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Figure 7-30.  Map of CAI data for the Upper Ordovician shale in Ohio (modified from Repetski and 

others, 2008). 

 

8.0 RESERVOIR POROSITY AND PERMEABILITY 

The porosity and permeability data reported for the Study represent a compilation of both 

legacy and newly-generated data for Utica/Point Pleasant rock samples collected in the basin.  The 

research team utilized scanning electron microscopy (SEM) and X-ray Computed Axial 

Tomography (CT X-ray) techniques to visualize and describe the pore space characteristics of 
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these reservoir rocks.  We also have included laboratory-derived porosity and permeability data 

derived from other earlier research activities in the Study area (mainly Ohio samples).  

8.1 Pore Imaging 

Pore imaging work conducted as part of this Study included the application of SEM techniques 

(with both standard and ion-milled samples) to rock core and cuttings samples.  PAGS was the 

team lead for pore imaging work conducted for this Study, and was assisted by research team 

members from Smith Stratigraphic LLC. 

A certain amount of legacy SEM data (i.e., approximately 150 SEM photomicrographs from 

the Fred Barth No. 3 (API#3403122838) were provided by ODGS during the first year of the 

project.  This suite of images represents three sample depths (5661, 5678 and 5684 ft) throughout 

the Point Pleasant Formation at various magnifications (from 140x to 100,000x).   Several images 

show what appear to be significant organic matter pores in the samples (Figure 8-1).  Others are 

backscatter images showing clays and calcite with bright spots that represent pyrite or other highly 

reflective heavy minerals (Figure 8-2).  All legacy SEM images for the Barth well are available on 

the Consortium website. 

 
Figure 8-1.  Selected SEM photomicrographs of organic matter and pores observed in the Point 

Pleasant Formation of the Fred Barth No. 3 well, Coshocton County, Ohio. 

 

 
Figure 8-2.  Selected backscatter SEM photomicrographs of the Point Pleasant Formation in the 

Fred Barth No. 3 well, Coshocton County, Ohio.   

Standard SEM analyses of Utica/Point Pleasant rock samples were performed by John Barnes 

at the Middletown office of the PAGS.  PAGS evaluated a total of 12 samples, consisting of well 

cuttings and outcrop samples from various Pennsylvania locations (Table 8-1). 
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Table 8-1. Pennsylvania samples analyzed using standard SEM techniques. 

NA – not applicable 

Figure 8-3 includes selected photomicrographs for each of the samples listed in Table 8-1, 

and Appendix 8-A includes the entire suite of photomicrographs for samples analyzed for this 

work.  The scale of these images is on the order of tens of µm, and they illustrate the tight nature 

of the shale matrix in these samples.  At this scale, mineral grains are clearly visible, but true pore 

space (whether phyllosilicate framework, dissolution or organic matter pores) cannot be resolved.  

In the case of the Utica outcrop samples (Figure 8-3), pyrite grains plucked from some samples 

(due to either handling during sample collection or weathering at the outcrop) have left polygonal-

shaped voids (pop-out holes). 

 
Figure 8-3.  Photomicrographs of selected specimens analyzed by PAGS using standard SEM 

techniques. A - S12-061-003, Utica Shale outcrop, Reedsville exit ramp, Mifflin County, 

Pennsylvania; B - S13-013-001, top Utica Shale (8504-8513 ft), Hockenberry No. 1 (API#3701990063), 

Butler County, Pennsylvania; C - S13-014-003, Point Pleasant Formation (3750-3760 ft), Shade Mt. 

No. 1 (API#3706720001), Juniata County, Pennsylvania; D - S13-015-001, Point Pleasant Formation 

(13,440-13,450 ft), PA Tr. 163 No. C-1 (API#3710320003), Pike County, Pennsylvania. 

API No. County Location/Well Name 
Sample 

Depths (ft) 

Formation/ 

Member 

No. of 

Samples 

Figure 

No. 

