6 0.0 0.0 45 
can 29 1.2 2.7 2.7 9.9 38.4 41.4 0.0 3.8 0.0 0.0 47 
can 33 1.4 1.1 3.4 8.1 48.6 35.5 0.0 1.9 0.0 0.0 38 
can 40 1.2 2.0 2.0 7.8 38.6 44.6 0.0 1.7 0.0 2.0 49 
can 34 0.0 1.3 0.0 12.0 48.1 34.9 0.0 3.6 0.0 0.0 40 
can 35 0.0 1.0 0.0 9.3 47.4 30.5 0.0 4.3 0.0 7.5 38 

 



 

Porosity

Total porosity of the individual samples studied varied from 
close to zero to 10.3 %, and expectedly for the majority of 
samples was higher for light than for the dark variety (Table 
3). On average, this corresponds to a range of 0.0137 cm3/g 
to 0.0426 cm3/g pore volume. As determined by N2 adsorp-
tion, BET surface area (averaged between light and dark sam-
ples) ranges from 4.1 to 9.1 m2/g, and BJH mesopore volume  
(determined on the adsorption branch) ranges from 0.0128 
to 0.0243 cm3/g (Table 4).  On average, lighter samples have 
a larger BET surface area and BJH mesopore volume, with an   
average mesopore size of 12.4 nm. 

As determined by CO2 adsorption, the micropore surface area 
ranges from 8.6 to 21.3 m2/g,  the monolayer capacity from 1.9 
to 4.7 cm3/g, and the micropore volume from 0.008 to 0.0197 
cm3/g, with  an average micropore size of 1.1 nm (Table 5). In 
contrast to mesopore characteristics, micropore surface area, 
monolayer capacity, and micropore volume on average are 
larger in the darker samples.

The ranges of surface area and mesopore and micropore vol-
umes obtained in this study are comparable to those recorded 
earlier for the NAS in Pike and Owen Counties, Indiana [10]. 
There is a strong positive correlation between micropore vol-
ume and TOC (Figure. 7A) and a negative correlation between 
mesopore volume and TOC (Figure. 7B). 

Gas content 

The total gas content (on as-received basis) varies from 18.8 
to 67.8 scf/ton (0.6 to 2.1 cm3/g) (Table 6). The desorbed gas 
content ranges from 11.3 to 56 scf/ton (0.4 to 1.8 cm3/g), 
whereas the residual gas content from 3.13 to 24.33 scf/ton 
(0.1 to 0.8 cm3/g). These values are comparable to gas content 
from other locations of the NAS in Indiana [10]. 

 

Jacobs Publishers 6

Cite this article:  Maria Mastalerz.Variations In Gas Content In Organic  Matter-Rich Low Maturity Shale; Example From The New Albany Shale In The Illinois Basin. 
J J Petro Natu Gas. 2016, 1(1): 005.

Figure 5. SEM images of quartz-rich sample can 19 (A and B) and clay-rich sample can 33 (C and D). Si = silica, KF = K-Feldspar, NaF = 
Na-Feldspar, An = ankerite, Al = illite, Fe = pirite, OM = organic matter, Sd = siderite, D1 = dolomite, D2 = dolomite with Fe traces, D3 =  
dolomite with Fe and Mn traces, D4 = dolomite with Fe traces and clay minerals.

 



Table 3. Total porosity (in %, and cm3/g) of the samples determined 
by helium adsorption.

Figure 6. Secondary electron images and elemental maps indicating 
minerals identified in sample can 17 (dark variety). Zn = sphalerite, 
Fe = pyrite, Si = silica, Al = illite, P = apatite. Organic matter (OM) in-
cluding sulfur traces occurs as black areas. Note that the sample is 
rich in illite. 

Figure 7. Scatter plots and regressions showing relationships  
between TOC and (A) micropore volume and (B) mesopore volume. 

Organic matter content is the main parameter controlling total 
gas content and desorbed gas content. As TOC increases from 
close to 3 % to more than 15 %, total gas content increases 
from 20 scf/ton to close to 70 scf/ton (0.62–2.2 cm3/g, Fig-
ure 8), and the desorbed gas content increases from close to 
10 scf/ton to almost 60 scf/ton (0.31–1.86 cm3/g). The coef-
ficients of determination for these relationships are 0.77 and 
0.78, respectively. These relationships suggest that the major 
portion of the gas resides in pores within the organic matter.

