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Executive Summary 

The Middle Devonian-Middle Silurian (MDMS) interval represents a thick sequence of Silurian 
and Devonian carbonates, clastics, and evaporites that, for the purposes of the Phase I Midwest 
Regional Carbon Sequestration Partnership (MRCSP) project, was mapped as a single confining unit.  
Although the interval has confining characteristics in many areas, it also contains local saline 
formations and oil and gas reservoirs that could serve as local carbon dioxide (CO2) sequestration 
reservoirs in parts of the Appalachian and Michigan basins.  For this reason, the MDMS research 
team has taken a closer look at these rocks to better define their basic architecture and reservoir 
characteristics.  Specifically, we have performed a detailed geologic evaluation of the Onondaga 
Limestone-Needmore Shale interval, the Oriskany Sandstone, the Bass Islands Dolomite, and the 
Lockport Dolomite-Keefer Sandstone interval in the Appalachian basin, and the Dundee and Rogers 
City Formations, the Detroit River Group-Bois Blanc Formation interval, the Bass Islands Dolomite, 
and the Niagara Group in the Michigan basin.   

 
Based on oil and gas production, analysis of geophysical logs, drilling records, laboratory-derived 

evaluations of core, rock cuttings, and outcrop samples, the most promising target for geologic 
sequestration within the MDMS interval in the Appalachian basin is the Oriskany Sandstone.  The 
Atlas of Major Appalachian Gas Plays (Roen and Walker, 1996) divided the Oriskany into four 
natural gas plays: the Oriskany pinchout play (Dop), the Oriskany combination traps play (Doc), the 
fractured Huntersville/Oriskany play (Dho), and the Oriskany structural play (Dos).  Of these, the 
Dop and Doc plays (situated in eastern Ohio, southwestern West Virginia, and northwestern 
Pennsylvania) have the most promising reservoir characteristics for geologic sequestration, with 
average porosities on the order of 5 percent and permeabilities ranging from 1 millidarcy (md) to as 
much as 185 md.  The Dho play may also be a potential sequestration target in those areas where the 
Huntersville and Oriskany have been extensively fractured, although further site-specific work would 
be required to evaluate such areas for not only reservoir characteristics but also cap rock and lateral 
seal integrity.  The Dos play is not recommended as a geologic sequestration target, as it generally has 
low average porosities and permeabilities (averages of 0.2 to 4.2 percent and 1.5 md, respectively) 
and significant structural deformation. 

 
In the Michigan basin, the most prospective sequestration targets in the MDMS interval are the 

Bass Islands Dolomite and the Dundee Formation.  These layers exhibit average porosities of 10 and 
5 percent, respectively, and have the potential to sequester several gigatonnes of CO2.  The Bass 
Islands Dolomite was the focus of a successful Phase II demonstration project in 2008 – 09, where 
approximately 60,000 t of CO2 was injected at an existing oil and gas field in Otsego County, 
Michigan.  In this area, the Bass Islands offers an average porosity of 12.5 percent and an average 
permeability of 22.4 md.   

 
The MDMS research team continues to study the architecture and reservoir characteristics of the 

Bois Blanc Formation, Sylvania Sandstone, and formations of the Niagara and Detroit River Groups.  
Evaluations of these target formations will be included in Phase III of the MRCSP project. 



 

x 
 

 
An additional component of the current research involved a geostatistical assessment to address 

uncertainty in reservoir characterization work.  The Lower Silurian Medina Group/“Clinton” 
Sandstone, although not specifically included in the MDMS interval, was used in this regard, as it 
was studied during Phase I of the MRCSP project and found to be that publicly available data had 
been sufficient to reliably predict its reservoir architecture.  Geostatistical modeling efforts exposed 
spatial patterns in pore volume for the Whirlpool Sandstone (a sub-littoral sheet sand that comprises 
the basal unit of the Medina Group) but not the overlying Grimsby Formation, which is composed of 
several fluvial and tidal facies.  For the Grimsby Formation, the best spatial predictor of pore volume 
at unsampled locations is the sample mean.  Where a reliable spatial model is lacking, site locations 
should be selected in the immediate vicinity of existing wells having reliable porosity measurements. 

 
Using current MRCSP data sets and sequestration capacity calculation methodologies, targets in the 

MDMS interval and the underlying Medina Group offer approximately (P15) 12.78 Gt to (P85) 51.11 
Gt of storage potential in the MRCSP region (Table 8.2-3).  Of these, the Lockport Dolomite and the 
Medina Group report the largest individual sequestration capacity estimates, ranging from just over 
(P15) 4 Gt to approximately (P85) 18 Gt (Table 8.2-2).   
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CHARACTERIZATION OF GEOLOGIC SEQUESTRATION OPPORTUNITIES 
IN THE MRCSP REGION:   

MIDDLE DEVONIAN-MIDDLE SILURIAN FORMATIONS 
 
1.0 INTRODUCTION 
 

The Middle Devonian/Middle Silurian (MDMS) interval (Figure 1.0-1) is a multifaceted 
sequence of Silurian and Devonian carbonates, clastics, and evaporites that for the purposes of the 
Phase I Midwest Regional Carbon Sequestration Partnership (MRCSP) project was mapped as a 
single confining unit. Although mapped as an overall confining interval, it was recognized that 
the unit locally contained local saline formations and oil and gas reservoirs, which could serve as 
local carbon dioxide (CO2) sequestration opportunities in different parts of the MRCSP region.  
Accordingly, this interval was examined more closely in Phase II MRCSP research as integrated 
seal and reservoir, with the goal of defining the basic architecture and reservoir characteristics of 
certain MDMS formations that have local sequestration potential in parts of the Appalachian and 
Michigan basins.   

 
In the Appalachian basin, geologic evaluations were completed for the Onondaga Limestone-

Needmore Shale interval, the Oriskany Sandstone, the Bass Islands Dolomite, and the Lockport 
Dolomite-Keefer Sandstone interval.  The extent and relationship of these units are illustrated in 
regional strike and dip cross sections (Figures 1.0-2 and 1.0-3).  For the Michigan basin, the 
Dundee Formation, Detroit River Group-Bois Blanc Formation interval, Bass Islands Dolomite, 
and the Niagara Group were evaluated (Figure 1.0-1).   

 
Geologic evaluation of rock units for CO2 sequestration is can be based on numerous factors, 

but the following rock characteristics are paramount (Verma, 2005): 
 

 Effective porosity and its distribution within the formation; 

 The presence and orientation of faults and fractures; 

 Reservoir heterogeneity; 

 Lithology and pore size distribution; 

 The distribution of capillary pressure in the formation; 

 Initial water and petroleum saturations; 

 Residual water and petroleum saturations; 

 Permeability distribution; and 

 Relative permeability for CO2 and other formation fluids. 
 

Also critical is the integrity of the cap rock or confining lithologies.  In order to evaluate as many 
of these characteristics as possible for each of the MDMS-age units evaluated, geologic data 
garnered from publicly-available oil and gas well records and previous reservoir characterization 
studies was used in combination with laboratory data and analyses derived specifically as part of 
the current research. 
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Aside from the geologic evaluation of potential reservoirs within the MDMS interval, the 

Lower Silurian Medina “Clinton” Sandstone is statistically evaluated relative to the validity of 
using geostatistical means to address uncertainty in geologic reservoir characterization.  The 
Lower Silurian Medina Group/“Clinton” Sandstone was initially studied for Phase I of the 
MRCSP project (Wickstrom and others, 2005),  To build on that evaluation, this case study 
evaluates the validity of using geostatistical means on producing sandstones of the Medina Group 
in Erie, Crawford, Mercer, and Venango Counties, northwestern Pennsylvania.   

 
Based on the geologic evaluations in this study, storage capacities are estimated for MDMS 

units using current U.S. Department of Energy (DOE) methodologies and conservative estimates 
of porosity and efficiency factors.  In the Appalachian basin, capacity estimates are provided for 
the Medina Group/“Clinton” Sandstone, the Lockport Dolomite-Keefer Sandstone interval, the 
Bass Islands Dolomite, and the Oriskany Sandstone.  Capacities were not calculated for the 
Onondaga-Needmore interval, as it serves as a regional confining unit in the basin.  For the 
Michigan basin, capacities are estimated for the Bass Islands Dolomite and the Dundee 
Formation.  The formations of the Niagara Group and Detroit River Group were omitted from the 
analysis, as reservoir characterization work for these prospective sequestration targets is ongoing 
(see Sections 2.2.1 and 5.2.1) and will be completed during the MRCSP Phase III reporting 
period.  All information generated as part of this task has been captured in a Geographic 
Information System (GIS) using ESRI’s suite of Arc-GIS products.   

 

2.0 LOCKPORT-KEEFER AND EQUIVALENT INTERVALS 
 

2.1 Keefer Sandstone 
 

2.1.1 Origin of Names, Type Section, Significant Earlier Studies on this Interval 
 

The Keefer Sandstone was named by Ulrich (1911), who defined it as the basal member of the 
McKenzie Formation (Horvath, 1970).  The type section is at Keefer Mountain near Hancock, 
Maryland (Horvath, 1970).  Important early stratigraphic studies include those of Folk (1960), 
Woodward (1941), and Swartz (1923).  Patchen (1968) discussed natural gas characteristics and 
petroleum potential of the Keefer Sandstone in West Virginia.  Smosna (1983) unraveled the 
diagenetic history of the Keefer Sandstone and its relationship to reservoir quality.  Meyer and 
others (1992) refined the description of Keefer lithofacies and provided sophisticated 
interpretations of the depositional setting of the rocks in this interval.  Noger and others (1996) 
summarized the reservoir characteristics across the Appalachian basin.  The Keefer is called the 
“Big Six” Sandstone by drillers in Kentucky and West Virginia. 

 

2.1.2 Lithostratigraphy 
 
The Keefer Sandstone is a poorly to very well-sorted, very fine- to medium-grained sandstone 

and dolomitic sandstone with subangular to rounded grains.  Conglomerate beds composed of 
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quartz and occasional chert have been documented locally.  This unit generally varies in color 
from light tan to pale brown, but in some places, may be greenish-tan.  Quartz, calcite, dolomite, 
and ankerite serve as cementing agents (Noger and others, 1996). A detailed petrographic and 
petrophysical analysis of the Keefer Sandstone is provided in Appendix B.   

 

2.1.3 Nature of Lower and Upper Contacts 
 
The Keefer Sandstone overlies the Rose Hill Formation and underlies the Rochester Shale in 

northeastern West Virginia and Maryland (Figure 1.0-1).  A slightly younger Keefer overlies the 
Rochester Shale and underlies the Lockport Dolomite in eastern and southern Ohio (Ryder, 
2004).  The Keefer overlies the Rose Hill Formation and underlies carbonate beds of the 
McKenzie Formation, Lockport Dolomite, and equivalent Mifflintown Formation in southern and 
western West Virginia, Pennsylvania, and eastern Kentucky.  Upper and lower contacts, when 
described at all, are reported as conformable in the literature cited herein.  Where the Keefer is 
absent, the overlying Lockport rests directly on underlying Silurian Shales of the Rochester 
Shale, Clinton Group, Crab Orchard Formation, and equivalent formations. 

 

2.1.4 Discussion of Depth and Thickness Ranges 
 
Because the Lockport Dolomite and Keefer Sandstone are combined into a single unit for 

discussion in this section, a structure map is only provided for the top of the interval (i.e., the top 
of the Lockport Dolomite).  Figure 2.1-1 illustrates the structure on top of the Lockport Dolomite 
in the northern and central Appalachian basin. 

 
Drilling depths to the top of known Keefer Sandstone reservoirs range from 1,882 to 3,865 ft 

(574 to 1,178 m) (Noger and others, 1996).  Porous pay zones in the Keefer, with reservoir 
porosities greater than four percent, range from 3 to 63 ft (1 to 19 m), averaging 14 ft (4.3 m) 
(Noger and others, 1996).      

 

2.1.5 Depositional Environments/Paleogeography/Tectonism 
 
The Keefer Sandstone was one of the stratigraphic units discussed in Folk’s (1960) classic 

paper on Silurian clastics in the Appalachian basin.  He argued that the Keefer Sandstone shows 
evidence of lagoon-border and beach-dune deposition and consists of texturally immature to 
super-mature quartz arenite, lithic arenites, and lithic graywackes.  The sediment source area was 
deeply eroded so that plutonic igneous rocks dominated, but there was some contribution of low-
rank metamorphic rocks.  High rounding was accomplished in one cycle of deposition in the 
beach and dune environments of the upper Keefer sandstones; rounding potency varied markedly 
from bed to bed.  Metamorphic rock fragments, because of their low resistance to abrasion, are 
very useful as environmental indicators. 
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2.1.6 Geologic Structure and Trapping Mechanisms 
 
Noger and others (1996) state that the Keefer Sandstone play is characterized by eastwardly 

dipping strata on the west flank of the Appalachian basin intersected by areas of high-angle 
basement faulting.  The latter is especially true in eastern Kentucky and southwestern West 
Virginia.  Keefer Sandstone reservoirs in eastern Kentucky produce from combination structural-
stratigraphic traps (Noger and others, 1996).  

 

2.1.7 Reservoir Characteristics 
  
Smosna (1983) documented the diagenetic history of the Keefer Sandstone in the subsurface of 

West Virginia and Kentucky.  During early diagenesis, secondary quartz formed as syntaxial 
overgrowths on detrital grains.  An initial stage of overgrowth development appears to be as 
meniscus cement around tangential grain contacts.  As burial increased, a second generation of 
cement precipitated.  In Roane County, West Virginia, this was anhydrite and gypsum, 
precipitating from saturated brines.  Formation waters were slightly less saline in Wayne County 
where poikilotopic calcite cement developed (Poikilotopic calcite cement refers to cement 
composed of calcite crystals of varied sizes that envelope or enclose other mineral crystals).  

Figure 2.2-1.  Structure contour map drawn on top of the Lockport Dolomite in the 
Appalachian basin. 
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Dolomitization was the last major diagenetic event.  Dolomite mostly replaced earlier cements, 
but often it extended beyond these and replaced quartz grains (corrosion along margins), fossils 
and clay minerals.  Final porosity in the sandstones is low, ranging from 1.0 to 6.0 percent.  Most 
primary pore space has been occluded by the two generations of cement and dolomite.  Minor 
secondary porosity is due to the partial dissolution of calcite grains and cement.  Secondary 
porosities between 9 and 14 percent are reported for some fields (Noger and others, 1996).  Also, 
although the Keefer has had reported completions in more than 900 wells, and production from at 
least 142 wells in Kentucky and West Virginia (Noger and others, 1996), only a quarter of those 
wells are at depths of more than 2,500 ft (762 m), and the total porosity feet of producing 
intervals is generally thin and field areas are generally small. 

 

2.1.8 Suitability as a CO2 Injection Target or Seal Unit 
 
Productive gas fields in the Keefer Sandstone of the Appalachian basin are restricted to eastern 

Kentucky and southwestern West Virginia (Noger and others, 1996).  The known reported 
cumulative production for the Keefer Sandstone is 18.2 billion cubic feet (BCF) from 142 wells, 
but the basin’s actual production is undoubtedly higher (Noger and others, 1996).  More than 900 
wells have reported completions.  Nevertheless, the Keefer Sandstone at any one location 
probably does not contain adequate capacity for large-scale CO2 sequestration because the 
sandstone generally has low permeability and most fields are small in area.  In some areas, where 
the Keefer has adequate porosity and permeability, it might be used as a secondary or tertiary 
reservoir in a stacked reservoir scenario.  Utilization of the Keefer, where porous and permeable, 
might require many wells drilled in individual fields.  

 

2.2 Lockport Dolomite 
 

2.2.1 Origin of Names, Type Section, Significant Earlier Studies on this Interval 
 
The outcrop belt of the Lockport Dolomite extends across western New York State from 

Niagara Falls east to Ilion where it pinches out (Zenger, 1965).  Since the Lockport carbonates are 
more resistant to weathering than the subjacent clastic rocks of the Clinton and Medina Groups, 
they form the most prominent cliff-forming facies of the Niagara Escarpment.  Amos Eaton 
(1824) first described the Lockport Dolomite of western New York, noting its “fetid odor” 
(hydrogen sulfide) and abundance of mineral-filled vugs, including calcite, fluorite, and metal 
sulfides.  Hall (1839) named the Lockport Formation for exposures at Lockport, New York, but 
the best reference section is at the Niagara Stone Quarry at Niagara, New York (Brett and others, 
1995).  Three recent United States Geological Survey (USGS) cores from the Niagara, New York 
area (Grand Island-2, Pendleton-1, and Wheatfield-2) include the entire Lockport section (Brett 
and others, 1995).  

 
The Lockport Dolomite is widespread in the Appalachian basin.  Its lateral equivalents are 

exposed at the surface to the north and northwest in Ontario, and the group’s rocks extend into the 
Michigan basin (Figure 1.0-1).  The subsurface stratigraphy of the Lockport Dolomite was 
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described by Rickard (1975) for New York, by Cate (1961), Fergusson and Prather (1968), and 
Heyman (1977) for Pennsylvania, by Janssens (1977) for Ohio, by Dennison (1970) and Smosna 
and Patchen (1978) for West Virginia, by Freeman (1951), Currie (1981), and Smosna and others 
(1989) for West Virginia and Kentucky, and by Mesolella (1978) for the basin as a whole.  Noger 
and others (1996) provided detailed description of the petroleum geology of the Lockport 
Dolomite in the Appalachian basin.    

 

2.2.2 Lithostratigraphy 
 
The Lockport Dolomite is a fine to coarsely crystalline, fossiliferous, slightly argillaceous 

dolostone throughout most of the Appalachian basin.  Portions of the Lockport are quartzose and 
even contain sandstone in west-central New York and northwestern Pennsylvania (Zenger, 1965; 
Rhinehart, 1979).  Appendices A and B provide a detailed petrographic and petrophysical 
evaluation of the Lockport and Keefer units, respectively. 

    

2.2.3 Nature of Lower and Upper Contacts 
 
The Lockport Dolomite is overlain by the Upper Silurian Salina Group throughout the 

Appalachian basin, and the contact between the two is transitional and gradational (Brett and 
others, 1995).  A gradational contact exists between the Lockport and the underlying Silurian-age 
Clinton Group in New York, Pennsylvania, and Ohio, and between either the Clinton Group or 
the Keefer Sandstone in West Virginia and Kentucky (Freeman, 1951; Smosna and Patchen, 
1978; Currie, 1981; Brett and others, 1995).   