NA Mifflin Utica Shale in outcrop NA Utica 3 8-3A 

3701990063 Butler Hockenberry No. 1 8504-8795 

Kope 

Utica 4 8-3B 

3706720001 Juniata Shade Mt. No. 1 3720-3810 

Point Pleasant 

Lexington/Trenton 4 8-3C 

3710320003 Pike 

Commonwealth of PA 

Tr. 163 No. C-1 13,440-13,450 Point Pleasant 1 8-3D 
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PAGS also prepared rock cuttings samples from seven Pennsylvania well locations for 

preparation by ion milling techniques prior to SEM imaging.  These particular samples, along with 

a continuous core sample from New York, were milled and examined by Juergen Schieber of 

Indiana University (Table 8-2).   

Table 8-2.  Samples analyzed using ion milling and SEM techniques. 

NA – not applicable 

Figures 8-4 and 8-5 include selected photomicrographs for these samples and illustrate various 

pore types and sizes.  Pore types include phyllosilicate framework pores (due to presence of clay 

mineral platelets in various orientations or state of compaction), dissolution pores (from the 

dissolution of carbonate minerals) and organic matter pores (resulting from out-migration of 

hydrocarbons).  Pores vary in size, and from location to location, but generally range from tens or 

hundreds of nm to as much as 1 µm or more.  As SEM imaging has shown that matrix porosity is 

minor to non-existent in these rocks, it is the organic matter pores that are the major contributor to 

hydrocarbon production in the Utica/Point Pleasant play. 

 

 

API No. 
County/ 

State 
Location/Well Name 

Sample 

Depth (ft) 

Formation/Memb

er 

Figure 

No. 

3700920034 Bedford/PA Schellsburg Unit No. 1 7690 Lexington/Trenton 8-4A 

3703520276 Clinton/PA 

Commonwealth of PA Tr. 285 

No. 1 14,480 Lexington/Trenton 8-4B 

3704920049 Erie/PA 

PA Dept. of Forests & Waters 

Block 2 No. 1 4096 Lexington/Trenton 8-4C 

3706720001 Juniata/PA Shade Mt. No. 1 3750 Point Pleasant 8-4D 

3708720002 Mifflin/PA 

Commonwealth of PA Tr. 377 

No. 1 5230 Lexington/Trenton 8-4E 

3710320003 Pike/PA 

Commonwealth of PA Tr. 163 

No. C-1 13,580 Lexington/Trenton 8-4F 

3712522278 Washington/PA Starvaggi No. 1 10,040 Kope 8-4G 

NA Herkimer/NY 74NY5 Mineral Core 170 - 730 

Point Pleasant 

Logana 8-5 
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Figure 8-4.  Photomicrographs of selected Pennsylvania specimens, analyzed by Juergen Schieber 

using ion milling and SEM imaging techniques. OM=organic matter, qtz=quartz, CC=calcite.  A – 

Schellsburg Unit No. 1 (API#3700920034), Bedford County; B - Commonwealth of PA Tr. 285 No. 1 

(API#3703520276), Clinton County: arrow points to minor pore development; C - PA Dept. of Forests 

& Waters Block 2 No. 1 (API#3704920049), Erie County: arrows point to triangular-shaped 

phyllosilicate framework pores; D - Shade Mt. No. 1 (API#3706720001), Juniata County; E - 

Commonwealth of PA Tr. 377 No. 1 (API#3708720002), Mifflin County; F - Commonwealth of PA 

Tr. 163 No. C-1 (API#3710320003), Pike County; G - Starvaggi No. 1 (API#3712522278), Washington 

County. 
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Figure 8-5.  Photomicrograph of specimen from a depth of 566 ft in 74NY5 Mineral Core, Herkimer 

County, New York, analyzed by Juergen Schieber using ion milling and SEM imaging techniques.  

Qtz=quartz, CC=calcite.  Area 1 shows development of large bubble pores in organic matter; Area 2 

shows development of bubble pores into deep, connected channels/tubes; Area 3 shows a completely 

open framework pore defined by calcite grains. One could envision progressive development of 

organic matter pores from foam to bubbles to tubes in the organic matter, and finally completely 

emptying of framework pore spaces due to out-migration of liquid hydrocarbons. 

Appendix 8-B provides Juergen Schieber’s summary reports for each sample imaged, as well 

as all images captured during his analyses.  The reports provide information on sample mineralogy, 

detailed descriptions of pore types, sizes and distribution, as well as his observations regarding 

porosity development and potential for hydrocarbon exploitation. 