Desorbed gas shows positive correlations with both micropore 
surface area and micropore volume (Figure 9A, B), suggesting 
that micropores (<2 nm) are favorable adsorption and storage 
sites for desorbed gas. Stronger correlation with micropore 
volume than micropore surface area points to a volume filling 
of micropores rather than monolayer adsorption as the main 
storage mechanism [20, 21].
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Sample Total porosity 
light (%) 

Total porosity  
dark (%) 

Average porosity 
(%) 

Porosity 
(cm3/g) 

can 17 2.1 3.7 2.9 0.0137 
can 22 4.7 4.8 4.8 0.0179 
can 24 6.6 4.0 5.3 0.0295 
can 19 5.1 7.0 6.0 0.0251 
can 21 7.0 4.9 6.0 0.0319 
can 25 7.1 0.3 3.7 0.0252 
can 29 7.3 4.2 5.8 0.0248 
can 31 6.2 5.3 5.8 0.0158 
can 33 5.3 4.9 5.1 0.0209 
can 40 5.0 8.3 6.7 0.0268 
can 34 9.1 7.4 8.2 0.0366 
can 35 13.3 7.2 10.3 0.0426 

Average 6.6 5.2 5.9 0.0259 
 



Figure 9. Scatter plots and regressions showing relationships be-
tween desorbed gas content and (A) micropore volume and (B) mi-
cropore surface area. 

Figure 8. Scatter plot and regressions showing relationship between 
desorbed and total gas content and TOC.

In contrast, desorbed gas shows a negative correlation with 
BET surface area and mesopore volumes (Figure 10A, B), indi-
cating that mesopores (2–50 nm pores) are ineffective sites for 
storing desorbed gas.

Residual gas is also strongly related to TOC, showing a positive 
correlation both for lighter and darker shales, with R2 above 
0.70 (Figure 11). The only sample that is outside of this trend, 
having high TOC and low residual gas content, is the upper-
most sample 17. It is possible that gas from this sample migrat-
ed out to the overlying rocks. 
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Sample 
BET surface area ( m2/g) BJH mesopore volume (cm3/g) Mesopore size (nm) 

light dark average light dark average light dark average 

can 17 4.1 5.0 4.5 0.0140 0.0145 0.0143 14.2 12.2 13.2 
can 22 4.8 5.2 5.0 0.0151 0.0156 0.0153 13.1 12.5 12.8 
can 24 4.1 4.6 4.3 0.0124 0.0131 0.0128 12.7 11.9 12.3 
can 19 4.3 4.0 4.2 0.0138 0.0125 0.0132 13.0 12.5 12.8 
can 21 4.7 4.9 4.8 0.0137 0.0136 0.0137 12.2 11.4 11.8 
can 25 3.8 4.4 4.1 0.0125 0.0124 0.0125 13.6 11.9 12.8 
can 29 5.8 4.2 5.0 0.0184 0.0138 0.0161 13.1 13.6 13.4 
can 31 5.4 5.2 5.3 0.0176 0.0162 0.0169 13.3 12.7 13.0 
can 33 8.2 6.0 7.1 0.0243 0.0199 0.0221 11.8 13.7 12.8 
can 40 4.7 5.2 5.0 0.0155 0.0149 0.0152 13.5 11.8 12.7 
can 34 11.7 6.5 9.1 0.0267 0.0218 0.0243 9.4 13.8 11.6 
can 35 10.5 5.6 8.0 0.0217 0.0161 0.0189 8.6 11.8 10.2 

Average 6.0 5.1 5.5 0.01716 0.01537 0.01626 12.4 12.5 12.4 
 Table 4. Surface area  and mesopore characteristics determined by low-pressure nitrogen adsorption. BET - Brunauer-Emmett-Teller,  

BJH - Barrett-Joyner-Halenda.

 



 

Residual gas content shows a good positive correlation with 
micropore volume (Figure 12A) and micropore surface area 
(Figure 12B). In contrast to micropores, residual gas shows 
a negative relationship with mesopore volume and BEF sur-
face area measured by nitrogen (Figure 13A, B). This clearly 
demonstrates that micropores are the host of residual gas. 
These micropores are likely closed, which prevents liberation 
of this gas during canister desorption; crushing the samples 
prior to residual gas measurements opens up these pores. 

Comparison of residual gas contents between lighter and dark-
er varieties emphasizes that it can vary significantly in differ-
ent portions of the sample (Figure 2B) and that these differ-
ences  are greater where there are greater differences in TOC 
(Figure 2A). This reinforces the crucial role of organic matter 
in residual gas storage. Differences in residual gas contents be-
tween two splits of the same shale fragments were very small, 
indicating that the differences between lighter and darker 
shales of the same canistered sample are real and not related to  
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Table 5. Micropore characteristics determined by low-pressure carbon dioxide adsorption. D-R Dubinin-Radushkevich, D-A - Dubinin- 
Astakhov

Table 6. Desorbed, residual, and total gas content of the samples studied.