 

2.2.4 Discussion of Depth and Thickness Ranges 
 
Figure 2.2-1 illustrates the structure of the Lockport Dolomite throughout the Appalachian 

basin.  Structure contours are given in subsea elevations using an interval of 500 feet (ft) (152 
meters [m]).  The structure on top of the Lockport Dolomite strikes northeast-southwest and dips 
toward the southeast at a rate of approximately 50 to 60 ft per mile (ft/mi) (9.5 to 11.4 m per 
kilometer [km]).  A low point (subsea elevations ranging from -7,500 to -7,900 ft [-2,286 to  
-2,408 m]) exists in southwestern Pennsylvania and northern West Virginia.  East of this point, 
toward the Allegheny structural front, the top of the Lockport Dolomite dips steeply toward the 
northwest at rates of 180 to 240 ft/mi (34.1 to 45.4 m/km). 

 
The Lockport Dolomite occurs at depths of approximately 1,000 ft (305 m) to more than 5,000 

ft (1,524 m) in the Appalachian basin, and averages 150 to 200 ft (46 to 61 m) in thickness.  
When combined with the underlying Keefer Sandstone, the interval thickness varies from a few 
tens of feet to more than 500 ft (152 m; Figure 2.2-2).  The thickness of porous productive 
intervals in the Lockport Dolomite varies from as little as 6 ft (2 m) to as much as 45 ft (14 m) 
(Noger and others, 1996). 
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2.2.5 Depositional Environments/Paleogeography/Tectonism 
 
A comprehensive interpretation of the depositional history of the Lockport Dolomite in the 

Appalachian basin is based on detailed regional work by Crowley (1973), Rhinehart (1979), and 
Wysocki (1980) in New York and Pennsylvania, by Smosna and Patchen (1980) in West Virginia 
and Kentucky, by Smosna and others (1989) in Kentucky, and by Multer (1963) and Janssens 
(1977) in Ohio. Lockport sediments were deposited across the central Appalachian region as 
shallowing upwards facies on a broad carbonate platform (Appendix A, Figure LP2). A total of 
seven lithofacies are recognized in the basin: (1) mixed dolomite (intertidal to supratidal) that is 
sometimes associated with a mixed gray biostromal subfacies (subtidal); (2) dark dolomite 
(interreef or interbioherm); (3) grainstone (shoals, banks, reef flanks, and interreef sediments);(4) 
biohermal dolomite (reefs, bioherms and patch reefs); (5) crinoidal dolomite (subtidal); (6) 
quartzose dolomite (barrier island); and (7) shaly dolomite (shallow subtidal). 

 
Figure LP3 (Appendix A) illustrates the subsurface distribution of carbonate rock types and 

their interpreted depositional environments in three cores recovered from the Kilgore gas pool in 

Figure 2.2-2.  Map showing the gross thickness of the Lockport Dolomite-Keefer Sandstone 
interval in the Appalachian basin.  



 

 11

Mercer County, Pennsylvania.  The depositional environment of these lithofacies is similar to 
modern carbonate settings in south Florida, the Bahamas, and parts of the Persian Gulf (Laughrey 
and others, 2007). The Lockport sediments were deposited in a shallow epicontinental sea which 
extended westward through New York, Pennsylvania, West Virginia, Kentucky, and Ohio across 
the Cincinnati-Findlay-Algonquin axis into the Indiana, Illinois, and Michigan basins. 

 

2.2.6 Geologic Structure and Trapping Mechanisms 
 
Noger and others (1996) state that the Lockport Dolomite play is characterized by eastwardly 

dipping strata on the west flank of the Appalachian basin intersected by areas of high-angle 
basement faulting.  The latter is especially true in the southern portion of the play in eastern 
Kentucky and southwestern West Virginia.  Gas production from the Lockport Dolomite in 
eastern Kentucky is controlled by anticlinal folding and faults (Noger and others, 1996).  

 
Stratigraphic trapping certainly is important in all known Lockport pools (Multer, 1963; 

Smosna and others, 1989).  The relative development of moldic and vuggy porosity in the 
Lockport is controlled by facies; most commercial porosity only occurs in the biohermal and 
biostromal lithofacies.  Structure appears to influence the Lockport producing pools too, 
particularly with regard to the presence of fractures (Noger and others, 1996) and the relative 
position of the gas-water contact in the reservoirs (Laughrey and others, 2007).  At Kilgore pool 
in Mercer County, Pennsylvania, open porosity in the biohermal and biostromal lithofacies is 
restricted to structurally high portions of the Henderson Dome structure.  Vugs and molds in the 
same lithofacies off structure and below the gas-water contact are completely filled with late-
stage cements – dolomite, calcite, quartz, and anhydrite. 

 

2.2.7 Reservoir Characteristics 
  
Reported porosities for the Lockport Dolomite in the Appalachian basin vary from 2.0 to 24.0 

percent, with averages of 4.0 to 14.0 percent (Meglan and Noger, 1996; Noger and others, 1996).  
Porosities for core sample collected as part of this study vary from 1.5 to 9.0 percent, with 
respective permeabilities of 0.0004 to 920 millidarcy (md) to air (Klinkenberg permeabilities of 
0.0001 to 0.920 md, respectively).  The latter value is a horizontal fracture permeability measured 
in core from the Johnson #1 well in the Kilgore pool, Mercer County, Pennsylvania.  Vertical 
permeability in the same sample is 0.88 md. 

 
Porous and permeable intervals in the Lockport Dolomite are largely restricted to thicker (>15 

ft [(4.5 m]) zones in the biohermal and biostromal lithofacies and to thinner skeletal shoals in 
Kentucky.  The average pay thickness in eastern Kentucky is 12 ft (3.7 m) (Meglan and Noger, 
1996).  Using the carbonate porosity classification of Choquette and Pray (1970), ten types of 
porosity were recorded in the Lockport Dolomite as part of the current research: Fabric selective 
porosity – (1) moldic; (2) interparticle; (3) intercrystalline; (4) growth framework; (5) fenestral; 
Not fabric selective – (6) vug; (7) channel; (8) fracture; Fabric selective or not – (9) shrinkage; 
and (10) breccias. 
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Burial dolomitization obliterated most of the original syngenetic and eogenetic pore textures in 

the Lockport Dolomite.  The porosity present in the rocks today formed mostly through 
mesogenetic processes, whereby descending and ascending pore solutions interacted with, and 
modified, the rock’s original pore texture and fabric.  Significant porosity in the Lockport is 
restricted to vuggy and moldic zones, although channel porosity that develops along stylolites can 
be important.  Interparticle and growth-framework pores may contribute locally to storage 
capacity in the reservoirs. 

 
The porous moldic and vuggy dolomite also has low intercrystalline void space (LP5A), thus 

the Lockport Dolomite is characterized by a dual porosity-permeability distribution.  
Petrophysical data from a core recovered in the Johnson #1 well in Mercer County, Pennsylvania, 
illustrate the character of this dual porosity-permeability system (see Appendix A, Figure LP5 
and Table LP3).  Relatively dense crystalline dolomite, the matrix dolomite, has intercrystalline 
porosity on the order of 1.4 to 3.4 percent, and permeability that is usually less than 0.1 md.  
Vertical fractures may slightly enhance this permeability.  A vertical fracture with a permeability 
of 0.88 md was noted in the matrix dolomite of the Johnson #1 well core from Kilgore pool in 
Mercer County, Pennsylvania.  Vuggy and moldic zones in the Lockport Dolomite have porosity 
on the order of 9.6 percent with permeabilities of 50.6 md (horizontal) and less than 0.10 md 
(vertical).   

 
The Lockport Dolomite exhibits remarkable reservoir heterogeneity within this dual porosity-

permeability system (see Appendix A, Figures LP10-LP15 and Tables LP2 and LP3).  We 
analyzed side wall cores from four distinct zones in the Lockport in the Great Lakes Energy Ocel 
#1 well in Carroll County, Ohio.  The sample recovered from 5,422 ft (1,653 m) in this well has 
the highest observed porosity and permeability, 7.8 percent and 53.5 md (to air), respectively.  
This permeability exists between interconnected molds and vugs.  Where vugs are isolated in the 
same sample, permeability is only 0.298 md to air (0.202 md Klinkenberg).  This sidewall core 
penetrated and recovered matrix dolomite and dolomite cement from a relatively large, partially 
cemented and filled vug.  This cement consists of polymodal, decimicron-to centimicron-sized 
planar-e to planar-s dolomite. Mercury injection capillary pressure analyses was performed on 
samples to better understand the nature of their permeability.  Analyses for this sample of 
Lockport Dolomite indicates moderate pore throat sorting (2.2) and reservoir grade (13).  Pore 
throat radii range in size from 0.0018 to 11.1 microns, but are skewed towards the larger sizes, 
between 1.08 and 11.1 microns.   

 
The sample recovered from 5,436 ft (1,657 m) in the Ocel #1 well has moderate porosity and 

permeability, 5.4 percent and 13 md (air) (see Appendix A, Figures LP16-LP20 and Table LP2).  
The dual porosity-permeability system so typical of Lockport reservoirs is still apparent; 
permeability within the intercrystalline space of the matrix dolomite is only 0.012 md to air 
(0.0046 md Klinkenberg).  Matrix dolomite consists of unimodal, decimicron-sized planar-s 
dolomite, and vugs are largely filled with polymodal, decimicron-sized planar-c and nonplanar 



 

 13

(saddle) dolomite.  The mercury injection capillary pressure curve indicates poor pore throat 
sorting (10).  Pore throat radii are quite broadly distributed between 0.0018 and 11.1 microns, just 
like the shallower sample from 5,422 ft (1,653 m), but this distribution is not nearly as skewed.   

 
Two more samples from the Ocel #1 well are tight, with low porosity (1.5 to 2.0 percent) and 

permeability (<0.0001 md Klinkenberg) (see Appendix A, Figures LP21-LP25 and Table LP2).  
Localized channel porosity in the sample from 5,468 ft (1,667 m) has some enhanced 
permeability (0.0065 to air), but reservoir quality is quite poor.  The sample consists of 
centimicron-sized, polymodal planar-s to planar-a (transitional) matrix dolomite with solution 
seams and stylolites developed along the boundary of an apparent lithofacies contact.  Isolated, 
localized channel porosity developed along the stylolites where planar-c cement and nonplanar 
(saddle) dolomite partially fill the void.  Total porosity is only 1.9 percent.   The capillary 
pressure curve shows that pore throat sorting is fair (2.2).  Pore throat radii range from 0.0018 to 
0.752 microns.  The tight dolomite sample from 5,460 ft (1,664 m) consists of centimicron-sized, 
nonplanar-a dolomite.  Here, porosity is 1.4 percent, and permeability is 0.0001 md. 

 

2.2.8 Suitability as a CO2 Injection Target or Seal Unit 
 

Productive natural gas fields in the Lockport Dolomite of the Appalachian basin are concentrated 
in eastern Ohio and Kentucky, with minor development in southwestern West Virginia, 
northwestern Pennsylvania, and western New York (Noger and others, 1996).  The reported 
cumulative production of natural gas from the Lockport Dolomite in the Appalachian basin is 
38.2 BCF from 213 wells (Noger and others, 1996).  In fact, Noger and others (1996) speculate 
that more than 100 BCF of gas might have been produced from the Lockport in the basin since 
1917.  Much of this gas was produced from fields at depths of less than 2,500 ft (762 m) and 
associated with secondary porosity development beneath the sub-Devonian unconformity.  At 
greater depths, or at greater distances beneath the unconformity, the porosity and permeability of 
the Lockport are questionable.  Also, although known production volumes are large, relative to 
sequestration they indicate limited capacity for storing CO2 from power plant emissions in the 
region (see the detailed discussion of net cumulative volume and storage capacity of CO2 in 
Burruss and others, 2009).  All of the Lockport fields and pools in the basin are widely scattered 
throughout its geographic extent and each individual pool has relatively small capacity.  This 
suggests that the Lockport will likely not contain adequate capacity for large-scale CO2 
sequestration at any one site. In some areas, where the Lockport has adequate porosity and 
permeability, it might be used as a secondary or tertiary reservoir in a stacked reservoir scenario.  

 
Additional complications are presented by the fact that the Lockport Dolomite typically 

contains a 2 to 16 percent mixture of illite, silt-sized quartz, pyrite, pyrobitumen, and very finely 
crystalline dolomite and ankerite, which collectively could pose serious problems to permeability 
through the migration of fines that would tend to block small pores.  Table LP4 (Appendix A) 
shows X-ray diffraction analyses of four samples of the Lockport Dolomite recovered from the 
Ocel #1 well in Ohio.  These values are characteristic of all the samples we examined during this 



 

 14

study.  Table LP5 (Appendix A) shows that all of these samples were reactive in acid solubility 
tests, which indicates that the formation is sensitive to acid treatment.  

 
Table LP3 (Appendix A) shows the results of permeability measurements made using four 

fluids on the Lockport Dolomite samples recovered from Kilgore pool in Mercer County, 
Pennsylvania. The measurements were made in a vuggy pore zone (porosity = 9.6 percent) and in 
the tighter matrix dolomite (porosity = 3.4 percent).  Permeability to dry nitrogen is the routine 
measurement made on core in the oil and gas industry and is useful for comparisons with other 
data.  The permeability to distilled kerosene provides a close approximation to the Klinkenberg 
permeability.  The permeabilities to saturated brine most closely approximate in situ conditions in 
the reservoir and indicate the Lockport’s permeabilities to formation waters.  These 
permeabilities are relatively high in the vuggy pore zone, on the order of 51 md in the horizontal 
direction.  Note the very low permeability (< 0.1 md) in the matrix dolomite.  The permeability to 
distilled water is useful for discriminating the presence of expandable smectite clay. 

 
The permeabilities to brine and to distilled water were measured at the beginning of fluid 

injection into the sample and upon transmission of 25 pore volumes of the fluid with the flow 
direction reversed (see Appendix A, Table LP3).  The purpose of sustained injection followed by 
flow reversal is to discriminate between the reduction of permeability due to swelling clay 
minerals and reduction of permeability due to mobile fines migrating within the pore network.  
Note in Table LP3 (Appendix A) that the permeability to brine was not reduced when the flow 
was reversed (50.6 md versus 51.4 md).  The initial horizontal permeability to distilled water, 
however, was comparatively low (16.5 md) relative to horizontal permeability measured during 
reversed flow (51.9 md), and the latter measurement is comparable to that made using saturated 
brine.  This observation indicates erratic pore throat plugging by mobile fines.    

 
In summary, the Lockport Dolomite does not appear to be an attractive target for large-scale 

geological sequestration of CO2 due to its variable porosity and permeability, and the generally 
small size of known oil and gas fields.  In some areas, where the Lockport has adequate porosity 
and permeability, it might be used as a secondary or tertiary reservoir in a stacked reservoir 
scenario.  Even so, in any one area Lockport reservoirs will likely have limited storage capacity 
and could be susceptible to probable injectivity issues due to low permeabilities and formation 
sensitivity to fluids.  In Kentucky, CO2 was used to repressurize the Lockport Dolomite 
(“Corniferous”) in the Big Sinking field at relatively shallow depths (Price, 1981).  Although not 
true sequestration, this use of small amounts of CO2 for enhanced oil recovery shows that CO2 
can be safely injected into the Lockport in the basin.   In 2000, Betragne announced that they had 
successfully used a huff-and-puff process using nitrogen to increase reservoir production in the 
Corniferous (including the Lockport) of the Big Andy field, which is next to the Big Sinking field 
(Miller and Gaudin, 2000).  Carbon dioxide would likely work in a similar fashion, but is 
currently more expensive than nitrogen. 
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2.3 Niagara Group 
 
2.3.1 Selection of Mapped Units and Limitations 

 
The Niagara Group in the Michigan basin is comprised of the Lockport Dolomite (Hall, 1839) 

and the Guelph Dolomite (Logan, 1863) in the subsurface of the Lower Peninsula and the 
Engadine Dolomite in outcrop and the shallow subsurface of the Upper Peninsula (Catacosinos 
and others, 2001).  The Lockport in the Michigan subsurface has been informally called the 
“Gray Niagaran” and the Guelph informally termed the “Brown Niagaran” by oil and gas drillers. 
The Guelph contains abundant oil and gas reservoirs in pinnacle reef build-ups that encircle the 
Michigan basin. The Guelph also extends to the platform that borders the pinnacle reef belt 
around the basin margins, although no significant hydrocarbon production is known from the 
platform area. In the basin interior, the Guelph Dolomite is uniformly less than 20 ft (6.1 m) thick 
and is a dense dolomitic mudstone with poor reservoir quality.  Oil and gas production or 
reservoir quality has also not been recognized in the Lockport Dolomite of the Michigan basin. 
An overburden map (Figure 2.3-1) on the top of the Guelph Dolomite shows the depth 
distribution of the formation.  Most of the pinnacle reef belt is at depths below 2,500 ft deep (762 
m).  Most of the platform Guelph is shallower than 2,500 ft deep (762 m), which is the 
approximate depth needed to maintain injected CO2 in its supercritical phase. 

 
 

Figure 2.3-1.  Drilled depth (overburden) to top of Guelph Formation at 2,650 ft depth (808 
m, red line).  Basinal structure is apparent with basin center in north-central portion of 
Michigan. Cluster of red control well points outline the Northern Fairway and Southern 
Trend of the pinnacle reef belt.  Most of the pinnacle reef belt is deeper than 2,650 ft (808 
m), whereas most of the platform Guelph is shallower than 2,650 ft (808 m). 
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Because the pinnacle reefs are a collection of isolated, small (less than 2,000 ft [610 m] across) 
but tall (often more than 500 ft [152 m]) features, a basin-wide isopach map of the Guelph does 
not realistically represent their geometry.  A local cross section through one of the reefs shows 
the dramatic differences in formation thickness across a very short distance (Figure 2.3-2). 

 

 
 
 
 
 
 

Because the Guelph in the basin center is thin and is known to have poor reservoir quality, and 
the Guelph on the basin margin-platform facies is too shallow for supercritical CO2 storage, only 
the Guelph pinnacle reefs are considered as potential storage reservoirs.  An isopach map cannot 
adequately represent the extreme local variations in formation thickness of the Guelph Dolomite 
in the Michigan basin; therefore, the CO2-storage capacity of the Niagara Group is approximated 
by a volumetric assessment of the Guelph pinnacle reefs. Two methods were used to estimate the 
potential storage capacity in these reefs.  First, total fluid volumes reported from historic oil and 
gas production were viewed as the minimum available volume now existing in these reefs. 
Second, numerous wireline well logs were digitized from a selected sample of the reefs.  
Reservoir pore volume was then calculated from total neutron porosity log footage intervals 
greater than a 5-percent cutoff value. The net porosity footage was then multiplied by the area of 
the field. 