8.2 CT X-ray Analysis 

Rock cores from two different regions of the Study area were made available for examination 

and analysis by X-ray Computed Axial Tomography (CT X-ray).  WVGES provided access to 

three surficial rock cores, collected as geotechnical samples from the Lost River dam site in the 

eastern panhandle of West Virginia (Hardy County) (Figure 8-6).  These cores, cut in 1977, are 

2.5-in round (unslabbed) and comprise the Martinsburg Formation, a shale and limestone that are 

partially equivalent to the Kope Formation and Utica Shale (see Figure 2-1).  In addition, ODGS 

provided core from the Fred Barth No. 3 (API#3403122838), drilled in Coshocton County, Ohio, 

in 1976.  This core comprises the more typical open marine, organic-rich, calcareous black shale 

associated with the Point Pleasant Formation (Figure 8-6).  As one of the few publicly available 

Utica/Point Pleasant cores in Ohio, the Barth also has been heavily sampled, plugged and cut. 

The Lost River cores were used to demonstrate proof-of-concept for the CT X-ray analyses 

performed by U.S. DOE NETL.  As part of this work, the lithology and core features were 

described by DOE geoscience interns following protocols developed by the predecessor of the 

U.S. DOE for the Eastern Gas Shales Project (EGSP) in the late 1970s.  The cores were then 

scanned through a Multi Sensor Core Logger (MSCL) for magnetic susceptibility, p-wave 
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velocity, natural GR, and elemental composition by X-ray Fluorescence (XRF).  Selected intervals 

were then analyzed by CT X-ray analysis.  Following this proof-of-concept effort, the Fred Barth 

No. 3 core was also evaluated. 

 
Figure 8-6.  Map of the Study area showing generalized locations of the Barth and Lost River cores, 

superimposed on a facies map of Trenton/Point Pleasant time from the Trenton-Black River study 

(modified after Wickstrom and others, 2012). 

8.2.1 Overview 

X-ray Computed Axial Tomography, commonly known as a CT scan  or “CAT” scan, 

produces images by measuring the contrast in transmission as X-rays pass through areas of 

different density within a sample.  The “computed” part of the process is a software-based, three-

dimensional digital reconstruction of the scanned object from numerous two-dimensional 

radiographs collected at multiple angles around an object (Rodriguez and others, 2014).   

The first application of this technology in the 1970s was for medical use to non-invasively 

visualize the inside of the human body.  The petroleum industry quickly recognized the 

applications of CT scanning for characterizing the internal structure of rock cores, and readily 

adopted it, along with the similar technology of Magnetic Resonance Imaging (MRI).   

The configuration of the machines can vary widely, but in general, a CT scanner will have an 

X-ray source located opposite an X-ray detector.  The sample to be imaged is placed between the 

two, and axial images are generated by rotating either the X-ray components or the sample, 

typically through a full 360° rotation.   
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 The density, thickness and material composition of the sample determine what percentage of 

X-rays pass through to the detector. The linear attenuation coefficient µ at each point in the two-

dimensional radiograph is measured by the CT detector. The µ is defined by Beer’s law (Karacan, 

2003), 

𝐼

𝐼𝑜
= 𝑒𝑥𝑝(−𝜇ℎ) 

 

where Io is the incident X-ray intensity and I is the intensity remaining after the X-ray passes 

through a thickness, h, of the sample. At X-ray energy levels below 200 kilovolts (kV), attenuation 

of X-rays is known to be primarily dependent on photoelectric adsorption, which is a function of 

the material density and the atomic number of the material, and Compton scattering, which is a 

function of electron density (Karacan, 2003).  In general, however, high-density, thick and higher 

atomic number materials block a greater portion of the X-rays than lower-density, thinner or lower 

atomic number materials (Rodriguez, and others, 2014).  

The spatial variation in µ is detected at each angle and results in a single two-dimensional 

radiograph of the sample.  Data from radiographs are reconstructed using machine- and 

manufacturer-specific algorithms into a three-dimensional volume where each volume-pixel 

(voxel) of data is represented by a 16-bit grayscale value.  Voxel dimensions are a function of the 

scan geometry, i.e., the distance between the X-ray source, the detector, and the object being 

scanned.  The grayscale values are a function of the µ value, referred to as the CT Number (CTN).  