Sample 

D-R micropore surface 
area  

(m2/g) 

D-R monolayer capacity  
(cm2/g) 

D-A micropore volume  
(cm3/g) 

Micropore size  
(nm) 

light dark average light dark average light dark average light dark average 

can 17 22.1 20.4 21.3 4.8 4.5 4.7 0.0215 0.0180 0.0197 1.1 1.1 1.1 
can 22 16.6 17.6 17.1 3.6 3.8 3.7 0.0166 0.0176 0.0171 1.2 1.1 1.1 
can 24 17.1 14.7 15.9 3.7 3.2 3.5 0.0090 0.0157 0.0124 1.1 1.2 1.1 
can 19 18.5 18.5 18.5 4.1 4.0 4.0 0.0183 0.0185 0.0184 1.1 1.1 1.1 
can 21 19.3 19.4 19.4 4.2 4.3 4.2 0.0157 0.0155 0.0156 1.1 1.1 1.1 
can 25 8.7 16.5 12.6 1.9 3.6 2.7 0.0104 0.0161 0.0132 1.1 1.2 1.1 
can 29 8.1 9.0 8.6 1.8 2.0 1.9 0.0084 0.0076 0.0080 1.1 1.0 1.0 
can 31 9.4 9.2 9.3 2.1 2.0 2.0 0.0107 0.0079 0.0093 1.2 1.2 1.2 
can 33 8.9 9.7 9.3 2.0 2.1 2.0 0.0079 0.0081 0.0080 1.3 1.1 1.2 
can 40 13.6 12.0 12.8 3.0 2.6 2.8 0.0164 0.0140 0.0152 1.0 1.2 1.1 
can 34 9.5 12.4 10.9 2.1 2.6 2.4 0.0087 0.0104 0.0095 1.3 1.1 1.2 
can 35 8.8 11.0 9.9 1.9 2.4 2.2 0.0083 0.0100 0.0091 1.3 1.1 1.2 

Average 13.4 14.2 13.8 2.9 3.1 3.0 0.0127 0.0133 0.0130 1.1 1.1 1.1 
 

Sample Depth 
(m) 

Total gas  
(scf/t) 

Total gas 
(cm3/g) 

Desorbed  
(scf/t) 

Desorbed 
(cm3/g) 

Residual 
(scf/t) 

Residual 
(cm3/g) 

can 17 534 67.8 2.1 56 1.8 7.56 0.2 
can 22 535 65.7 2.1 50 1.6 12.10 0.4 
can 24 537 49.8 1.6 38 1.2 10.80 0.3 
can 19 539 56 1.8 46 1.4 17.40 0.5 
can 21 540 65 2.0 50 1.6 24.33 0.8 
can 25 541 63.3 2.0 47 1.5 16.40 0.5 
can 29 543 39.4 1.2 30 0.9 9.19 0.3 
can 31 551 32.1 1.0 23 0.7 7.98 0.2 
can 33 552 34.1 1.1 27 0.8 5.26 0.2 
can 40 554 58.2 1.8 47 1.5 8.19 0.3 
can 34 563 18.8 0.6 11.3 0.4 9.95 0.3 
can 35 564 18.9 0.6 15 0.5 3.13 0.1 
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 Figure 11. Scatter plots and regressions showing relationship between residual gas content and TOC. Sample 17 (can 17) shows unusually low 
gas content for its TOC.

Figure 10. Scatter plots and regressions showing relationships between desorbed gas and (A) BET surface area and (B) mesopore volume.
 



technique reproducibility.  These differences also indicate that, 
for precise residual gas measurements, it is crucial to have a 
representative canister sample to avoid internal inhomogene-
ity.  

In contrast to the positive or negative relationships between 
gas content and micropore or mesopore characteristics, the 
total porosity does not show a relationship with residual gas 
content, and there is a trend of decreasing desorbed gas con-
tent with increase in total porosity (Figure 14A). This nega-
tive trend results from the fact that mesopores (Figure14B) 
and not micropores (Figure 14C) dominantly contribute to the 
total porosity and that gas is hosted in micropores (Figure 9) 
and not in larger pores (Figure 10). Total porosity also shows a 
negative trend with TOC (Figure 14D). 

All of these observations suggest that organic matter content 
(expressed here by TOC) is the main host of the gas, support-
ing our previous observations of the NAS from Pike and Clay 
Counties. Strąpoć et al. [10] showed that the relationship be-
tween TOC and gas content, although distinct, was not univer-
sal and varied between locations, suggesting that gas content 
is dependent also on the maturity of the organic matter and 

the contribution of thermogenic gas to the dominantly biogen-
ic system.