 
 

Figure 2.3-2.  Local structural (subsea) cross section through the Chester 18 oil field, Otsego 
County, Michigan. NGRN1=Guelph Fm., NGRN2=Lockport Fm.  A-1 Evaporite, A-1 
Carbonate, A-2 Evaporite and A-2 Carbonate are all part of the Salina Group. The pinnacle 
reef Guelph thickness in the center well is over 350 ft (107 m), but thins to less than 25 ft (7.6 m) 
in the inter-reef wells at the ends of this cross section at approximately 1.2 miles (2 km) away.  
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2.3.2 Origins of Names, Type Section, Significant Earlier Studies on this Interval 
 

The Niagaran Group was defined by Hall (1842) in New York State. The Lockport Dolomite 
(Hall, 1839), named for exposures around Lockport, New York, and the Guelph Dolomite 
(Logan, 1863) for outcrops near Guelph, southwestern Ontario, Canada, represent the Niagara 
Group strata in the subsurface of Michigan’s Lower Peninsula. The Engadine Dolomite (Smith, 
1916) was first described from outcrops just west of Engadine, Mackinac County, Michigan, and 
throughout the shallow subsurface of Michigan’s Upper Peninsula.  Although the entire Niagara 
Group has been examined throughout the Michigan portion of the basin for this study, only the 
pinnacle reefs of the Guelph Dolomite have any significant potential for reservoir quality at 
sufficient depth for supercritical CO2 storage.   

 
There have been numerous studies discussing the various stratigraphic aspects of the Silurian 

reefs in the region, notably led by Robert Shaver of the Indiana Geological Survey (e.g., Droste 
and Shaver, 1985; Shaver, 1991).  Likewise, there have been numerous studies on the reservoir 
aspects of the reefs (Gill, 1977; Sears and Lucia, 1980).  The subjacent Lockport Dolomite has 
received far less attention and was originally defined by Hall (1839) as the Lockport Limestone in 
New York and revised by Wilmarth (1938).  The Lockport comprises two members, the Gray 
Niagara (top) and White Niagara, and is the lower formation of the Niagara Group; see Friedman 
and Kopaska-Merkel (1991). 

 
2.3.3 Lithostratigraphy 
 

Within the Niagara Group in Michigan, only the Guelph Dolomite pinnacle reefs and reef 
complexes, that produce oil and gas, contain any significant reservoir quality and occur at depths 
greater than 2,500 ft (762 m).  Therefore, discussion of potential reservoirs in the Niagara Group 
will be limited to the Guelph reefs.  The Guelph Dolomite in the Michigan basin is characterized 
by the development of individual, isolated and variably-thick pinnacle reefs and reef complexes 
along two linear trends (Figure 2.3-3), one in the northern part of the Michigan basin, the other 
along the southern part of the basin.  Between these reefs (inter-reef) trends and in the basin 
center, the Guelph thins dramatically (less than 20 ft [6.1 m]) and is comprised of a non-
fossiliferous mudstone.   The overall reef belt includes a pinnacle reef zone along a slope dipping 
into the basin and a barrier reef complex across the platform around the basin margin. They are 
mostly contained within the Lower Peninsula of Michigan but also continue into northeastern-
most Illinois, northernmost Indiana, and northwestern Ohio.   Individual pinnacle reefs and reef 
complexes average 0.078 to 0.625 square miles (mi2; 0.20 to 1.6 square kilometers [km2] in areal 
extent).  They are numerous and extend along linear belts approximately 6 to 15 mi (9.66 to 24.14 
km) wide in the northern reef fairway and up to 20 mi (32.19 km) wide in the southern trend of 
the Michigan basin (Figures 2.3-3 and 2.3-4).  Currently there are approximately 800 pinnacle 
reefs and reef complexes (oil and gas fields) identified in the northern fairway with an additional 
400 in the southern trend.   Although a few reefs have been found that do not produce oil and gas,  
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they are generally non-porous with either no significant porosity development or extensive 
secondary cementation, especially with halite.  Productive reef intervals range from 
approximately 50 to 700 ft (15 to 213 m) in thickness.  The pinnacle and the barrier reef 
complexes are composed of several interbedded facies associated with the in situ organic skeletal 
growth and associated carbonate sediment deposition (Gill, 1977).  Most of the Guelph lithology 
is dolostone around the basin margins and throughout the reef belts (Sears and Lucia, 1980).  The 
lithology grades into limestone near the basin-ward edge of the reef trends and throughout the 
entire basin center non reef facies.  

 

 
 
 
 
 
 
 

Figure 2.3-3.  Lower Peninsula of Michigan Niagaran Group (Guelph Formation) oil 
(green) and gas (red) well locations. 
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The Lockport Dolomite is generally a uniformly thick carbonate unit that is mostly limestone in 

the basin interior, but is predominantly dolostone toward the basin margin. 
 
The Niagara Group is overlain by the regionally extensive Middle and Upper Silurian Salina 

Group that consists of intercalated packages of carbonates and evaporites.  It is underlain, 
transitionally, with the Manistique and Burnt Bluff Groups, which in turn abruptly overlie the 
Lower Silurian Cabot Head Shale of the Cataract Group. 

 
2.3.4 Nature of Lower and Upper Contacts 
 

The Salina Group is a mixed interval of intercalated carbonates and evaporites overlies the 
Niagara Group and provides a highly competent regional seal (Figure 2.3-2).  In the lower portion 
of the Salina Group, the Salina A-1 Evaporite formation overlies and is gradational with the inter-
reef Guelph but is not present over the pinnacle reefs.  The Salina A-1 Carbonate or Ruff 

Figure 2.3-4.  Generalized depositional systems map during Guelph Formation deposition. 
Darker colors are deeper water; lighter colors are shallower water. 



 

 20

Formation (Budros and Briggs, 1977) gradationally overlies the pinnacle reef portion of the 
Guelph as well as the Salina A-1 Evaporite in the inter-reef areas.  The Salina A-2 Evaporite 
conformably overlies the Salina A-1 Carbonate in the inter-reef areas and unconformably in the 
pinnacle reef areas (Sears and Lucia, 1979).   

 
2.3.5 Discussion of Depth and Thickness Ranges 
 

The Guelph  pinnacle reefs range from 2,000 ft (610 m) to more than 6,000 ft (1,829 m) deep in 
the Michigan basin (Figure 2.3-1), with the majority of reefs at depths that average between 3,500 
(1,067 m) and 5,500 ft (1,676 m).  Reservoir thickness may be highly variable and ranges from a 
few tens of feet to several hundred feet. 

 

2.3.6 Depositional Environments/Paleogeography/Tectonism 
 

The Guelph pinnacle reefs in the Michigan basin are located along a carbonate ramp generally 
basin-ward of a shelf-edge barrier reef complex.  The reefs are characterized by a complex 
interstratification of units formed by biogenic growth and physicochemical precipitation of 
carbonate cements.  Common reef-builders include various forms of stromatoporoids and corals 
indicative of normal marine conditions during time of deposition.  The reefs and reef complexes 
can be subdivided into six readily recognizable facies (Gill, 1977):  (1) biohermal mud mound, 
consisting of carbonate muds and skeletal components, including crinoids and bryozoans; (2) reef 
core, consisting of a massive framework formed by stromatoporoids, corals, algae, and a variety 
of subordinate biotic elements combined with early submarine cements; (3) reef detritus, made up 
of detrital fragments of the reef core and deposited along the flanks of the reef; (4) an inter-reef 
facies, comprised of platform carbonates; (5) restricted (lagoonal) facies, consisting of laminated 
and bioturbated, peloidal mudstones and wackestones; and (6) supratidal/island facies, consisting 
of algal laminated sediments and other features of high intertidal to supratidal deposition. 

 
In inter- reefs areas and in the basin center, the Guelph Dolomite contains facies unlike those in 

the reef trends. Laminated and burrowed mudstones that are conspicuously devoid of skeletal 
fragments comprise these facies (Porcher, 1985). 

 
Based on published paleogeographic maps, the pinnacle reefs were deposited in a tropical to 

subtropical latitudinal belt (Droste and Shaver, 1985; Shaver, 1991).  Subsequent diagenetic 
alteration and dolomitization has been attributed to a number of mechanisms, including mixing 
zone processes, Kohout convection, hypersaline reflux of brines, evaporative drawdown, and 
hydrothermal circulation.  Most workers agree that reflux and hydrothermal processes were 
probably the main mechanisms for dolomitization.  The relationship between uniform, basin-
centered subsidence during the deposition of the Niagara Group (Howell and van der Pluijm, 
1999) and changes in eustatic sea level, with resulting relative sea level change during pinnacle 
reef deposition, is presently unclear. 
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2.3.7 Geologic Structure and Trapping Mechanisms 
 

Basin-centered subsidence created the gently sloping ramps around the basin margins upon 
which the pinnacle reef belts developed, although their locations are primarily controlled by water 
depth along that ramp surface.  Tectonic structures do not seem to play a major role in the 
formation of reservoir quality in the Guelph reefs.  Local fracturing in the Guelph reefs does 
appear to have had some influence on diagenesis, especially increasing permeability and in some 
cases providing conduits for brines to deposit late evaporite cements.  

 
The gentle dip of the entire formation into the center of the Michigan basin, however, does 

place the reservoir at greater depths toward the basin center (up to 7,000 ft [2,134 m]) compared 
to the basin margins (about 2,000 ft [610 m]).  Trapping of fluids inside these reservoirs is 
predominately stratigraphic due to the depositional draping of impermeable Salina Group 
evaporites (anhydrite and halite) over the reservoir carbonates. 

 

2.3.8 Reservoir Characteristics 
 

Niagara Group reservoir facies, including the Guelph reef facies, consist primarily of porous 
and permeable dolostone; however, limestone may become more abundant in reefs closer to the 
basin interior with significant reduction in porosity and permeability.  Porosity is best developed 
in the pinnacle reef core as well as the immediate off-reef facies (fore-reef, flanking beds). 

 
Porosities of as much as 35 percent have been reported, but typically average 8 to 12 percent, 

with the best porosity and permeability associated with dolomitized reefs and flank facies.  The 
best reservoir rocks are characterized by well-developed intercrystalline and vuggy porosity, with 
the better permeability values ranging from 30 to 200 md.  Permeability can be significantly 
higher where fractures intersect matrix porosity.  A high-quality seal is provided by the overlying 
Salina Group, characterized by abundant salt and anhydrite intercalated with relatively thin 
carbonates.   

 
Cumulative oil production of Niagara Group reservoir facies through 2004 was 468 million 

barrels of oil (MMBO; 7.4E10 l) and 2.8 trillion cubic feet (TCF; 7.9E13 l) of gas, which indicates 
the high quality porosity and permeability available in many reefs.  While individual reefs and 
reef complexes are localized (an average 50 to 400 acres (ac) (20.23 to 161.9 hectares [ha]) in 
area, they may be as much as 2,000 ac (809.4 ha) in areal extent and 150 to 700 ft (45.7 to 213.4 
m) in relief.  Currently, there are approximately 800 fields in the northern reef fairway and 
approximately 400 in the southern reef trend of the Michigan basin. 

 

2.3.9 Suitability as a CO2 Injection Target or Seal Unit 
 
Niagaran reefs have been prolific oil and gas producers, and many have been converted to gas 

storage units due to their high porosity and permeability characteristics, excellent 
compartmentalization, and high production rates.  Despite the fact that reservoir-grade rock is not 
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regionally continuous, but rather in more localized reefs and reef complexes, the large number of 
Niagaran reefs, many in close proximity to one another, should provide a high-quality 
sequestration reservoir, which would cumulatively be capable of industrial-scale storage.   

 
Guelph reefs are excellent candidates for enhanced recovery operations.  Five reefs in Otsego 

County have already been converted to CO2-EOR (Grammer and others, 2009).  Approximately 8 
BCF (2.3E11 l) of CO2 has been injected into five reefs by Core Energy, LLC since 1997.  
Although some CO2 has been moved from reef to reef, the pipelines and the reef reservoirs are a 
closed system; therefore, all the CO2 originally injected, equivalent to approximately 465,000 
tons (T) (421,841 tonnes [t] of CO2) is still contained in the reef reservoirs.  Additionally, more 
than 1 MMBO (1.6E8 l) has been recovered.  If all the known hydrocarbon producing reefs in the 
Guelph Dolomite of the Michigan basin were flooded with CO2, the storage capacity would be 
several hundred million tons.  Because of the effective evaporite seals and the lateral facies 
changes/traps that surround these reefs, they could provide some of the best reservoirs for future 
CO2 storage in the region. 

 
Storage potential of CO2 was calculated by two different methods as outlined at the beginning 

of this section. Additionally, separate calculations were made for the Northern Fairway and 
Southern Trend.  In the Northern Fairway, the total volume of produced fluids yields about 368 
million T (334 million t) of CO2 equivalent.  Well logs from 113 wells and 92 fields were 
digitized to provide an estimated pore volume per field.  In the Northern Fairway, the average 
pore volume is 7.9 porosity feet, and the total area of the fields is 118,000 ac (47,752.9 ha). 
Hence, the total pore volume in the Northern Fairway can hold roughly 892 million T (809 
million t) of CO2.  For the much smaller Southern Trend, the produced fluids estimate suggests a 
capacity of about 44 million T (40 million t) of CO2.  In the Southern Trend, 28 well logs were 
digitized from 26 fields and the average pore volume was 8.0 porosity feet. The total field area 
was about 45,000 ac (18,210.9 ha), yielding a potential maximum storage capacity of 321 million 
T (291 million t) of CO2 if all the pore volume was filled.  These calculations suggest that the 
potential CO2-storage capacity in the Guelph pinnacle reefs of the Michigan basin ranges between 
412 million tons and 1.2 gigatonnes (Gt) (374 and 1,089 million t, respectively). 

 

3.0 BASS ISLANDS DOLOMITE 
 

3.1 Origin of Names, Type Section, Significant Earlier Studies on this Interval 
 
The Bass Islands Formation was defined in northwestern Ohio and southeastern Michigan 

(Lane and others, 1909; see Sparling, 1970 for early references and detailed description), where 
the Greenfield, Tymochtee, Put-In-Bay, and Raisin River members locally are exposed at the 
surface.  These units consist of dolostone, evaporite, and lesser shale with multiple 
disconformities and breccia-filled channels and sinkholes in the upper parts in places.  An 
erosional truncation by the major interregional unconformity at the Tippecanoe/Kaskaskia 
sequence boundary (Sloss, 1963) is hereafter referred to as the base-Kaskaskia unconformity.  
Sparling (1970) described the base-Kaskaskia (Silurian-Devonian) unconformity (Sloss, 1963) 
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surface at the top of the Silurian succession in the Bass Islands/Findlay arch area as having 
minimal angularity but representing substantial hiatus.  Sparling emphasized the pronounced 
weathered appearance of the upper parts of the Silurian succession including cherty and porous 
dolomite, fractured and brecciated blocks, and mineralized joints extending to tens of feet below 
the unconformity surface.  Carlson (1990) also described subaerial exposure features associated 
with the Silurian-Devonian unconformity in western Lake Erie.  Dolomite at the top of the Bass 
Islands Group (as identified by Landes and others, 1945a) is a shallow bedrock aquifer in areas of 
southeastern-most Michigan and correlative strata that underlies several of the Bass Islands in the 
Lake Erie portion of Ohio.  In the Lake Erie area, the Bass Islands Formation (Sparling, 1970) is 
the sole or principal source of drinking water, especially for Catawaba Island Township. 

 
Detailed studies of Upper Silurian Bass Islands-equivalent strata in Michigan, referred to as the 

Bass Islands Group by Landes and others (1945a), including the St. Ignace Formation, were first 
conducted in outcrops in northern Lower Michigan with subsequent reports of subsurface 
lithostratigraphy on the basis of subsurface cuttings samples, drillers’ reports, and wireline logs 
from the Michigan basin subsurface in the 1940s and 1950s by Landes (1945a and b), Landes and 
others (1945a), Ehlers and Kesling (1957), and Ells (1958).  Sparling (1970) provided a detailed 
description of the contorted evolution of stratigraphic nomenclature for Upper Silurian strata in 
Southeastern Michigan and the Lake Erie area of Ohio and suggests that the Bass Islands 
Formation consists of four members (from base to top), including the Greenfield, Tymochtee, 
Put-In-Bay, and Raisin River members.  The predominantly dolomitic Put-In-Bay and Raisin 
River member carbonates may not be readily distinguishable in all areas but can be differentiated 
from the underlying Tymochtee member shaley dolomite and anhydrite.  Sparling further 
suggested use of the Bass Islands Formation (undifferentiated) in the subsurface due to the 
difficulty in subdivision of members, although the common presence of anhydrite in the 
Tymochtee member is an important subsurface criterion to distinguish potential reservoir 
dolomite in the upper Bass Islands, Put-In-Bay, and Raisin River members, from non-reservoir in 
the lower, shaley and evaporite-prone Tymochtee unit.  

 
Gardner (1974) described the base-Kaskaskia unconformity in core in northwest Lower 

Michigan and further emphasized the interregional significance of this feature in the Michigan 
basin subsurface.  Lilienthal (1978) constructed regional wireline log cross sections, indicated 
correlation of the Upper Silurian, and in accordance with earlier workers, recognized the 
progressively deeper, erosional truncation of these strata in the subsurface in southwestern 
Michigan.  Lilienthal also recognized a significant “porosity zone” at or above his Bass Islands 
top pick in many wells in the basin, although the relationship to unconformity surface was not 
clarified in this report.  The accuracy of these early efforts to establish regional lithostratigraphic 
correlations and determine structure and isopach thickness relationships in the Bass Islands 
interval in the Michigan basin are questioned here due to the indistinct character of gamma-ray 
log response used to make picks in early subsurface work in this interval and common lithologic 
and facies variability within the Upper Silurian through lower-Middle Devonian section.  As 
such, formal subsurface stratigraphy in the Bass Islands interval is, as yet, unresolved and the 
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informal term “Bass Islands dolomite” will be used for important dolomitic, saline formation rock 
at the top of the Silurian section, below the base-Kaskaskia unconformity. 