CTN values are often displayed with a grayscale color coding scheme such that low CTN are dark 

and high CTN are bright.  Generally speaking, low-density materials are dark, and high-density 

materials are bright.  It is important to keep this in mind if X-ray images are compared with SEM 

photomicrographs or other images.  The X-ray is essentially a “negative” image, with dense 

materials such as pyrite appearing white, and low density areas such as fractures appearing black.  

Post-processing of the CTN values can result in a wide range of color schemes applied to 

reconstructed CT scans.  An example of a reconstruction is shown in Figure 8-7. 
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Figure 8-7.  A 3-D image reconstruction of a Marcellus Shale core from the NETL CT scanner 

(Rodriguez and others, 2014). 

8.2.2 Instrument Resolution 

CT scanners have different image resolutions depending on their design. When applying these 

instruments to fine-grained rocks such as shale, it is important to recognize the limitations of the 

technology.  In general, the maximum image resolution of a particular instrument and the 

maximum sample size are inversely proportional.  For example, a scanner that can show features 

as small as a few microns will typically only be able to handle a sample the size of a pencil eraser.  

Scanners that can visualize an entire human body may only be able to show features as fine as a 

few mm. CT scanners in use at NETL include three types – medical, industrial and ultra-high 

resolution (micro- and/or nano-CT) – and are described in turn below. 

Medical scanners are designed so that the X-ray source and detector rotate around the subject, 

such as a human body. Many modern medical CT scanners use fan beams of X-rays and multiple 

banks of detectors to capture multiple radiograph slices quickly, thus reducing the time of the scan 

and the amount of radiation to which a patient may be subjected. The “medical” scanner in use at 

NETL actually employs a higher-power X-ray source compared to standard units found in 

hospitals.  This achieves greater penetration of rock samples, some of which are confined in 

pressure vessels or have fluid moving through the pore space.  That said, it is not safe for scanning 

human body parts.    

The NETL medical scanner, similar to the unit shown in Figure 8-8, was used for whole-core 

analysis of the Lost River and Barth cores.  The geometry of the scanner and the rapid scanning 

process produced images with a resolution of a few tenths of a millimeter.  Despite the relatively 

low resolution, it was ideal for scanning bulk core samples and identifying features for study on 

the higher resolution CT scanning units available at NETL.  An example of a medical CT scan on 
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a 3-ft segment of Martinsburg Formation from the Lost River core is shown as a two-dimensional 

image in Figure 8-9. 

 
Figure 8-8.  A 16-slice Aquillion medical CT scanner, similar to the unit in use at NETL. 

 

 
Figure 8-9.  CT scan of a 2-D slice through the center of a 3-ft long segment of the Martinsburg 

Formation from the Lost River core. Darker (less dense) bands generally correlate with regions of 

higher organic matter content; lighter zones represent denser carbonate.  Fine, dark traces delineate 

fractures. 

The industrial CT scanner was designed primarily for quality control of manufactured parts.  

Larger systems, for quality control on fully assembled vehicles for instance, have fully independent 

articulating arms that enable the CT source and detector to move around the sample.  Within the 

geosciences, smaller systems are typically used that employ a rotating sample stage with a fixed 

X-ray source and detector placed on either side of the subject.  The NETL unit uses a stage that 

rotates about a vertical axis, and the distance between the source and detector can be adjusted.  The 

ability to scan geologic samples using high powered X-rays results in higher resolution scans than 

medical CT scanners can provide.  This is especially effective if the X-ray source is brought in 

close to the object, and the detector is relatively far away.  However, the scans typically take much 

longer than medical units, sometimes requiring overnight to build up an image.  

Two photographs of the NorthStar Imaging M-5000 industrial CT scanner at NETL are shown 

in Figure 8-10, with the detector on the left and the X-ray source on the right. In both images, the 

same four-inch diameter sandstone core is shown on the rotating sample stage. An example of the 

scan quality from this type of scanner is provided in Figure 8-11. 



 

151 

 

       
Figure 8-10.   NorthStar Imaging M-5000 industrial CT scanner at NETL. Left: X-ray detector with 

vertical sandstone core. Right: X-ray source with vertical sandstone core. 

 

 
Figure 8-11.  Scanned image of single layer of data along an XY plane through a one-in diameter 

sample of Marcellus Shale containing a mineralized fracture.  Data obtained from the NETL 

industrial scanner. 