Our TOC versus gas content data from Daviess County (with 
Ro 0.67 %, Table 1) are closer to those from the Pike County 
location (Ro 0.68–0.72 %) than from the Clay County location 
(Ro 0.49–0.57 %) (Figure 15. Although the character of the re-
lationship between gas content and TOC changes between lo-
cations, the overall relationship for the NAS samples is strong, 
and TOC can be used to predict gas content of this formation. 
Combining the information provided by [10] and the cur-
rent data, relationship between gas content and TOC can be 
expressed by a power equation where gas content (scf/t) = 
5.5863xTOC0.9441, with R2 = 0.80 (Figure 15). 

In addition to the TOC/gas content relationship, our results 
suggest that micropores present in organic matter are the 
main sites for gas storage. The majority of these micropores 
are likely connected as gas is liberated during canister de-
sorption. However, residual gas held by closed pores can only 
be liberated after crushing. It is likely that the proportion of 
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Figure 12. Scatter plots and regressions showing relationships between residual gas content and (A) micropore volume and (B) micropore 
surface area. 



closed micropores to connected micropores influences the 
proportion of the residual gas to the desorbed gas in shale. For 
the samples studied, a ratio of desorbed to residual gas ranges 
widely from 1.1 to 7.4 (Table 6), suggesting also a wide range 
of interconnectivity of micropores, from less than 15 % to al-
most 50 %. 

Small-angle neutron scattering (SANS) data on a NAS sample 
suggested that about 30 % of the pores within 2.5 to 4 nm di-
ameter range were connected [22], which is within the range 
suggested by the ratio of desorbed to residual gas. It has been 
demonstrated for coals that organic matter can have a very 
wide range of accessible versus inaccessible pores [22, 23], 
which can also explain large variations in residual gas contents.
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Figure 13. Scatter plots and regressions showing relationships between residual gas and (A) BET surface area and (B) mesopore volume. 
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Figure 14. Scatter plots and regressions showing relationships between total porosity and (A) desorbed and residual gas content, (B) meso-
pore volume, (C) micropore volume, and (D) TOC.



Conclusions

The main conclusions from this study are as follows:

1) There is a large mineralogical variability throughout the 
section of the NAS. Variations in quartz content of 30.5 to 51.1 
% and carbonate content from zero to more than 10% result 
in a variable but generally high brittleness index, suggesting 
these shales are suitable for hydraulic fracturing.

2) Organic matter composition showing the dominance of ma-
rine organic matter (alginite and amorphous organic matter) 
and rare terrestrial organic matter (vitrinite and inertinite) 
indicates a typical Type II kerogen sequence, similar to other 
locations in Indiana. A positive correlation between TOC and S 
contents suggests close to normal marine depositional condi-
tions. An early mature stage is also consistent with the previ-
ous maturity determinations.

3) Porosity of the shales varies, and this variability is ex-
pressed in total porosity as well as in micropore and mesopore 
characteristics. Total porosity ranges from less than 3 to ~10 
%, corresponding to the total pore volume of 0.0137 to 0.0426 
cm3/g. Average BET surface area of 5.5 m2/g and BJH meso-
pore volume of 0.01626 cm3/g, and average micropore volume 
of 0.01296 cm3/g and the ranges of these parameters are con-
sistent with these types of data from previously studied NAS 
locations.

4) Micropores are the major sites of gas storage in shales hav-
ing high organic matter content. They are the major sites both 
for desorbed gas and residual gas. Larger pores are not favor-
able sites for gas storage. An increase in mesopore (pores 2–50 
nm in diameter) volume results in a decreases in gas content. 
Pores larger than 50 nm were not measured, but they are likely 
uncommon, as demonstrated for the NAS samples in previous 
studies [12]. In addition, a negative relationship or no relation-
ship between total porosity and gas content indicates an in-
significant role of larger pores in gas storage for these shales.

5) Organic matter is the main host of gas-filled micropores, as 
indicated by a strong correlation between TOC and micropore 
volume and between TOC and desorbed and residual gas con-
tents.

6) The contribution of residual versus desorbed gas to the to-
tal gas content varies in the samples studied; we suggest that 
it is dependent on the proportion of closed versus open mi-
cropores. This suggestion, however, requires further testing. If 
confirmed, the proportion of open micropores within the total 
micropore volume could help to predict the proportion of de-
sorbed (extractable) versus residual (nonextractable gas).
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Figure. 15. Scatter plot and regression showing relationship between total gas content and TOC for the samples studied and also including our 
data from other locations in Indiana [10].
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