 
3.2 Lithostratigraphy 
 
Michigan Basin 

The upper part of the Bass Islands Group (the informal Bass Islands dolomite of this report) in 
the Michigan basin subsurface has long been recognized as a widespread, brine-filled carbonate 
unit that caps the Silurian stratigraphic section (Lilienthal, 1978). Although the Bass Islands 
Group is mostly known from the subsurface in Michigan, there are scattered outcrops of the 
Raisin River Dolomite in southeastern Michigan and the St. Ignace Dolomite near the Straits of 
Mackinac in Northern Lower Michigan and Michigan’s Upper Peninsula.  Most of the knowledge 
about the Bass Islands Group has been derived from well data acquired by the drilling of oil and 
gas wells throughout the Michigan basin.  

 
The Bass Islands Group in the Michigan subsurface (Figure 3.2-1) consists mostly of light 

brown to buff dolostone with argillaceous dolostone and anhydrite present in parts of the section.  
The entire Bass Islands interval reaches a thickness of 300 to 600 ft (90 to 180 m) in the central 
Michigan basin, but thins and is removed by erosional truncation in southwestern Michigan 
(Lilienthal, 1978; Ells, 1958) by the base-Kaskaskia unconformity.  Gardner (1974) described the 
base-Kaskaskia unconformity in core from a well in northwestern Lower Michigan (Sun 
Mancelona #1, Antrim County) as a sharp contact between algal laminated, and mud-cracked 
dolomicrite below fossiliferous cherty dolostone of the overlying Bois Blanc Formation.  The 
presence of abundant body fossils in Lower-Middle Devonian Bois Blanc strata above the 
unconformity compared to sparsely fossiliferous strata in the Upper Silurian Bass Islands rocks 
below the unconformity is considered significant and diagnostic of this important stratigraphic 
contact.  These lithofacies and distinct faunal assemblages are well represented in core from the 
type well, the State Charlton #4-30 (Figure 3.2-2). 
 

The Bass Islands dolomite is identified as an important saline formation injection zone by the 
MRCSP.  The Bass Islands dolomite is a distinctive, mappable unit in the Michigan basin 
subsurface and is probably equivalent to the Raisin River and Put-In-Bay members, recognized in 
outcrop.  This predominantly dolomitic interval is commonly underlain by anhydrite throughout 
most of the central Michigan basin, which is readily identified as a high density (>181 pounds per 
cubic foot [lb/ft3]; >2.9 grams per cubic centimeter [g/cm3]) unit on the bulk density (RHOB) log 
(Figure 3.2-2).  For the purposes of this report, this anhydrite unit is informally referred to as the 
Bass Islands “evaporite” but may more appropriately correlate to the Tymochtee member in 
outcrop. 

 
The Michigan Department of Environmental Quality (MDEQ) Office of Geological Survey 

routinely uses regional wireline logs to pick formation tops; when the RHOB log is available, 
they identify a decrease in bulk density to less than ~2.9 g/cm3 (~181 lb/ft3) as the top Bass 



 

 
25

  
 

 
  

F
ig

u
re

 3
.2

-1
. M

id
d

le
 S

il
u

ri
an

 t
o 

M
id

d
le

 D
ev

on
ia

n
 s

tr
at

ig
ra

p
h

y 
in

 t
h

e 
M

ic
h

ig
an

 b
as

in
 (

C
at

ac
os

in
os

 a
n

d
 o

th
er

s,
 2

00
2)

.  
 



 

 26

 
 

 
 
 
 
Islands; however, this surface is correctly known as the top Bass Islands evaporite described here.  
This erroneous and regional significant well log pick was confirmed in the State Charlton #4-30 
well by comparison to conventional core and revised in the subsurface mapping reported herein. 

 
 
 
 

Figure 3.2-2.  Type wireline log from the Core Energy Sate Charlton #4-30, Otsego County,  
Michigan.  BILD-Evap is the top of the informal Bass Islands evaporite, BILD is the top of 
the informal Bass Islands dolomite, and BBLC is the top of the Bois Blanc Formation. BK 
Unc is the base-Kaskaskia unconformity. 
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Appalachian Basin 

The Bass Islands Dolomite and equivalent units in the Appalachian basin underlie parts of 
Kentucky, West Virginia, Ohio, Pennsylvania, and New York and is separated from the 
occurrence of Bass Islands Dolomite in the Michigan basin by the Findlay arch.  In the 
Appalachian basin, the Bass Islands is only productive in a relatively small area of northwestern 
Pennsylvania and western New York (the “Bass Islands trend”).  This occurs in a narrow 
northeast-trending band that extends 84 mi (135.2 km) from Erie County, Pennsylvania, to Erie 
County, New York (Figure 3.2-3) (Van Tyne, 1996a).  The actual producing interval may be 
thicker and include adjacent units such as the Onondaga Limestone or Bois Blanc Formation 
(Van Tyne, 1996a).   

 

 
 
 

 
 

Bass Islands lithologies vary laterally throughout the Appalachian basin, from intervals 
dominated by dolostone lithologies in the east to primarily limestone lithologies in the west.  In 
Pennsylvania, the Bass Islands is a carbonate unit that includes limestone, dolomitic limestone, 
and dolostone Thin sections collected from the T. Goodwill #1 core from the Summit Storage 

Figure 3.2-3.  Map showing the Bass Islands trend boundaries and oil and gas fields 
producing from this trend in the Appalachian basin.  Play boundaries from Van Tyne (1996). 
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pool, Erie County, Pennsylvania, illustrate that the Bass Islands Dolomite consists of cemented 
peloidal and intraclastic grainstones (Figure 3.2-4).   

  
 
 
 
 
 
 
Other Bass Islands lithologies in this well include fine to medium crystalline planar-p dolostone 
and dolomitic packed biopelmicrite.  Lithodensity logs indicate that the rocks are often siliceous.  
Thin section analysis reveals that chert and quartz replace planar dolomite (Laughrey and others, 
2007).  A detailed petrographic and petrophysical analysis of the Bass Islands Dolomite of the 
Appalachian basin is provided in Appendix C.   

 
In New York, the Akron and Cobbleskill members of the Rondout Formation are laterally 

equivalent to the Bass Islands and are distinguished from one another by a lithology change from 
dolomite to limestone (Belak, 1980).  Here, the Akron Member consists of very siliceous dark 
yellowish-brown to medium brown finally crystalline dolostones and dolomitic limestones (Van 
Tyne, 1996a).   

 

3.3 Nature of Lower and Upper Contacts 
 

Michigan Basin 

The upper boundary of the Bass Islands dolomite, above the base-Kaskaskia unconformity, is 
most commonly the Bois Blanc Formation, a distinctive, cherty-carbonate in the central Michigan 

Figure 3.2-4.  Photomicrograph of a thin section from the Summit Storage pool in Erie 
County, Pennsylvania, showing common constituents of the Bass Islands Dolomite in 
northwestern Pennsylvania.  The irregular size and shape of these intraclasts suggest that 
some were skeletal grains that have been highly micritized.  The location of Summit 
storage pool is show in Figure 3.6-1.  
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basin.  Rock types (interpreted from wireline log response) overlying the unconformity are 
variable, however, especially on the margins of the basin.  The Sylvania Sandstone is known to 
overlie the Bass Islands in southeastern Michigan (Landes, 1945a).  Other lithologic units, of 
unknown affinity, overlie the Bass Islands toward the truncation and subcrop of the unit in 
southwestern Michigan.  

 
Over the course of this study, a consistent variation in the log signature in Bois Blanc strata 

overlying the Bass Islands Dolomite in the Michigan basin has been identified.  Three informal 
members of the Bois Blanc are tentatively identified (limestone, cherty dolostone, and chert, 
respectively upwards; Figure 3.3-1) and progressively onlap the base-Kaskaskia unconformity 
surface towards the basin margin.  The stratigraphic implications of these relationships are not yet 
fully established.  Also shown in Figure 3.3-1 are complex facies relationships between the Bois 
Blanc Formation and the Sylvania Sandstone.  A discussion of these relationships was presented 
in Section 3.2 of this report. 

 

 

Figure 3.3-1.  North-south stratigraphic cross section on the top Bois Blanc Formation. This 
section shows the interpreted, progressive onlap of informal members of the Bois Blanc 
Formation onto the Bass Island dolomite. Light violet shading of the right log track indicates 
neutron porosity (NPHI) curve cross over to the left of the bulk density (RHOB) curve and is 
interpreted as dolomitic lithology. Note the lateral continuity of the Bass Islands dolomite. 
Complex mixed mineral composition in the Bois Blanc is tentatively interpreted from the 
Photoelectric (PEF) and RHOB-NPHI log character. Complex lateral facies relationships 
within the Sylvania Sandstone-Bois Blanc succession are also shown for central Lower 
Michigan.  
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Figure 3.4-1.  Bass Islands dolomite isopach map with subcrop to the southwest. A 2,600 ft (793 
m) burial depth contour is shown in blue, the minimum depth to supercritical CO2 ambient 
temperature and pressure conditions in the subsurface, as interpreted by Michigan. 

 

Appalachian Basin 

In Erie County, Pennsylvania, the Bass Islands is overlain by 20 ft (6.1 m) of Keyser Formation 
limestone.  Fifty-feet (15.2 m) of cherty, sandy limestone of the Bois Blanc limestone 
unconformably overlies the Keyser Formation.  In some parts of northwestern Pennsylvania, the 
Manlius Limestone of the Helderberg Group and the Oriskany Sandstone are present between the 
Keyser Formation and the Bois Blanc (Heyman, 1977).  A thick, combined interval of Onondaga 
Limestone and Devonian shale overlie the Bois Blanc, forming a tight seal over the Bois 
Blanc/Bass Islands interval (D’Appolonia, 1979).  East of Erie County, Pennsylvania, and in 
southwestern New York, the Bass Islands Dolomite is equivalent to the Akron dolomite and is 
separated from the overlying Devonian-age Onondaga Limestone by an unconformity or 
erosional contact (Belak, 1980).  The Akron Dolomite is laterally equivalent to the Cobbleskill 
Limestone, both of which are members of the Rondout Formation in New York.  The lateral 
equivalent of the Akron Dolomite, Cobbleskill Limestone, and Bass Islands Dolomite in central 
Pennsylvania is the lower Keyser Formation (Belak, 1980).   Throughout Pennsylvania, Ohio, and 
West Virginia, the Bass Islands Dolomite is underlain by evaporate deposits of the Salina Group.  
The equivalent Akron Dolomite-Cobbleskill Limestone interval is underlain by the Bertie 
Dolomite in western New York and the Brayman Shale in eastern New York (Belak, 1980).  
These are equivalent to Unit G of the Salina Group in Pennsylvania, West Virginia, Ohio, and 
Michigan.   

 
3.4 Discussion of Depth and Thickness Ranges 
 
Michigan Basin 

Examination of wireline logs 
and regional mapping in 
central Lower Michigan 
counties indicates that the Bass 
Islands reservoir is as much as 
100 ft (30 m) thick in some 
areas and a large area in the 
northern half of the state has a 
gross reservoir thickness of 
more than 50 ft (15 m).  Figure 
3.4-1 shows the Bass Islands 
Dolomite gross isopach and the 
area of a minimum burial depth 
of 2,600 ft (792 m).  Wireline-
log correlation shows that the 
Bass Islands reservoir interval 
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is laterally persistent and can be identified in counties surrounding the Bass Islands Dolomite type 
well section in the St. Charlton #4-30 well in Otsego County (Figure 3.4-2).  

 

 
 
 
 

 

Appalachian Basin 

 Figure 3.4-3 illustrates the structure of the Bass Islands Dolomite across the Appalachian 
basin.  The structure on top of this unit generally strikes northeast-southwest and dips toward the 
southeast at a rate of approximately 45 ft/mi (8 m/km).  The Bass Islands crops out in central 
Ohio and southwestern New York, and occurs as deep as 7,000 ft (2,134 m) in central West 
Virginia (Figure 3.4-3).  Within the Bass Islands trend in northwestern Pennsylvania and 
southwestern New York, the depths of this unit range from approximately 500 ft (152.4 m) to 
1,500 ft (457.2 m).   

 

Figure 3.4-2.  North-south wireline log cross section showing the lateral persistence of the 
Bass Islands dolomite unit (orange) in northern Lower Michigan. The type well log is shown 
in the State Charlton #4-30, Otsego County, Michigan.  
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Figure 3.4-4 illustrates the thickness of this unit across the Appalachian basin.  Gross 

thicknesses range from less than 25 ft (7.6 m) in western New York, western Ohio, and 
southwestern West Virginia to almost 100 ft (30.5 m) in central New York, north-central 
Pennsylvania, and the West Virginia panhandle.  The thickest Bass Islands interval is 94 ft (28.6 
m) in Steuben County, New York, and thins to the north and west, to a minimum thickness of 4 ft 
(1.2 m) in Erie County, Pennsylvania (Figure3.4-4).  Within the New York Bass Islands trend, 
this unit averages 10 to 20 ft (3.0 to 6.1 m) thick (McCaslin, 1985), and in Erie County, 
Pennsylvania, the Bass Islands averages 36 ft (11 m) thick (Figure3.4-4).   

 

Figure 3.4-3.  Structure contour map drawn on top of the Bass Islands Dolomite in the 
Appalachian basin. 
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3.5 Depositional Environments/Paleogeography/Tectonism 
 
Sparling (1970) described the Bass Islands lithofacies as a series of shallow-water carbonate 

deposits that have been dolomitized and diagenetically altered by processes associated with the 
base-Kaskaskia unconformity.  Dissolution of primary grains, larger-scale dissolution, and 
formation of solution collapse breccias are characteristic of the Bass Islands in the outcrop area.  
Although wireline log correlations show that the Bass Islands in the Michigan basin subsurface is 
also dolomitic, wireline logs do not allow for the determination of depositional facies and fabric 
characteristics as seen in outcrop.  Limited core observations (Gardner, 1974) do suggest shallow-
water deposits and diagenetic alteration, including brecciation, in the Michigan subsurface.  

 
Core from the Core Energy-St. Charlton #4-30 well provides an opportunity to carefully 

evaluate the reservoir properties and depositional environments of the Bass Islands dolomite.  The 
well penetrated at least 188 ft (57 m) of Bass Islands and cored 78 ft (24 m) of the uppermost 
Bass Islands, along with 42 ft (13 m) of the overlying Bois Blanc Formation (Figure 3.2-2).  This 
well contains the most complete subsurface core sample known for the Bass Islands dolomite in 

Figure 3.4-4.  Map showing the gross thickness of the Bass Islands Dolomite in the 
Appalachian basin.   
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Michigan.  The base-Kaskaskia unconformity is apparent in the core at 3,442.4 ft (1,049.2 m), 
above the Bass Islands (Figure 3.5-1A). 

 
Immediately overlying the 

unconformity is a bed of 
brachiopod shells with siliceous 
replacement of the original 
carbonate. The Bass Islands 
lithology immediately underlying 
the unconformity is a dolomitized, 
bioturbated, skeletal wackestone.  
This package can be subdivided 
into several meter-scale 
shallowing-upward cycles of 
stacked facies.  The cycles begin 
with a shallow subtidal, burrowed 
and bioturbated, skeletal and 
peloidal wackestone to packstone 
(Figure 3.5-1B).  These subtidal 
facies shallow upward into higher 
energy cross-bedded and 
laminated peloidal grainstones 
(Figure 3.5-1C).  The grainstones 
are capped by laminated and 
crenulated cyanobacterial mat 
mudstones that represent high 
intertidal or supratidal 
environments with subaerial 
exposure.   These supratidal facies 
represent the top of the 
shallowing-upward cycle (Figure 
3.5-1D).  These facies stacking 
pattern suggests a broad, 
evaporite-prone, supratidal to 
shallow subtidal marine 
depositional environment that 
marked the top of the Upper 
Silurian Tippecanoe sequence 
throughout the central Michigan 
basin. 

 
 

Figure 3.5-1. Core photographs of the Bass Islands 
dolomite in the State Charlton #4-30 well.  (A) The 
Tippecanoe-Kaskaskia sequence bounding 
unconformity. (B) Shallow subtidal, burrowed and 
bioturbated, skeletal and peloidal wackestone to 
packstone. (C) High energy cross-bedded and 
laminated peloidal grainstones. (D) Laminated and 
crenulated cyanobacterial mat mudstones that 
represent high intertidal or supratidal environments. 
See text for discussion. 
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3.6 Geologic Structure and Trapping Mechanisms 
 
Michigan Basin 

Many geological structures known to trap hydrocarbons in uphole formations are present in the 
Michigan basin.  It is not known if these structures are suitable for large scale hydrodynamic 
trapping in the Bass Islands dolomite, however, since high resolution structural mapping has not 
been done for this unit.  The Bass Islands crops out in northern and southeastern Lower Michigan 
where it is a fresh water aquifer.  Although primary confining layers to the vertical escape of CO2 
are well established in the overlying Amherstburg Formation (Section 3.2), updip lateral 
migration of buoyant, supercritical CO2 will need to be considered through flow simulation 
modeling to evaluate unconfined fluid flow pathways.  Secondary confining zone lithofacies also 
exist in dense evaporitic strata of the informal Massive Anhydrite unit of the Iutzi Member of the 
Lucas Formation (Section 3.2). 

 

Appalachian Basin 

The Bass Islands is extensive but the trend of known porosity development in the northern 
Appalachian basin is structurally controlled with low-angle reverse faults and thrust faults 
providing the trapping mechanism (Copley and others, 1982).  Within the trend is a low-relief, 
highly thrust-faulted anticline, 1.5 mi (2.4 km) wide, that consists of complex horst and graben 
blocks (Van Tyne, 1996a).  Faulting is thought to be caused by movement in the underlying 
Salina salts (Harper, 1985).  Reservoirs form where complex fracturing has occurred in the 
section between the overlying Hamilton shales and the underlying Salina shales and evaporates.  
Van Tyne and others (1980) mapped this fault system in New York.  The pools that occur west of 
the trend in Erie County, Pennsylvania, are likely controlled by the same types of faulting 
(Harper, 1985).  There is no available evidence for extending the trend further to include the 
Marsh Run pool or into Ohio (Van Tyne, 1996a) (Figure 3.2-3).  A cross section through the 
Drumlin field (Figure 3.6-1) illustrates the importance of structures as trapping mechanisms in 
Bass Islands reservoirs.  This particular cross section is perpendicular to the Bass Islands trend, as 
delineated by Van Tyne (1996a).   
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3.7 Reservoir Characteristics 

 

Michigan Basin 

Although the reservoir properties of shallow-water carbonate deposits in the Bass Islands 
Dolomite in Michigan are greatly influenced by dissolution and diagenesis, strong fabric 
characteristics, which are inherited from their original depositional facies, influence reservoir 
properties.  This carbonate reservoir has some preserved primary porosity, as well as abundant 
secondary porosity.  Dissolution has produced significant secondary pores.  Fossil grains are most 
vulnerable because dissolution processes have selectively removed grains rather than the finer, 
micritic matrix.  In addition to moldic porosity, there is abundant intercrystalline porosity 
resulting from dolomitization.  In the grainstones, there is abundant intergranular porosity and 
significant permeability.  Much of the porosity in the grainstones is primary intergranular 
porosity, although some pores have been modified into vugs by dissolution. 