Ultra-high resolution micro-CT and nano-CT scanners are high-precision instruments that 

enable samples to be scanned extremely close to the X-ray source for unprecedented detail in the 

resulting images. These systems are generally constructed inside of enclosures to enable their use 

in laboratories without the need for additional radiation shielding. The micro-CT at NETL utilizes 

samples a few mm in diameter (roughly the diameter of a pencil).  Nano-CT scanners, available at 

several of the universities associated with NETL, use samples that are approximately the size of a 

sand grain.  Scanning takes many hours, and for the largest samples capable of being analyzed, the 

scanning effort may literally require days.  Tiny samples coupled with high-resolution scanning 
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can result in reconstructed images with a voxel volume of less than 1 cubic µm.  Attempting to 

translate these small volumes back to the scale of a geologic reservoir can be challenging. 

 
Figure 8-12.  The micro-CT scanner at NETL.  Source is on the left, rotating stage is the pedestal in 

the center, and detector is on the right.   

    
Figure 8-13.   Micro-CT images of core samples.  Left: 6-mm diameter sample of calcite-cemented 

sandstone.  Right: 4-mm diameter sample of Marcellus Shale.  The blue ellipses outline organic 

matter. 

8.2.3 Results 

8.2.3.1 Lost River Core 

Proof-of-concept analysis of the Lost River cores began with macroscopic characterization 

and petrophysical logging followed by X-ray CT analysis.  Core lithology logging techniques 
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developed by the U.S. DOE and Cliffs Minerals for the EGSP were adapted for use on these 

samples.  Descriptions included rock type, color, bedding, fractures, and notable geologic features 

(Figure 8-14).   

 
Figure 8-14.  Photograph of a box of Lost River core.  Note color variations (light gray to gray) that 

suggest relatively high carbonate and low organic content in this sampling of the Martinsburg 

Formation. (Image: U.S. DOE). 

Core measurements were made using a Geotek© MSCL on intact segments of Lost River core 

samples (Figure 8-15).  Measured parameters included magnetic susceptibility, acoustic 

impendence via P-wave velocity measurements, gamma density using a Cesium-137 source, and 

elemental composition via XRF spectrometry (Figure 8-16).    
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Figure 8-15.  The GeoTek Multi-Sensor Core Logger (MSCL) scanning Lost River core at NETL.  

Photograph by Karl Jarvis. 

 

 
Figure 8-16.  Components of the Geotek MSCL (Geotek Ltd., Geotek Multi-Sensor Core Logger Flyer. 

Daventry, UK, 2009) 
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The Lost River core data were assembled into spreadsheets for side-by-side comparison using 

a software program called Strater™.  This software allows multiple data streams to be combined 

into one easy-to-read log for each core.  It uses a standard input file format that includes the proper 

headers, empty lines for missing data sections, and different tabs for different data sets.  Core 

analytical results and data files were imported into a Strater™ template (Figure 8-17), and 

compiled to create the log files included in Appendix 8-C. 

 
Figure 8-17.  An example of the template from the Strater™ software used to display core data. 

Once the macroscopic and petrophysical testing of these core samples was complete, the Lost 

River samples were subjected to X-ray CT analysis.  Three-dimensional reconstructions from X-

ray CT imaging can be evaluated quantitatively to determine surface areas, pore volume/porosity, 

mineral volumes, pore size distribution, relative permeability, or variations in any of these 

properties.  Such calculations are often performed with the aid of image analysis software (such as 

the open-source program ImageJ or Avizo Fire).  Since the pixel values in these images represent 

relative density or composition, thresholding (i.e., selecting specific pixel values), along with 

cluster analysis, can isolate a desired volume from the rest of the rock volume.  This can then be 

used to determine bulk composition, porosity, or changes in either.  A 3-D reconstruction of an 

industrial X-ray CT scan of the Martinsburg Formation from the Lost River core is provided in 

Figure 8-18, where minerals and voids have been isolated.  More extensive analysis can yield 

connected porosity, disconnected porosity, pore size distribution, permeability and relative 

permeability.  