 
Conventional core porosity and permeability has been measured from 2-in (5-cm) long by 1-in 

(2.5-cm) diameter sample plugs drilled from whole core collected in the Core Energy-St. 
Charlton #4-30 well.  Seventy-four horizontal plugs, 12 vertical plugs, 6 whole core, and 17 
sidewall core plugs were sent to Core Laboratories for routine porosity and permeability analyses.  

Figure 3.6-1.  A cross section through the Drumlin field illustrating the importance of structures 
as trapping mechanisms in Bass Islands reservoirs. This section is perpendicular to the Bass 
Islands play, as delineated by Van Tyne (1996).  Wells producing from this unit in northwestern 
Pennsylvania occur within and adjacent to the play boundaries.  
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Sixty-six horizontal plugs were collected 
in the Bass Islands reservoir interval.  
Different facies show substantially 
different reservoir properties (Figure 3.7-
1). 
 

Primary intergranular porosity is found 
in the grainstone facies in the Bass 
Islands in this well.  Good porosity also 
exists as the result of selective 
dissolution of some carbonate grains 
producing moldic porosity.  This facies is 
further enhanced by karst dissolution and 
brecciation, which has created the best 
porosity and permeability in the entire 
formation.  These facies are relatively 
thin beds stacked in a series of 
shallowing upward packages that follow 
a predictable stratigraphic framework.  

 
Reservoir development also correlates 

well with the stratigraphic framework 
(Figure 3.7-2).  Sequence and cycle 
boundaries were identified by the 
presence of subaerial exposure horizons 
as indicated by karstic brecciation and 
solution, flooding surface, and facies 
stacking patterns.  A well-constrained 
hierarchy exists within the Bass Islands 
interval whereby the higher frequency 
cycles exist within two medium-scale high frequency sequences (HFS).  From a reservoir 
standpoint, the high-frequency sequences and most of the higher frequency cycles constrain the 
development of the best reservoir intervals.  Regressive hemicycles of both the HFS and higher 
frequency cycles correlate to the best development of reservoir throughout much of the cored 
interval.  Transgressive hemicycles, with poor reservoir quality, may act to vertically 
compartmentalize the reservoir.  Many of the HFS and cycle boundaries are manifested by higher 
gamma-ray log values and can be identified in wells without core data.   

 

Figure 3.7-1.  Porosity and permeability from 
core plug analyses of Core Energy-St. 
Charlton #4-30. Generalized facies types are 
indicated throughout the cored section.  
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Appalachian Basin 

Bass Islands porosity was discovered in the Kelley #1 well completed in 1888 in Erie County, 
New York (Van Tyne, 1996a).  The Kelley #1 also discovered the Zoar gas field, which was later 
converted to storage in 1916 (Figure 3.2-3).  A few additional wells targeted what subsequently 
became known as the Bass Islands trend, but no further exploration was conducted until the mid- 
to late-1970s, at which time operators exploring Medina Group sandstones in Chautauqua and 
Erie counties, New York, encountered oil and gas shows in the Bass Islands and adjacent units 
(Van Tyne, 1996a).  These initial shows were often cased off during drilling to deeper targets.  
Mapping conducted by the U.S. Department of Energy (DOE) Eastern Gas Shales Project 
revealed the true structural basis of this trend, that the Bass Islands was regarded as a viable target 
for natural gas exploration.  This mapping showed that the trend is bounded by thrust faults and 
coincides with the northwestern limit of Appalachian-type thrust fault and fold tectonics (Van 
Tyne, 1996a).    

Figure 3.7-2.  Stratigraphic hierarchy observed in the Bass Islands interval. High-
frequency sequences (HFS) along with higher frequency cycles correlate well to the 
stratigraphic position of the best reservoir intervals, and many of the HFS and cycle 
boundaries are manifested by higher gamma ray log values. Regressive hemicycles of 
both the HFS and higher frequency cycles correlate to the best development of reservoir 
throughout much of the cored interval, while transgressive hemicycles may act to 
vertically compartmentalize the reservoir. Blue triangles are deepening upwards trend; 
red triangles are shoaling upwards. 
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Productive Bass Islands reservoirs in the Appalachian basin all have one thing in common – 

fractures (Van Tyne, 1996a).  In Chautauqua County, New York, where exploration of the 
equivalent Akron Dolomite peaked in the 1980s, measured porosities ranged from 10 to 15 
percent within the area of the trend (McCaslin, 1985).  In contrast, a core analysis from the Gerry-
Charlotte field, also located in Chautauqua County, New York, but outside the trend, recorded 
porosities less than 5 percent and permeabilities less than 0.1 md (Copley and Gill, 1983); these 
data suggest that the productivity of the Bass Islands is exclusively related to the fracture trend.     

 
Bass Islands reservoir data were collected as part of a 1970s study in Erie County, 

Pennsylvania, to determine the source of groundwater pollution observed in the Presque Isle State 
Park #1 well.  Specifically, an environmental assessment was conducted to determine if the 
pollution was directly related to injection of waste fluids by the Hammermill Paper Company into 
the Bass Islands Dolomite/Bois Blanc Formation interval.  Over a span of eight years (1964-
1972), the Hammermill Paper Company had pumped more than a billion gallons (3.8E9 l) of 
waste pulping fluid through three injection wells penetrating the Bass Islands Dolomite and Bois 
Blanc Formation, at depths ranging from 1,620 to 1,720 ft (493.8 to 524.3 m) (D’Appolonia, 
1979).  Hammermill’s average injection rate into this interval was 121 gallons per minute (gpm) 
(7.63 liters per second [lps]), the average pump pressure was 1,150 pounds per square inch (psi) 
(7,929 kPa).  The injection wells were located approximately 4.2 mi (6.8 km) from a polluted 
groundwater seep at Presque Isle.  The Bass Islands interval in these injection wells had 
thicknesses of 17 ft (5.2 m), 10 ft (3.0 m), and 14 ft (4.3 m).  Porosity values, as determined by 
log evaluation, ranged from 8.2 to 25.2 percent, and averaged 15.8 percent.  These thicknesses 
and porosity values are consistent with those reported for the Presque Isle #1 well, where the 
contamination was reported.  Porosity in the Presque Isle #1 well is attributed to a combination of 
fracture and intergranular porosity related to dolomitization (D’Appolonia, 1979).  The estimated 
permeability of the Bass Islands/Bois Blanc interval in Erie County is 230 md, but some areas 
were as low as 10 md (D’Appolonia, 1979).   

 
Not all Bass Islands fields have porosity as high as the Hammermill injection field.  Thin 

section data from the Summit Storage pool, Erie County, Pennsylvania, indicate that the Bass 
Islands Dolomite consists of cemented peloidal and intraclastic grainstones.  At this locality, the 
Bass Islands is very tight with no evidence of primary or secondary porosity.  Eastward in the 
Macedonia gas pool, the Lantz #4 well produces from the Bass Islands Dolomite.  Here, the 
producing interval (2,680 ft to 2,762 ft [816.9 m to 841.9 m]) includes the Middle Devonian Bois 
Blanc Formation, Lower Devonian Keyser Formation, and Upper Silurian Bass Islands Dolomite.  
Geophysical log interpretation from the producing interval of the Lantz #4 shows the 
development of vuggy and moldic porosity in the upper portion of the pay interval and 
vuggy/moldic and intercrystalline porosity in the lower portion of the pay interval (Figure 3.7-3).  
Porosity ranges from 1 to 6 percent, and permeability is typically less than 0.1 md (Laughrey and 
others, 2007). 
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3.8 Suitability as a CO2 Injection Target 
 
Michigan Basin 

The Bass Islands dolomite is a regionally significant geological sequestration target within the 
Michigan basin.  In the basin, it has an estimated geological storage capacity of nearly 1,700 
million T (1.5 Gt) of CO2 (Figure 3.8-1). These estimates are based on determination of net 
porosity from porosity logs (calculated average neutron porosity-density porosity) in available 
regional wells.  A trend line relationship between conventional core porosity versus permeability 
data in the State Charlton #4-30 was used to establish a cutoff porosity of 10 percent (equating to 
permeability of 0.5 md in the Bass Islands dolomite).  Calculated net porosity using cross plot 
calculated log porosity was established for 77 wells in the state (see Figure 3.8-1, control wells).  
These net porosity values were then gridded and mapped to determine a net porosity grid.  This 
net porosity grid was used to calculate storage capacity of CO2 using a density of supercritical 
CO2 of 43.7 lb/ft3 (0.7 g/cm3) and storage efficiency of 4 percent. 

 

Figure 3.7-3.  Geophysical log suite from the Lantz #4 well, Erie County, Pennsylvania 
used for calculating reservoir characteristics. Well location shown in Figure 3.6-1.  
 



 

 41

 

 
 

Appalachian Basin 

Although not as regionally persistent as some other formations in the Appalachian basin, the 
Bass Islands Dolomite possesses certain reservoir characteristics that make it an attractive 
sequestration target in parts of eastern Ohio and northwestern Pennsylvania.  In these areas, it is 
certainly deep enough to be considered a target, and the porosity and permeability values reported 
for this unit, ranging from 2 to 15 percent and 10 to 230 md, respectively, suggest that it could 
provide significant volumetric sequestration capacity; in some areas of its own, in others as part 
of a stacked reservoir scenario.   

 
Reservoir data suggest that, within fractured areas, the Bass Islands Dolomite has injectivity 

characteristics that could be favorable for geologic sequestration.  Even so, as production within 
the Bass Islands trend is defined by certain structural features that extend north and west from 
Erie County, Pennsylvania, to western New York, detailed studies regarding the integrity of 
lateral and vertical seals must be performed prior to considering this unit for injection.   

 
 

Figure 3.8-1. Geological storage capacity for CO2, by county, in Michigan.  See text for 
discussion of methodology. 
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4.0 ORISKANY SANDSTONE 
 
4.1 Origin of Names, Type Section, Significant Earlier Studies on this Interval 

 
The Oriskany Sandstone was named for its type locality at Oriskany Falls, Oneida County, 

New York (Vanuxem, 1839).  At this location, the Oriskany is a white, fossiliferous, clean, 
quartz-rich sandstone (Opritza, 1996; Patchen and Harper, 1996).  Before 1930, most studies 
done on the formation were for purposes of clarifying the stratigraphic and paleontological 
relationships of Lower Devonian and Upper Silurian rocks (Swartz, 1913).  Since then, however, 
the Oriskany has become one of the more important formations for gas exploration in the 
Appalachian basin and has been the subject of numerous studies related to structure, stratigraphy, 
petrology, petrophysics, and other topics.  The earliest studies were performed by petroleum 
geologists documenting the significant discoveries in south-central New York and north-central 
Pennsylvania in the early 1930s and 1940s (e.g., Fettke, 1931; Torrey, 1931; Newland and 
Hartnagel, 1932; Bradley and Pepper, 1938; Stow, 1938; van Petten, 1939).  Subsequent studies 
by Finn (1949), Ebright and Ingham (1951), Young and Harnsberger (1955), Wood (1960), 
Seilacher (1968), Patchen (1968), Heyman (1969), Jacobeen and Kanes (1974a, b), and many 
others added to the general knowledge of the formation and provided additional data on the 
various reservoir properties.  A resurgence of interest in this prolific reservoir in the late 1970s 
and the 1980s resulted in what arguably is the most comprehensive report produced to date on the 
Oriskany, the exhaustive study done by Basan and others (1980).  The most recent reports, in the 
Atlas of Major Appalachian Gas Plays (Roen and Walker, 1996), provide a summary and single 
source of information garnered from earlier studies. 

 
4.2 Lithostratigraphy 

 
The Lower Devonian Oriskany Sandstone of drillers’ terminology actually encompasses 

several discrete and formal stratigraphic units within the Appalachian basin (Heyman, 1977; 
Harper and Patchen, 1996), including: (1) the type Oriskany Sandstone of New York, which also 
occurs in northwestern Pennsylvania and eastern Ohio; (2) the Ridgeley Sandstone of 
Pennsylvania, Maryland, Virginia, and West Virginia (where it is called Oriskany); (3) the 
Springvale Sandstone, a basal sandstone member or sandy aspect of the Bois Blanc Formation in 
Ontario, northeastern Ohio, and northwestern Pennsylvania (Oliver, 1967; Heyman, 1977); and 
(4) the Palmerton Formation, a sandstone in eastern Pennsylvania that is equivalent to a portion of 
the basal Onondaga Limestone (Sevon, 1968).  The stratigraphic relationships of the Oriskany to 
various adjacent geologic units in the central Appalachian basin are summarized in Figure 4.2-1.   
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The Oriskany Sandstone is typically a pure, white, medium- to coarse-grained, monocrystalline, 

quartz sandstone containing well-sorted, well-rounded, and tightly cemented grains (Fettke, 1931; 
Gaddess, 1931; Finn, 1949; Basan and others, 1980; Diecchio, 1985; Foreman and Anderhalt, 
1986; Harper and Patchen, 1996).  It may be conglomeratic in places.  Quartz and calcite 
comprise the most common cementing materials in the formation.  In many areas of the basin, the 
formation contains such an abundance of calcite, both as framework grains and cement, that the 
rock is classified as a calcareous sandstone or sandy limestone. 

 
In addition to the primary composition of quartz and calcite grains, minor proportions of pyrite, 

dolomite, rutile, zircon, and other minerals have also been observed (Harper and Patchen, 1996).  
Minerals that formed in place after the Oriskany was deposited include several clay minerals, 
sphalerite, and pyrite (Martens, 1939; Basan and others, 1980; Foreman and Anderhalt, 1986). 

Figure 4.2-1.  Stratigraphic correlation chart of the Oriskany Sandstone in the 
Appalachian basin (modified from Flaherty, 1996).  
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Minor cements include pyrite, dolomite, ankerite, “glauconite,” and chalcedony (Basan and 
others, 1980). 

 
4.3 Nature of Lower and Upper Contacts 

 
The Oriskany Sandstone has sharp upper and lower contacts.  The carbonate sedimentation that 

had predominated in the Late Silurian ceased or slowed, to be replaced temporarily by prevailing 
clastic deposition.  The Early Devonian ended with a worldwide regression that resulted in 
erosion throughout much of North America, creating an unconformity between the carbonate 
rocks of the Upper Silurian/Lower Devonian and of the Middle Devonian at the margins of the 
Appalachian basin (Figure 4.2-1).  Some authors described the Oriskany as a basal sandstone 
deposited on a basin-wide unconformity (Wheeler, 1963).  Erosion following Oriskany deposition 
near the basin margins might have been more extensive than pre-Oriskany erosion – there are 
large areas of the basin where the Oriskany is thin or absent, for example the Oriskany “no-sand 
area” in northwestern Pennsylvania.  It is also possible, however, that such areas occur because of 
the lack of deposition on positive paleotopographic highs. 

 
The concept that the Oriskany is everywhere bounded by unconformities is very popular, 

resulting in many studies that show the upper and lower boundaries of the formation to be 
disconformable with adjacent strata across the basin (e.g., Opritza, 1996).  This has not been 
substantiated, however; in most of western Pennsylvania, for example, the change from limestone 
in the Helderberg Group to sandstone in the Oriskany is very gradual, with limestone grading 
upward to arenaceous limestone and to quartz sandstone over tens of feet.  In many areas, a 
“second bench Oriskany” (drillers’ terminology) occurs, but it has not yet been determined if this 
is a quartz arenite phase of the Helderberg or a portion of the Oriskany separated from the main 
sandstone facies by an intervening limestone.   

 
The Oriskany is overlain by different rocks within the North American Onesquethawan stage 

varying in lithology from limestone to chert to shale moving from west to east across the basin 
(Basan and others, 1980).  Basal sand units of the Onondaga Limestone and Bois Blanc 
Formation may directly overly the Oriskany, and it may be difficult to distinguish the contact 
between the two (Diecchio, 1985).  These overlying units include the Bois Blanc Formation in 
Ohio and northwestern Ohio, the Onondaga Limestone in West Virginia, the Huntersville Chert 
in central and southwestern Pennsylvania and northern West Virginia and the Needmore Shale in 
southcentral Pennsylvania, eastern West Virginia and Maryland (Basan and others, 1980) (Figure 
4.2-1).    

 

4.4 Discussion of Depth and Thickness Ranges 
 
Figure 4.4.1 presents the structure of the Oriskany Sandstone throughout the Appalachian basin 

using a contour interval of 500 ft (152 m).  The structure on top of the Oriskany Sandstone 
generally strikes northeast-southwest and dips toward the southeast at a rate of approximately 60 
ft/mi (11.4 m/km).  A low area, with subsea elevations of about -7,000 ft (-2,134 m), occurs in 



 

 45

southwestern Pennsylvania.  The Oriskany is exposed that the surface in central New York near 
its type locality, as well as within the complex fold-belt of central Pennsylvania, western 
Maryland, northeastern West Virginia, and western Virginia.  In western Pennsylvania, western 
West Virginia and eastern Ohio, it occurs in the subsurface, ranging in depth from about 1,200 ft 
(366 m) along the Lake Erie shoreline to more than 10,000 ft (3,048 m) in Somerset County 
(Figure 4.4-1).  Depths within the Appalachian Plateau vary greatly as a result of both a general 
regional southeastward dip and occurrence of numerous anticlines paralleling the regional strike 
of the Valley and Ridge Province to the east.   

 

 

 
 
Oriskany thicknesses vary within the Appalachian Plateau of eastern Ohio, western 

Pennsylvania, and West Virginia from 0 to more than 300 ft (91 m) (Figure 4.4-2).  Adjacent to 
pinchout areas, such as the Oriskany “no-sand area” in northwestern Pennsylvania, the reservoir 
sandstone typically averages between 10 and 30 ft (3 and 9 m) thick (Finn, 1949; Abel and 
Heyman, 1981; Opritza, 1996).  At the pinchout, the sandstone forms a thin wedge between 
relatively impermeable Lower and Middle Devonian carbonates and shales.  Thicker zones of 
Oriskany typically occur in the more structurally complex areas where thrusting and vertical 

Figure 4.4-1.  Structure contour map drawn on top of the Oriskany Sandstone in the 
Appalachian basin.  
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repetition of beds causes apparent thicknesses well in excess of 60 ft (18 m) (Harper and Patchen, 
1996; Patchen and Harper, 1996). 

 

 

 
 

4.5 Depositional Environments/Paleogeography/Tectonism 
 

The Oriskany Sandstone originated in a shallow marine setting fairly early in Devonian time 
when two or more emergent landmasses to the north and southeast were uplifted and eroded 
(Harper and Patchen, 1996).  Although the character of the sand grains in the Oriskany indicates a 
mature, multicycled sediment, the specific origin of the Oriskany sand deposits remains 
unresolved.  Dennison (1961), among others, suggested that the sand originated to the southeast 
and spread northwestward across the basin (for northeastern Pennsylvania to southeastern West 
Virginia).  Stow (1938) determined that in New York it was derived directly from crystalline 
rocks in the Adirondacks.  Basan and others (1980) eventually showed that the characteristics of 
the Oriskany change dramatically in different areas and suggested multiple source areas for the 
sediments.  Basan and others (1980) generally concurred with the two source areas suggested by 

Figure 4.4-2.  Map showing the gross thickness of the Oriskany Sandstone in the 
Appalachian basin.  
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Stowe (1938) and Dennison (1961), but also proposed a third source, representing an emergent 
landmass in east-central Pennsylvania or New Jersey. 

 
The depositional environments of the Oriskany Sandstone are varied but always fall within the 

broad category of shallow marine.  Lithology changes in the Oriskany, particularly in regard to 
the amount of carbonate material in the rock, vary as a function of the depositional environment, 
with higher energy environments lacking significant fossil material and finer grained material. It 
is widely accepted that the Oriskany was deposited in a marine environment, but the literature 
varies with regard to the specific depositional facies responsible.   Environmental interpretations 
range from shallow to deeper subtidal (Barrett and Isaacson, 1977) to nearshore-shallow water 
(Stowe, 1938) and shoreface environments (Swartz, 1913).  Welsh (1984) and Bruner (1988) 
offered more specific interpretation of the Oriskany’s environmental setting, suggesting 
deposition as tidal ridges and submarine dunes. 

 

4.6 Geologic Structure and Trapping Mechanisms 
 

As a natural-gas reservoir, the Oriskany is affected by three types of traps – stratigraphic (updip 
permeability pinchout) (Opritza, 1996), structural (Harper and Patchen, 1996) and combination 
stratigraphic and structural (Patchen and Harper, 1996).   In the areas of pinchout (Figures 4.4-1 
and 4.4-2), fluids migrated updip (westward and northward) to where the sandstone pinched out 
against overlying and underlying impermeable rocks (typically tight carbonates or shales), 
creating a stratigraphic trap (Opritza, 1996).   Brine often is trapped between the actual sandstone 
pinchout and the zones or belts of gas production.  Where the trapping mechanism is structural 
(from central-western Pennsylvania and West Virginia eastward), structural complexity increases 
from west to east.  To the west and north, anticlinal structures with rifted cores originated through 
detachment in incompetent Silurian salt beds.  Salt water typically occurs in the cores of these 
anticlines.  To the east, multiple east-dipping thrust sheets (duplexes), resulted from tectonic 
thrusting (Flaherty, 1996; Harper and Patchen, 1996). Combination traps occur in a narrow band 
across easternmost Ohio into western Pennsylvania and western West Virginia where moderate 
structures enhance trapping in updip porosity pinchout situations (Patchen and Harper, 1996).  
Figure 4.4-1 shows the areas of structural complexity within Pennsylvania and surrounding areas.  
The few faults shown imply much more simplicity and generalization than actually occurs, owing 
to the scale of the map.  Studies of individual structures and gas fields indicate much more 
complexity than can be shown on a map at this scale. 

 
Based on these trapping mechanisms, the Atlas of Major Appalachian Gas Plays (Roen and 

Walker, 1996) classifies four natural gas plays for the Oriskany (Figure 4.6-1).  From west to east 
across the Appalachian basin, they are: (1) Dop: Lower Devonian Oriskany Sandstone updip 
permeability pinchout; (2) Doc: Lower Devonian Oriskany Sandstone combination structural and 
stratigraphic traps; (3)  Dho: fractured Middle Devonian Huntersville Chert and Lower Devonian 
Oriskany Sandstone; and (4) Dos: Lower Devonian structural play.  The play boundaries are 
important in delineating the areas within the MRCSP that are most suitable for CO2 injection into 
the Oriskany Sandstone.  The Dop play is characterized by stratigraphic trapping where the 
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Oriskany pinches out updip from the basin center in eastern Ohio, West Virginia, and Kentucky, 
and in northwestern Pennsylvania.  This play occurs where the Oriskany Sandstone is relatively 
shallow and in some cases, is even shallower than the 2,500-ft (762-m) minimum depth for 
sequestration.  Plays Dho and Dos are defined by structural trapping, and natural-gas production 
is closely related to faulting and fractures in the rocks.  Extending from Mercer County in 
southern West Virginia to Tompkins County in south-central New York, the combined areas of 
the two plays cover much of Pennsylvania.  Play Doc, defined by both structural and stratigraphic 
trapping mechanisms, covers a geographic area extending from Pike County in southeastern 
Kentucky to Cayuga County in central New York.  In fact, West Virginia’s largest gas field, Elk-
Poca Sissonville (over 1 TCF of original gas in place) is found within this play.  Reservoir 
characteristics are directly related to stratigraphic and structural variations in the Oriskany and the 
salient characteristics are summarized in the following section.   

 

 

 
 

 
 
 

Figure 4.6-1.  Oriskany natural gas plays in the Appalachian basin.  Play boundaries from 
Roen and Walker (1996).   
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4.7 Reservoir Characteristics 
 

The Oriskany Sandstone is typically a “tight” rock – that is, one of low porosity and 
permeability.  These low porosity and permeability values make the identification of potential 
“sweet spots” a necessity in considering sequestration of CO2 in the Oriskany Sandstone in the 
Appalachian basin.  A variety of existing and newly collected data was analyzed to determine 
how these potential carbon storage sweet spots correlated to the four Oriskany natural gas play 
boundaries.   Calculated porosity values ranged from 0.5 percent to 14 percent, and measured 
porosities from five core analyses range from 0.02 percent to 8.8 percent.  Measured 
permeabilities range from 0.0012 md to 185 md.  Reduced intergranular, secondary dissolution, 
and to a lesser extent, fracture porosity are observed in these sandstones.  Primary intergranular 
porosity is largely reduced by mechanical and chemical compaction and by extensive carbonate 
and silica cementation.   Secondary porosity is associated with dissolution of carbonate grains and 
cement and other rock constituents and is the most common type observed.   Where fractures 
occur they increase porosity and permeability, but in many cases these fractures have been healed 
by mineralization so that data from individual wells are not useful in making basin-wide (or play-
wide) characterizations.   

 
The most porous zones in the Oriskany Sandstone are found in the Doc and Dop plays, with 

average measured porosities of 5.2 percent and 5.7 percent, respectively.  Enlarged intergranular, 
moldic, and oversized pores are observed throughout the Doc play.  Intergranular porosity and 
subordinate dissolution porosity occur in Dop.  Measured porosities in the Dho play range from 
0.8 to 1.0 percent; calculated porosities are higher, averaging 4 percent.  The Dos play has an 
average measured porosity of 0.2 percent and an average calculated porosity of 4.2 percent.  The 
porosities in both the Dho and Dos plays are related to fracturing and the timing of fracturing 
must be well understood to determine the extent to which these fractures healed.  A detailed 
petrographic and petrophysical analysis of the Oriskany Sandstone is included in Appendix D.   

 

4.8 Suitability as a CO2 Injection Target  
 

The Oriskany Sandstone has a proven record as a major natural gas reservoir in the 
Appalachian basin, and it has served as an important natural gas storage reservoir for many 
decades.  For these reasons, it has appeal as a potential CO2 sequestration target.  The results of 
our current work, however, indicate that stratigraphic and structural variations within the unit 
make MRSCP-wide assumptions unreliable.  Site-specific studies are necessary before any 
injection of CO2 can be considered.  The reservoir characteristics of this prospective sequestration 
target are summarized below. 

 
Reservoir data from fifteen locations in Pennsylvania and Ohio (Figure 4.8-1) were used to 

rank the four Oriskany plays in terms of favorability for geologic sequestration.  In order from 
most to least favorable, this ranking is: (1) Combination traps play (Doc); (2) Updip pinchout 
play (Dop); (3) Fractured Huntersville Chert and Oriskany Sandstone play (Dho); and (4) 
Structural play (Dos).  The following criteria were used in ranking the plays and identifying sweet 
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spots: porosity, permeability, depth, and reservoir thickness.  Where available, cap rock data were 
also included in the analysis. 

  

 

 
 

Oriskany Sandstone combination traps play (Doc) 

The Oriskany Sandstone combination traps play (Doc) extends from southwestern New York 
through northwestern Pennsylvania, and eastern Ohio into southeastern Kentucky (Figure 4.6-1).  
Throughout the play, sandstones occur at depths greater than 2,500 ft (762 m), the depth 
necessary to obtain adequate minimum miscibility pressures.  Depths range from 2,500 ft (762 m) 
in northwestern Pennsylvania, New York, and Ohio, to 6,000 ft (1,829 m) in areas of 
Pennsylvania adjacent to the Oriskany “no-sand area” (Figure 4.4-1).   

 
The play is defined by both stratigraphic and structural traps and falls within the western basin 

and low-amplitude fold provinces (Diecchio, 1985).   The low-amplitude fold province is a low 
upland defined by prominent surface and subsurface folds; however, there are fewer folds than 
observed in the high amplitude fold province to the east.  The western basin is the area west of the 

Figure 4.8-1.  Map showing the location of all Oriskany Sandstone and Bois Blanc 
Formation samples and data used in this study. 
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limit of detachment and prominent folding.  The folds in this province are few in number and low 
in relief (Patchen and Harper, 1996).  Because this play falls within the least structurally complex 
section of the Appalachian basin, the likelihood of sealing problems that might be associated with 
highly fractured or open fractured areas in more structurally complex areas is reduced.  

 
Lithologies in the Doc play are primarily quartz arenites with interbedded sandy limestones and 

calcareous sandstones.  The quartz arenites consist of medium- to coarse-grained, moderately-
sorted quartz grains and rock fragments, with minor amounts of authigenic chlorite, illite, and 
pyrite.  The sandy limestone/calcareous units are darker in color and contain argillaceous 
laminations, stylolites, and some minor fractures.  Fossil assemblages are dominated by 
brachiopods, echinoderms, and mollusks.  Calcite and quartz cements are observed in the quartz 
arenites.  Quartz cementation occurs as syntaxial overgrowths and calcite cements have primarily 
blocky and equant morphologies (Figure 4.8-2).  Only calcite cement is observed in the 
carbonate-rich units.   

 

 

 
 

Standard core analyses measured from two wells, Beaver County, Pennsylvania, and Mahoning 
County, Ohio, provided porosity and permeability data for the Doc play.  Porosity averaged 3.9 
percent in the Beaver County core and 5.2 percent in the Mahoning County core.  Permeabilities 
ranged from 0.2 to 4.6 md, averaging 1.6 md in Pennsylvania and 1.4 md in Ohio.  Porosity 
calculated from geophysical logs averaged 5.2 percent throughout the entire play.  Although these 
porosity and permeability values are not very high, these values are relatively large compared to 
other Oriskany plays in the basin.  Primary intergranular porosity is mostly reduced by 
compaction and cementation.  Secondary porosity, developed by dissolution of carbonate grains 
and cement, control porosity in the Doc play (Figure 4.8-3).  Within this play, the Oriskany lies 

Figure 4.8-2. Doc cement types.  (A) Secondary electron SEM images of syntaxial quartz 
overgrowths reducing primary intergranular porosity at a depth of 3330 ft. (1015 m).   
Pressure solution pits on the quartz grains are coated with illite.  (B) Photomicrograph of 
quartz overgrowths and calcite cement.  This sample is from a depth of 3332.6 ft (1015.8 m).  
Both images are from the Doc Play, Core #2914, Mahoning County, Ohio.  Core location is 
shown in Figure 4.8-1. 
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between the overlying 
Huntersville Chert and 
Onondaga Limestone and 
the underlying Helderberg 
Limestone.  The overlying 
Onondaga Limestone, with 
an average porosity of less 
than 1 percent and average 
permeability of 0.01 md, 
would form a sufficient seal 
over this target.  Table 4.8-1 
summarizes porosity and 
permeability measurements 
for the Doc play.  

 
 
 
 
 
 
 
 
 

Summary of available data porosity and permeability data in the Appalachian Basin  

Play  Samples  Depth 

Range (ft)  
Log Evaluation Core analysis

Porosity 

Types  Porosity Permeability Porosity  
Range Average Range Average Range  Average  

Doc  
30 logs  

2 core analyses  
(Beaver Co., PA  

Mahoning Co., OH)  
2500 - 6000  0.7 – 12.8  5.2  

0.2 – 4.6  1.6  0.02 – 6.4  3.9  Primary 
intergranular; 

dissolution  1.2 – 1.5  1.37  4.2 – 6.2  5.2  

Dop  
5 logs  
4 cores  

1 core analysis 
(Noble Co, OH)  

1000 - 4000  1.1 – 10.0  6.6  < 0.1 - 185  42.7  1.8 – 8.8  5.7  Primary 
intergranular; 

dissolution  

Dho  13 Logs  
1 Core analysis  

(Fayette Co., PA)  0 - 6500  1.8 – 7.2  4.0  0.0012 - 0.0032  0. 8 – 1.0  Fracture (minor) 

Dos  12 Logs  
1 core analysis  
(Tioga Co., PA)  0 -7500  0.5 – 7.3  4.2  0.8 – 1.8  1.5  <0.1 – 0.4  0.2  Fracture (minor) 

 

 
 

Table 4.8-1.  Summary of all available porosity and permeability data from each of the four natural 
gas plays.  All porosity and permeability data are from depths greater than 2,500 ft (762 m). 

Figure 4.8-3. Porosity textures in the Doc play.  Secondary 
porosity is created by intergranular porosity by dissolution and 
porosity textures include moldic (M), oversized (O), and 
enlarged intergranular (I).  Sample is from Core #2876, 
Guernsey County,  Ohio and a depth of 3306.6 ft (1007.9 m). 
Core location is shown in Figure 4.8-1.    
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Updip pinchout play (Dop) 

The Oriskany updip pinchout play (Dop) extends from northwestern Pennsylvania to 
southeastern Kentucky (Opritza, 1996) and includes portions of Ohio, West Virginia, 
Pennsylvania, and Kentucky.  The Oriskany deepens and thins toward the southern portion of this 
play.  The sandstone is approximately 1,000 ft (305 m) deep in northeastern Ohio and deepens to 
a maximum depth of 4,000 ft (1,219 m) in Jackson County, West Virginia (Figure 4.4-1).  This 
western-most Oriskany play is controlled by stratigraphic trapping.   

 
Within the Dop play, the Oriskany Sandstone ranges from a pure quartz arenite to a calcareous 

sandstone with as much as 30 percent carbonate material (grains and cement).  In Erie County, 
Pennsylvania, and Ashtabula County, Ohio, near the northern boundary of the play, the Oriskany 
is a quartz arenite with minor amounts of carbonate material (Figure 4.8-4A).  Clastic rock 
components include 95 percent microcrystalline quartz, rock fragments, and minor amounts of 
glauconite, feldspar, rutile, and zircon.  The Oriskany Sandstone is more carbonate-rich in the 
southern and central regions of the play (Figure 4.8-4B).  Although calcareous sandstones 
become dominant in these locations, they are interbedded with cleaner quartz arenites.   

 

 

 
Dissolution and cementation are the most important diagenetic processes observed in these 

rocks because they have the most direct impact on the creation and reduction of porosity and 
permeability.  Quartz, calcite, and to a lesser extent, dolomite are the cements observed 
throughout the play.  Precipitation of cements was a major process early in the diagenetic history 
of these rocks, shortly following deposition and later during burial.  Quartz overgrowth cements 
formed on detrital grains and variable calcite cementation followed.  The calcite cement ranges 
from coarse equant crystals to fine-grained micrite.  Cementation reduces the primary 
intergranular porosity in these rocks and the connectivity of the remaining pore space, but where 

Figure 4.8-4.  Dop lithology.  (A) A typical quartz arenite from the northern Dop Play, Ashtabula 
County, Ohio, Core #442.  Thin section is from a depth of 1779 ft (542.2 m).  (B) A sandy 
limestone observed in the central portion of the Dop Play, Guernsey County, Ohio, Core #2876.  
Sample is from a depth of 3307.6 ft (1008.2 m). Core locations are shown in Figure 4.8-1.   
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carbonate material is absent, near the northern boundary of the play, primary porosity is 
preserved.  

 
Dissolution of carbonate material is observed as partial or complete leaching of carbonate 

grains and carbonate cement. In some cases, moldic porosity textures are observed where 
complete grain dissolution has occurred (Figure 4.8-5).   

 

 

 
 

Porosity values, obtained by a core analysis from the Lowe-Caldwell Unit #1, Noble County, 
Ohio, range from 1.8 to 8.8 percent.  Permeability measurements vary from <0.1 md to 185 md 
and averaged 42.7 md.  These values in the Dop play are the highest permeability and second 
highest porosity observed in Appalachian basin.  The shallow depth in the northern portion of the 
play is the only factor that limits the potential of the Oriskany as a sequestration target.   Table 
ORSK 1 (Appendix A) summarizes porosity and permeability measurements and observations of 
the Dop at depths greater than or equal to 2,500 ft (762 m).  These measurements justify the 
southern portion of the Dop play as a potential Oriskany sweet spot for sequestration.   

 

Fractured Huntersville Chert and Oriskany play (Dho) 

The Dho is a structural play controlled by faulting in both the Lower Devonian Oriskany 
Sandstone and overlying Middle Devonian Huntersville Chert.  This play extends from central-
western Pennsylvania into southeastern West Virginia and western Maryland (Figure 4.6-1).  
With the exception of structural highs near the southeastern play boundary, the Oriskany occurs 
below the 2,500 ft (762 m) sequestration cut-off depth (Figure 4.4-1).  Structurally, the fields are 
situated along faulted and offset anticlines in the Allegheny Plateaus Province (Flaherty, 1996).  