The Martinsburg Formation, a generally fine-grained, micritic limestone with shell beds and 

interbedded, organic-rich argillaceous units, was characterized in detail using the lithologic 

description procedures, MSCL, and CT-scanning technologies available at NETL.  The 

methodology has applications across the Utica and in other shale formations. 
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Figure 8-18.  Images of Martinsburg Formation core scanned in industrial X-ray CT. Left: 3D view 

of original reconstruction. Right: Core segmented by density and clustering. Red: fracture volume. 

Blue: organic matter. Pink: carbonate. Green: porosity. (Image: U.S. DOE). 

8.2.3.2 Fred Barth No. 3 

Five sections of relatively intact Fred Barth No. 3 core samples were scanned with the NETL 

industrial CT-Scanner, and data for each sample are in the form of a .tiff stack.  The images were 

delineated via best-edge approximation and un-tilting of the core sample.  An example of the 

horizontal slices imaged through a core is provided below as a montage (Figure 8-19).  X & Y 

planar slices lengthwise down the core also were created for each data set to represent the true 

variability in the core samples.  One of these lengthwise images is shown next to the montage.  All 

of the Fred Barth No. 3 scans are included in Appendix 8-D. 

The MSCL was not employed on the Fred Barth No. 3 core because of the extensive plugging, 

slabbing and sample removal from the Point Pleasant interval (see Figure 8-20 below).  The MSCL 

requires whole core samples to produce accurate data, and these were simply not available in this 

core.  Lithologic descriptions had already been prepared for this core, as had porosity and 

permeability measurements, RockEval, porosimetry, petrography and a host of other analyses as 

described below.  It seemed redundant to repeat these measurements, especially on core that had 

been so thoroughly cut, plugged and aged.  

The CT scans indicate that the Barth core, while still calcareous, is much more argillaceous 

and clastic in origin than the Martinsburg Formation from the Lost River core.  The organic matter 

content is considerably higher, and the core contains fewer natural fractures than the Lost River 

samples.  The Utica/Point Pleasant Formation in the Fred Barth No. 3 core displays many of the 

characteristics that producers seek when developing this shale for natural gas and NGLs. 
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Figure 8-19.  Images of Utica/Point Pleasant interval at 5672 ft (Fred Barth No. 3).  Left: horizontal 

sample subcored along bedding planes (1700 slices at a resolution of 42 µm).  Montage of 182 slices 

through core on Z axis; Right: middle Y-axis slice along length of core plug showing abundant shells. 

8.3 Porosity and Permeability Measurements 

Porosity and permeability analyses were not performed on either the Barth or Lost River 

samples as part of the current Study because both were too old to provide reliable core analytical 

results.  In addition, the removal of numerous samples and plugs from the Barth core left little 

material behind for fresh samples.  Core analysis experiments on Devonian shale cores from 

EGSP, which were collected around the same time as the Lost River and Barth cores, demonstrated 

that old shale cores contain abundant microfractures and produce permeabilities that are not 

representative of in-situ conditions.  Nevertheless, a considerable amount of legacy core analysis 

data does exist on the Barth core, which can be used to provide insights into the rock’s 

petrophysical properties.  

8.3.1 Results 

8.3.1.1 Fred Barth No. 3 

Fairly soon after the Barth core was cut, a standard suite of core analyses were performed in 

1976 by Oilfield Research, Inc., along with physical and chemical testing that same year by 

Halliburton.  In 2009, as the Utica Shale play was gaining interest in Ohio, multiple studies on the 

Barth core were commissioned by members of industry.  This wealth of data includes RockEval, 

thermal maturity, TOC via pyrolysis, crushed core pulse permeability testing, rock mechanics, 
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mercury porosimetry, XRD, XRF, thin section examination, and even some exotic analyses such 

as Rare Earth Elements, palynology, trace metals, and others.  The report containing these data is 

identified by ODGS as Core Record #3003 (Appendix 8-E). 

 
Figure 8-20.  Photograph of the Point Pleasant interval in the Fred Barth No. 3 (API#3403122838), 

5660-5670 ft.  Note the significant number of plugged and slabbed segments. 

The results from the 1976-era testing on the Barth core may be considered the most valid, 

especially for state variables like water saturation, oil content and permeability, all of which would 

be expected to change as the core aged, dried and oxidized.  The measured gas porosity range of 

Barth samples was approximately 2 to 8%, with most samples around 4 to 5%.  The average 
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