 

Figure 4.8-5.  Dop dissolution porosity.  (A) partial dissolution of a mollusk fragment (M) 
creates secondary porosity in this quartz arenite from a depth of 1796.8 ft (548 m) in Core 
#442, Ashtabula County, Ohio and (B) secondary porosity created from dissolution of calcite 
cement C at a depth of 2366.6 ft (721.3 m), T Goodwill #1 well, Erie County, Pennsylvania, 
Dop Play. Core locations are shown in Figure 4.8-1. 
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Core data from the R. H. Heyn well located in the North Summit Storage pool in Fayette 
County, Pennsylvania, was used for characterizing lithology and diagenetic features of the 
Oriskany in this play.  A standard core analysis from this same well was used for porosity and 
permeability measurements.  The Oriskany in the North Summit Storage pool is a calcarenaceous 

sandstone (Pettijohn and others, 1987), 
comprised of 30 to 40 percent clastic 
material and 60 to 65 percent carbonate 
components (Figure 4.8-6).  The most 
common fossil allochems are brachiopods 
and mollusks, but other fragments 
including trilobites and echinoderms are 
also present.  Quartz grains, the major 
detrital component of these rocks, are 
subrounded to subangular and range in size 
from very fine to fine-grained.  Accessory 
minerals include rutile and zircon.  Rock 

fragments are present but not common.  
Argillaceous material occurs throughout 
the entire Oriskany interval and is 
concentrated along stylolites. Within the 
clean Oriskany zone, from 6,848.5 to 
6,855 ft (2,087.4 to 2,089.4 m), quartz is 
slightly more abundant, and argillaceous 
material is rare.   

 
The Oriskany Sandstone in the R. H. Heyn well 

has the least favorable reservoir characteristics 
observed in this study.  Measured porosity ranges 
from 0.8 to 1.0 percent, and the unit is essentially 
impermeable with measured permeability to air 
ranging from 0.0012 to 0.0032 md.  Fracture 
porosity, calculated from geophysical logs from G. 
E. Klayer #1 well, located along strike from the R. 
H. Heyn well, is as high as 14 percent, but all 
observed fractures are filled with late-stage calcite, 
quartz, and pyrite (Figure 4.8-7).  Some of the 
fracture-filling (epigenetic) minerals have 
undergone minor dissolution, which accounts for a 

Figure 4.8-6.  A mixed calcarenaceous 
sandstone from the R.H. Heyn Well, Fayette 
County, Pennsylvania.  Quartz grains are 
subrounded and carbonate material consists of 
mollusk fragments and blocky calcite cement.  
This sample is from a depth of 6851 ft (2088.5 
m).  Core location is shown in Figure 4.8-1. 

Figure 4.8-7.  Dho fracture fill.  Fractures have 
been largely filled with late stage calcite, 
quartz, and pyrite in the R.H. Heyn well 
Fayette County, Pennsylvania. Core location is 
shown in Figure 4.8-1. 
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small amount of secondary porosity in these rocks.   The only notable porosity in the Oriskany 
Sandstone at this location is associated with fracture and minor dissolution of skeletal material 
associated with these fractures.  

 
The Oriskany falls within the proper depth range within the Dho play, but variations of 

considerable magnitude in calculated and measured porosities and lithologies make it impossible 
to draw general conclusions about the suitability for injection in this play.  Reservoir lithology is 
not consistent, varying from calcareous sandstones to sandy limestones.  Measured porosity and 
permeability values are very low (see Appendix A, Table ORSK1).  In addition, the complex 
structural nature of the play complicates the lateral continuity of the reservoir and may 
compromise seal integrity.  The vertical communication with the Huntersville Chert in this play 
means that the chert will also need to be included in any site specific evaluations conducted in the 
future.  Additional data from the Dho play are necessary before recommendations regarding 
sequestration potential can be made for this play.    

 

Structural play (Dos) 

The Oriskany Sandstone structural play (Dos) is the easternmost Oriskany play in the 
Appalachian basin and extends from central New York through central Pennsylvania, south to 
western Maryland and southeastern West Virginia (Figure 4.6-1).  The play is divided into three 
subplays based on structural type and whether or not stratigraphic trapping mechanisms are also 
observed (Harper and Patchen, 1996).  The three subplays include: (1) the Valley and Ridge 
subplay; (2) the Appalachian Plateau subplay; and (3) the structural/pinchout subplay in New 
York, which also includes pools adjacent to the Oriskany “no-sand areas” in northwestern 
Pennsylvania.   The Valley and Ridge subplay consists of multiple east-dipping thrust sheets and 
is situated in south central Pennsylvania, west-central Maryland, eastern West Virginia, and 
northwestern Virginia.  The Appalachian Plateau subplay occurs at the western and northern 
boundaries of the play and results from complex structures originating through detachment in 
Silurian salt beds and Ordovician shales. The structural/pinchout subplay is identical to the 
Appalachian Plateau subplay, with the exception of stratigraphic trapping and diagenetic changes 
observed adjacent to pinchout areas (Harper and Patchen, 1996).     

 
The Oriskany crops out in the Valley and Ridge of Pennsylvania, Maryland, Virginia, and West 

Virginia and extends to depths of at least 7,500 ft (2,286 m) in Bedford County, Pennsylvania and 
9,997 ft (3,047 m) in Grant County, West Virginia.  On structural highs, the Oriskany may be 
present at depths shallower than 2,500 ft (762 m), which would make it unsuitable for geologic 
sequestration in these locations (Figure 4.4-1).   

 
The only core in the Dos play available for sampling as part of the current study is the 

Theodore C. Sipe #1 well in Somerset County, Pennsylvania (Figure 4.8-1).  The Oriskany at this 
location is a very fine to coarse-grained quartz arenite interbedded with calcareous sandstones.  
Quartz is the dominant clastic component in the rock, but we also observed accessory amounts of 
rutile, apatite, zircon and pyrite using Scanning Electron Microscopy (SEM) and Energy 
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Dispersive Spectroscopy (EDS) analysis.  Carbonate is present as both fossil allochems and 
cement.  Welsh (1984) interpreted the core as an offshore marine complex consisting of an 
overall coarsening-upward sequence of the sand bar and shelf sediments.  The coarsest sandstones 
occur in the central bar facies, and they are commonly planar to trough cross-bedded.  The 
calcareous sandstone interbeds represent the interbar (shelf) environments.   

 

 
 
The Oriskany Sandstone in this play is tightly cemented and has low porosity and permeability 

(Figure 4.8-8).  Quartz overgrowths are the most common type of cement.  Carbonate cement 
occurs as both syntaxial overgrowths and blocky crystal morphologies.  The blocky calcite 
cement postdates the quartz and calcite overgrowth cements.  Rare intercrystalline porosity, 
(revealed by SEM), and fracture porosity occur in the rocks but are not significant.  

 
An existing core analysis from the Brown Hill Well SWD-01 in Tioga County, Pennsylvania, is 

consistent with the unfavorable reservoir characteristics observed in the Sipe #1 well (Figure 4.8-
1).   Core plug and full diameter core analysis were performed on the Oriskany Sandstone as well 
as the overlying and underlying Helderberg and Onondaga limestones.  Twelve core plugs were 
collected across the entire interval, and porosity ranged from 0.8 to 1.8 percent, averaging 1.5 
percent.  All permeability measurements on core plugs measured <0.001 md.  Full diameter 
analysis of six samples over the Oriskany interval provide maximum permeability values ranging 
from <0.1 to 0.44 md, with an average value of 0.2 md (NE Hub Partners, 1996). 

 
Based on our evaluation of currently available data, sequestration of CO2 is not recommended 

for the Dos play.  Porosity and permeability, as evaluated from 12 geophysical logs and one 
standard core analysis from the Brown Hill #1 well in Tioga County, Pennsylvania, suggest this is 
the tightest occurrence of the Oriskany Sandstone in the Appalachian basin.  Calculated and 
measured porosities of < 2 percent were obtained from Pennsylvania sample locations.  Porosity 

Figure 4.8-8.  Porosity types observed in the Theodore C. Sipe #1 well, Somerset County, 
Pennsylvania, Dos Play. (A) Quartz arenite tightly cemented by poikilotopic calcite (C) 
and quartz overgrowths.  There is no visible porosity in this sample taken from 8,851 ft.  
(B)  Very minor intercrystalline porosity between illite coated-quartz grains at 8866 ft 
(2702.4 m). Core location is shown in Figure 4.8-1. 
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calculated from geophysical logs in New York averaged 3.2 percent.  Measured porosity and 
permeabilities from the Brown Hill #1 core averaged 0.2 percent and 1.5 md, respectively (NE 
Hub Partners, 1996).  Despite these data, it is also true that many natural gas storage fields have 
utilized depleted Oriskany reservoirs in the Dos play.  This suggests that there may be areas 
within the Dos play with enhanced porosity and permeability, although such data are not publicly 
available. 

 

5.0 ONONDAGA-NEEDMORE AND EQUIVALENT INTERVALS 
 

5.1 Onondaga Formation-Needmore Shale 
 
The Onondaga Formation through Needmore Shale rock sequence collectively serves as the 

uppermost confining unit in the Middle Devonian-Middle Silurian interval of the Appalachian 
basin and portions of the Arches province.  The interval is composed of a series of only modestly 
porous and permeable units that thicken toward the basin center and include the Onondaga 
Formation (and correlative Columbus Limestone of Ohio and Detroit River Group of Indiana), 
the Bois Blanc Formation, Huntersville Chert, and Needmore Shale (Figure 1.0-1). 

 

5.1.1 Origins of Names, Type Section, Significant Earlier Studies on this Interval 
 

The Bois Blanc Formation was originally described by Landes and others (1945b) from Bois 
Blanc Island in northern Lake Huron.  Early descriptions of the Bois Blanc included an upper part 
that is extremely fossiliferous with abundant corals and stromatoporoids. Briggs (1959) and 
Gardner (1974) subsequently suggested that this upper, fossil-rich interval is more properly 
assigned to the overlying Amherstburg Formation in the Michigan basin, although the contact is 
apparently gradational in this area. 

 
The Huntersville Chert was named by Price (1929) for exposures of highly silicified black chert 

in the vicinity of Huntersville, Pocahontas County, West Virginia.  It is an important gas-
producing unit in West Virginia and Pennsylvania (Flaherty, 1996).   

 
The Needmore Shale is named for exposures in southern Fulton County, Pennsylvania (Willard 

and Cleaves, 1939).  The name was extended into Maryland, Virginia, and West Virginia by 
Woodward (1943).  This unit was later assigned as a member of the Romney Shale (Lesure, 
1957) and the Onondaga Formation, but is currently formational in status. 

 
The Onondaga Formation was named by Conrad (1837) for exposures in Onondaga County in 

central New York (Van Tyne, 1996b).  Surface exposures in Onondaga County, New York, are 
designated as the type section.  The stratigraphy of the Onondaga Formation was refined by 
Oliver (1954, 1956, 1966, and 1976).  Readers should refer to these references for details 
concerning the history of stratigraphic studies of this interval.  Other important contributions 
regarding the Onondaga Formation are those of Rickard (1964), Lindholm (1969), Kissling 
(1980, 1981), Williams (1980), Basan and others (1980), and Van Tyne (1996b).  To the west, the 
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name changes to Columbus Limestone in Ohio (named by Mather, 1859), and to Jeffersonville 
Limestone in Indiana (named by Kindle, 1899).  This interval also correlates with the lower part 
of the Muscatatuck Group of Indiana, which was named by Shaver (1974) for rocks exposed in 
the south-central part of that state.  In northwestern Ohio, northern Indiana, and Michigan, the 
Onondaga equivalent includes both the Amherstburg and Lucas Formations (Figure 1.0-1), which 
are discussed in Section 5.2 below. 

 

5.1.2 Lithostratigraphy 
 

The Bois Blanc Formation consists mostly of limestones, with some basal sandstones and 
siltstones, which occur above an unconformity in Michigan, Ohio, and northwestern 
Pennsylvania. The basal sandstone of the Bois Blanc, called the Springvale Sandstone, is often 
confused with the Oriskany Sandstone; however, the Bois Blanc contains argillaceous sandstone, 
phosphatic nodules, and glauconite, that the Oriskany does not. The Bois Blanc is partly 
equivalent with the Huntersville Chert in western Pennsylvania and West Virginia.   
 

The Huntersville Chert is characterized as “variously . . .  dark, noncalcareous shale, 

calcareous silty shale, calcareous siltstone, argillaceous and silty or sandy limestone, and a 
subordinate amount of glauconitic or conglomeratic quartz sandstone” by Basan and others 
(1980).  The sandy facies contains well-rounded quartz grains where the Huntersville lies directly 
on the Oriskany Sandstone.  Like the Bois Blanc, the basal Huntersville comprises thin 
argillaceous sandstone beds, phosphatic nodules, and glauconite, indicating the presence of an 
erosional surface on the top of the Oriskany.  The Huntersville grades laterally to the east with the 
Needmore Shale in central Pennsylvania, Maryland, and eastern West Virginia.   
 

The Needmore Shale is a dense, fissile, dark olive-gray to black, calcareous shale with dark 
gray interbeds of thin-bedded and nodular, fossiliferous, argillaceous limestone.  Dark gray 
volcanic tuffs and ash beds occur at the top of the formation (Glaser, 2004).  Across most of 
western Maryland, the upper half of this unit is thickly laminated shale containing nodules and 
thin beds of limestone.  Similar shale without limestone makes up the lower portion of the 
Needmore Shale, grading at the base to dark fissile non-calcareous shale.  In outcrop, the coarser 
shale and mudrock disintegrate rapidly to pale-olive or tan chips or irregular clasts, whereas the 
black shale weathers to thin grayish-white plates and papery flakes (Glaser, 2004). 

 
The Onondaga Formation at its type locality in New York State consists of four members, in 

ascending order, the Edgecliff, Nedrow, Moorehouse, and Seneca.  In western New York, a fifth 
member called the Clarence (a cherty facies) replaces the Nedrow or lies between it and the 
Edgecliff.  The lower contact of the Onondaga is unconformable with subjacent strata.  In western 
New York, the Onondaga may be underlain by the Middle Devonian Bois Blanc, the Lower 
Devonian Oriskany Sandstone, or the Upper Silurian Bertie Dolomite.  The Silurian-Devonian 
unconformity (the “base-Kaskaskia unconformity” of previous sections herein) is characterized 
by a broadly irregular surface that exhibits up to three feet of relief (Kobluk and others, 1977).  
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Infilling of some of the low areas by Oriskany-type sandstone suggests post-Oriskany exposure 
and erosion (Kobluk and others, 1977).  The Onondaga Formation is overlain by Hamilton Group 
shales. 

 

5.1.3 Nature of Lower and Upper Contacts 
 
The Lower Devonian Bois Blanc Formation is partly equivalent with the Huntersville Chert in 

western Pennsylvania and West Virginia.  The Huntersville Chert grades laterally to the east with 
the Needmore Shale in central Pennsylvania, Maryland, and eastern West Virginia.  The Silurian-
Devonian unconformity in portions of western New York and northwestern Pennsylvania 
separates the Bois Blanc Formation and Huntersville Chert from the underlying Oriskany 
Sandstone and older formations.  In central Pennsylvania, Maryland, and eastern West Virginia, 
the contact between the Oriskany and overlying Needmore Shale is conformable (Figure 1.0-1). 
 

The lower contact of the Onondaga Formation is generally conformable with the Lower 
Devonian Bois Blanc Formation, Huntersville Chert, or Needmore Shale in central and western 
Pennsylvania, and in western New York, this lower contact is unconformable with subjacent 
strata.  Here, the Onondaga may be underlain by the Middle Devonian Bois Blanc, the Lower 
Devonian Oriskany Sandstone, or the Upper Silurian Bertie Dolomite.  The Onondaga Formation 
is conformably overlain by Hamilton Group shales throughout a majority of the Appalachian 
basin. 

 

5.1.4 Discussion of Depth and Thickness Ranges 
 
Figure 5.1-1 illustrates the structure on the top of the Onondaga limestone throughout the study 

area using a contour interval of 500 ft (152 m).  Similar to other units discussed herein, a 
structural low is observed in southwestern Pennsylvania and northwestern West Virginia; here, 
the subsea elevations range from -6,500 to -7,000 ft (-1,981 to -2,134 m) MSL.  The Onondaga 
Formation crops out in central New York, as well as within the complex fold-belt of central 
Pennsylvania, western Maryland, northeastern West Virginia, and western Virginia.  In the 
central Appalachian basin, the Onondaga occurs in the subsurface, ranging in depth from about 
2,000 ft (610 m) in northwestern Pennsylvania and northeastern Ohio to approximately 9,700 ft 
(2,957 m) deep in Fulton County, Pennsylvania (Figure 5.1-1).  The Onondaga (upper 
Corniferous of driller’s terminology) is truncated updip beneath the unconformity at the base of 
the Devonian shale to the west along the Cincinnati arch in eastern Kentucky. 
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The Onondaga-Needmore interval varies from less than 50 ft (15 m) to more than 500 ft (152 
m) in the Appalachian basin (Figure 5.1-2).   Thicknesses generally are greatest near the basin 
center (thicknesses of 200 to 400 ft [61 to 122 m] in southeastern Ohio, West Virginia, and 
southwestern Pennsylvania) and in northeastern Pennsylvania (over 500 ft [152 m] thick in 
Bradford County).  

 
Within this interval, the Onondaga ranges from 0 to 215 ft (66 m) thick in the subsurface of the 

Appalachian basin (Kissling and Moshier, 1981).  Reported drilling depths to the tops of known 
reservoirs in the Onondaga Formation are 3,276 to 5,170 ft (999 to 1,576 m) in western New 
York and north-central Pennsylvania (Van Tyne, 1996b). 

Figure 5.1-1.  Structure contour map drawn on top of the Onondaga limestone. 
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5.1.5 Depositional Environments/Paleogeography/Tectonism 
 
The dominant rocks of the Bois Blanc Formation (greenish-gray and medium dark gray, 

slightly argillaceous limestones; Basan and others, 1980) contain lithologies that are characteristic 
of carbonate shelf facies. Brachiopod/byrozoan/trilobite wackestones with abundant Chondrites 
(a trace fossil) fit into the standard microfacies eight and nine (SMF-8 and SMF-9) of Wilson 
(1975), and are interpreted to have formed on an open platform with normal marine, but limited 
fauna (Wilson’s 1975 Facies Belt 7).  Fossiliferous packstones and wackestones (SMF-10) with 
coral/crinoid biostromes (SMF-11) respectively represent deposition in: (1) swales in proximity 
to shoals, where the dominant allochems formed in high energy environments and moved down 
local slopes to be deposited in quiet water; and (2) areas of constant wave action, at or above 
wave base so that lime mud was removed (Wilson, 1975).  The Springvale Sandstone Member of 
the Bois Blanc, where developed, consists of glauconitic fine-grained quartz arenite and siltstone 
(Basan and others, 1980) and also was deposited on an open platform environment consistent 
with Wilson’s (1975) Facies Belt 7.  In eastern to central Ohio, where the Bois Blanc consists of 

Figure 5.1-2.  Map showing the gross thickness of the Onondaga limestone-Needmore Shale 
interval in the Appalachian basin.
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brownish-gray dolomitic limestone and dolostone interbedded with chert, deposition took place 
on a more restricted platform (Facies Belt 8 of Wilson, 1975). 

 
Basan and others (1980) offered a depositional model for the Bois Blanc Formation where 

deposition occurred within a large, linear, epicratonic shelf basin that was tectonically and 
topographically asymmetric with respect to its axis; the western limb sloped more gradually than 
the eastern limb.  Maximum depths were established early as progressive submergence and 
westward transgression occurred during the Lower Devonian.  Sedimentary fill exceeded the rate 
of subsidence and transgression.  The resulting lack of accommodation space led to progressive 
shoaling throughout the basin.  Consequently, the facies mosaic in the Appalachian basin consists 
of fine grained terrigenous clastics in the east, adjacent to an eastern source, to fine carbonate 
mud deposition (subsequently altered to the Huntersville Chert) along the central basin axis, to 
skeletal-rich carbonate muds along the shallower western limb of the basin.  Like the 
Huntersville, the latter are often partially to almost completely replaced by chert (Figure 5.1-3).  
In addition, considerable 
erosion of the Oriskany 
Sandstone and older rocks 
across portions of central and 
western New York, 
northwestern Pennsylvania, 
and Ohio indicate that marine 
regression exposed much of 
the northwest basin margin 
prior to carbonate deposition.  
With renewed subsidence and 
transgression, the earliest 
sedimentation occurred along 
the present eastern margin of 
the basin and consisted of 
terrigenous muds of the 
Needmore Shale.  Eventual 
submergence and further 
transgression into western 
Pennsylvania and central 
West Virginia led to the 
deeper water deposition of argillaceous carbonate muds with an impoverished fauna. These 
sediments eventually became the Huntersville Chert. Slow reworking and redistribution of 
residual quartz sands led to formation of the Springvale Sandstone Member of the Bois Blanc.  
Open platform carbonate deposition on the western side of the basin yielded the Bois Blanc 
limestones, which are gradational with central basin Huntersville lithologies.  Huntersville 
carbonate mud deposition continued throughout the present basin center while carbonate mud 
with variable amounts of brachiopod, byrozoan, trilobite, and crinoid skeletal grains (Bois Blanc) 

Figure 5.1-3. Bois Blanc lithology.  Thin section 
photomicrograph of sandy Bois Blanc carbonate mudstone 
partially replaced by chert. Crossed nicols; bottom margin 
of the photomicrograph is 2.75 mm in length. Hammermill 
#2 well, Summit Township, Erie County, Pennsylvania, 
2,345 ft (714.8 m). Core location is shown in Figure 4.8-1.  
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were deposited during maximum transgression. The Huntersville Chert is a diagenetic 
replacement of large volumes of carbonate mudstones (Basan and others, 1980).   

 
The Needmore Shale is a marine foreland basin shale formed at a near-equatorial latitude in the 

center of the Appalachian basin during the downwarping associated with the first tectonophase of 
the Acadian orogenic episode (Van Tyne, 1996b). 

 
The Onondaga Formation reflects dominantly carbonate deposition within a linear epicratonic 

basin bounded by the Cincinnati-Algonquin arch to the west and the Adirondacks to the 
northeast.  The northern, northwestern, and western sides of the basin were bordered by an 
arcuate, shallow water platform on which shoal water carbonate facies accumulated, whereas 
deep water carbonates accumulated in the rest of the basin.  Continuous subsidence of the basin 
concomitant with, and subsequent to, Onondaga deposition was accompanied by a northward 
encroachment and eventual dominance by the organic-rich Marcellus Shale, which entered the 
basin from the southeast (Kissling and Polasek, 1982).  

 
Onondaga lithofacies include mudstone, wackestone, packstone, and grainstones characterized 

by specific skeletal constituents of either shoal-water or deep-water faunas (Kissling and 
Moshier, 1980).  Kissling and Moshier (1980) note that the Onondaga completely lacks ooliths, 
peloids, carbonate intraclasts, coated grains, and calcified or stromatolitic algae, which indicates 
the absence of nearshore environments.  Facies patterns for the Edgecliff, Moorehouse, and 
Seneca Members indicate successively transgressive paleogeographies (Kissling and Moshier, 
1980).  Interpreted deep water facies delineate the epicratonic Appalachian basin in south-central 
New York and most of Pennsylvania, whereas relatively shallower water facies characterized by 
crinoids, bryozoans, and brachiopods outline an arcuate platform that circumscribed the basin on 
its northern and western sides.  Basin and platform were linked by a south-sloping ramp (Kissling 
and Moshier, 1980).  Biohermal banks, popularly called reefs in the basin, developed in the 
Edgecliff Member and these have been the target of reservoir exploration in the Appalachian 
basin.     

 

5.1.6 Geologic Structure and Trapping Mechanisms 
 
There is very little information regarding geologic controls on the sporadic gas shows 

occasionally reported for the Bois Blanc Formation in the Appalachian basin.  The regional 
structural trends discussed below for the Onondaga Limestone should apply equally to the Bois 
Blanc.   Local porosity development is largely secondary sandstone porosity (Figure 5.1-4), and 
the traps are stratigraphic.  
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Huntersville Chert reservoirs are located along faulted and offset anticlines (Flaherty, 1996).  

Structural styles influencing the gas fields include imbricate thrusts which branch from a sole 
thrust fault, overturned beds, stacked thrust sheets, repeated beds, high-angle reverse faults, and 
common oversteepening on one flank (Flaherty, 1996).  Cross-strike structural discontinuities that 
might correspond to basement wrench faults or detached zones in the Paleozoic cover intersect 
and offset the faulted anticlines.  Fracturing associated with this structural deformation created 
the reservoirs in the tight low-porosity, low-permeability rocks (Flaherty, 1996).  Entrapment is 
due to a combination of closure and sealing faults (Shumaker, 2002). 

 
Van Tyne (1996b) reported that the Onondaga Limestone in the Appalachian basin has a 

regional southeast dip of 40 to 60 ft/mi (7.57 to 11.43 m/km) towards the basin center.  The 
Onondaga is locally disrupted by northeast-trending thrust faults with displacements of as much 
as several tens of feet.  Some of the faults are associated with minor folding, but have no surface 
expression.  There is no evidence of any relationship between structure and gas production. 
Petroleum entrapment in the Onondaga Limestone is stratigraphic. 

 

5.1.7 Reservoir Characteristics 
 
Natural gas and condensate are produced from numerous small pools in New York and 

Pennsylvania (Van Tyne, 1996b). Productive reservoirs in the Onondaga are of two types: (1) 
bioherms or “reefs” in the Edgecliff Member; and (2) chert and cherty carbonates in the Clarence 
Member. 

Figure 5.1-4. Cementation in the Bois Blanc Formation.  Thin section photomicrographs of 
Bois Blanc sandstone from the Hammermill #2 well, Erie County, Pennsylvania.  Bottom 
margin of the photomicrograph is 2.75 mm in length.  Intergranular porosity in the Bois 
Blanc sandstone is a hybrid of reduced primary porosity and secondary oversized porosity 
that formed through dissolution of calcite cement, 2,347 ft (715.4 m). Core location is 
shown in Figure 4.8-1. 
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Productive Onondaga “reefs” are actually biohermal banks that are distinguished from true 

reefs in the outcrop belt of New York by their paleogeographic separation from the latter, by their 
larger size (118 to 207 ft [36 to 63 m] in thickness and 3,937 to 10, 500 ft [1,200 to 3,200 m] in 
diameter), and by their continued growth throughout Onondaga deposition (Kissling, 1980).  The 
biohermal banks were initiated as coral-crinoid mounds in the Edgecliff Member and were 
positioned on the seaward margins of isolated platforms surrounding a ramp that sloped into the 
basin (Kissling, 1980).  Although they were surrounded by deep water Moorehouse facies upon 
subsidence of the platform, these banks continued lateral and vertical accretion during Late 
Onesquethaw time.  Indeed, bank accretion continued even while euxinic Marcellus Shale was 
replacing Moorehouse carbonate lithologies to the south (Kissling, 1980). 

 
The gas-producing biohermal banks exhibit broadly domed external structures.  They were 

initiated as bafflestone formed of Acinophyllum-Cladopora coral thickets, succeeded by 
alternating Cylindrophyllum and Acinophyllum-Cladopora coral bafflestones, capped by 
byrozoan-coral wackestones, and flanked by crinoid-coral mudstone (Kissling, 1980).  The latter 
lithologies grade laterally into deep water facies.  The bioherms are sealed by the overlying 
Marcellus Shale, the source rock for the hydrocarbons.  Entrapment is stratigraphic. 

 
Kissling documented three porosity types in the productive biohermal banks: (1) intraskeletal 

porosity; (2) intergranular porosity; and (3) growth-framework porosity.  Kissling (1980) noted 
that pore-filling cementation by calcite spar was inhibited by invasion of hydrocarbons that left a 
tar residue lining the voids.  Chalcedony and calcite cements completely occlude porosity in the 
lower water-saturated portions of the reservoirs.  Porosity is generally low, ranging from 2 to 8 
percent (Van Tyne, 1996b). 

 

5.1.8 Suitability as a CO2 Injection Target or Seal Unit 
 
Of the various units in the Onondaga-Needmore interval, the Bois Blanc Formation may be the 

most prospective target for CO2 injection, based on preliminary work reported herein for the 
Michigan basin (see Section 5.2 below).  The actual extent of this unit in Ohio, New York, and 
Pennsylvania, along with a detailed analysis of its reservoir characteristics, would need to be 
performed for the Appalachian basin, however, before its suitability could be fully determined. 

 
As reported during the Phase I MRCSP project, the Onondaga-Needmore interval is largely 

considered a confining (sealing) unit in the Appalachian basin.  As an example, the porosity 
(ranging from 2 to 8 percent, as reported by Van Tyne, 1996b) and permeability characteristics 
(less than 10-8 md, as reported from a core sample in Beaver County, Pennsylvania, this study) of 
the Onondaga Formation are generally low, except in those limited areas of central New York and 
northwestern Pennsylvania where the unit is gas-productive.  The results of this current study are 
consistent with previous results that the Onondaga-Needmore interval in the Appalachian basin is 
a relative thick, low-porosity, low-permeability sealing unit for sequestration purposes.   
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5.2 Detroit River Group-Bois Blanc Formation 
 

5.2.1 Selection of Mapped Units and Limitations  
 
The Michigan basin is a distinct geological feature in the North American Mid-continent 

dominated by basin centered subsidence throughout most of the Paleozoic (Howell and Van Der 
Pluijm, 1999).  The basin is isolated from the adjacent Illinois and Appalachian basins by 
persistent positive, arch features to the southwest and southeast and is bounded by the Canadian 
Shield to the north.  Stratigraphic units in the basin are, in part correlative to those in adjacent 
areas of the MRCSP region but substantial lithologic variability and variation in detailed 
stratigraphic relationships exist in Michigan due to the intra-cratonic basinal setting.  Most 
noteworthy are the typical relationships observed at inter-regional unconformity surfaces 
separating the well known North American Mega-sequences of Sloss (1963), including the 
Tippecanoe-Kaskaskia Sequence-Bounding unconformity (identified as the base-Kaskaskia 
unconformity in this report).  The state of Michigan Geological Survey and the U.S. Department 
of the Interior have conducted and printed numerous studies and reports concerning Devonian 
formations in Michigan (Ells, 1958; Witt, 1960). Gardner (1974) compiled the most 
comprehensive data concerning Middle Devonian strata while others wrote or contributed to 
field-trip guides concerning regional outcrops (Briggs, 1959; Prouty, 1983). Other smaller scale 
studies looked at individual oil and brine producing fields analyzing sequence stratigraphy, 
porosity development, and reservoir quality characteristics (Apak, 1985; Matthews, 1977; Park, 
1987; Sullivan, 1983).  The State of Michigan Geological Survey published secondary recovery 
reports of Richfield producing fields in the late 1970s (Matzkanin and others, 1977; Pollom and 
others, 1976; Wilson and others, 1976). 

 
The Detroit River Group in the Michigan basin consists of the Sylvania Sandstone (oldest), the 

Amherstburg Formation, and the Lucas Formation (youngest) (Figure 3.2-1).  In addition to these 
units, related strata of the Bois Blanc Formation, overlying the base-Kaskaskia unconformity, are 
considered here (Figure 5.2-1).  Most of what is known about these units is based on limited 
surface exposures in Michigan and analysis of drill cuttings, logs, and limited core material in the 
Michigan basin subsurface.  The Garden Island Formation is also recognized in Michigan 
(Landes and others, 1945a) but is found as a laterally discontinuous unit present in only small 
areas and is not considered here.  

 
In the Michigan basin, more complete successions occur both above and below sequence 

bounding unconformities in the basin center, while unconformities are more pronounced at the 
basin margin and facies relationships are significantly different relative to the central basin (e.g., 
Barnes and others, 1996).  These stratigraphic relationships result from the cyclic rise and fall of 
relative sea level during Paleozoic time in cratonic North America overprinted on relatively 
persistent, basin-centered subsidence in the Michigan basin.  These regional tectonic events 
resulted in generally continuous sediment accumulation in the basin center and sediment 
accumulation punctuated by unconformity on the basin margins. 
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The choice of the Detroit River Group through Bois Blanc 

Formation stratigraphic units for mapping purposes was made 
on the basis of the genetic relationship of this succession relative 
to the underlying base-Kaskaskia unconformity and the 
generally transitional nature of stratigraphic relationships in 
these units throughout much of the Michigan basin.  Also, 
substantial lateral facies relationships and gradational lateral 
contacts are inferred in these units on the basis of subsurface 
analysis.  There is no intent to modify formal stratigraphic 
nomenclature in this report, although revised terminology 
(compared to the current terminology and inferred stratigraphic 
relationships of Catacosinos and others, 2001) are presented.  
Revision of formal stratigraphy may be justified on the basis of 
further work. 

 
 

 

5.2.2 Origins of Names, Type Section, Significant Earlier Studies on this Interval 
 
The Detroit River Group was originally defined on the basis of samples collected during 

dredging activities and from surface exposures along the Detroit River, located between the 
southeast edge of Michigan and Ontario (Lane and others, 1909).  These rocks are also truncated 
(under glacial till) near the Strait of Mackinac (northern Lower Michigan and Mackinac Island) 
and in southeastern Lower Michigan and western Ohio.  Recent discussion of the origins and 
definition of this terminology are presented in Catacosinos and others (2001). 

 
The Lower-Middle Devonian Sylvania Sandstone is a distinctive quartzose sandstone in the 

type area of southeastern Michigan and northwestern Ohio.  Orton (1888) applied the name 
Sylvania Sandstone to exposures, incorrectly identified as Oriskany by Newberry (1871), in 
Sylvania Township, Lucas County, Ohio.  Other significant investigations of the Sylvania include 
Grabau and Sherzer (1910), Alty (1933), Carman (1936), Landes (1945b), Hatfield and others 
(1968), and Heinrich (1979).  Also, Gardner (1974) presented regional isopach and lithofacies 
maps of the Sylvania Sandstone in Michigan as part of a detailed subsurface study. 

 
The Amherstburg Formation was first described in the Detroit River area near Amherstburg, 

Ontario (Sherzer and Grabau, 1909), and consists of brown argillaceous and fossiliferous 
carbonate strata.  Better outcrop examples are identified from quarries in northwestern Ohio south 

Figure 5.2-1.  Stratigraphic relationships for rocks of 
Middle Devonian through Upper Silurian age in the 
Michigan basin.  



 

 69

of the Michigan state line.  Early descriptions of the Bois Blanc included an upper part that is 
extremely fossiliferous with abundant corals and stromatoporoids. Briggs (1959) and Gardner 
(1974) subsequently suggested that this upper, fossil-rich interval is more properly assigned to the 
overlying Amherstburg Formation, although the contact is apparently gradational in most areas of 
the basin. 

 
The Amherstburg overlies the Sylvania Sandstone (where present) or the Bois Blanc 

Formation.  Overlying the Amherstburg are evaporite (halite, anhydrite, etc.) prone strata of the 
Lucas Formation.  The majority of the Amherstburg Formation is comprised of an organic-rich 
dark limestone called the “black lime” by drillers and formally described by Gardner (1974) as 
the Meldrum Member.  These early studies of the Amherstburg Formation include basic regional 
distribution, isopach, and depositional environment studies.   

 
The Lucas Formation was first identified in a quarry in Lucas County, Ohio (Prosser, 1903).  In 

the Michigan basin, these rocks subcrop (under glacial till) near the Strait of Mackinac (northern 
Lower Michigan and Mackinac Island) and in southeastern Lower Michigan and western Ohio. 
The Lucas Formation is further subdivided into three members from base to top: the Richfield, 
Iutzi, and Horner Member (Gardner, 1974).  Gardner’s studies of the Lucas Formation include 
basic regional distribution, isopach, and depositional environment interpretations.   

 

5.2.3 Lithostratigraphy 
 
Distinctive cherty and fossiliferous carbonate rocks of the Bois Blanc Formation are present 

throughout most of the Michigan basin subsurface and overlie the pronounced base-Kaskaskia 
unconformity in most locations.  A summary of lithostratigraphy for this unit (Landes and others, 
1945b) indicates that “In northeastern Michigan the Bois Blanc formation [sic] has the three-fold 

division found at the outcrop.  In western Michigan the limestone parts of the section have been 
replaced by dolomite.”  Subsequent studies by Briggs (1959), Gardner (1974), and Hixon (1964) 
further refined the lithostratigraphy and petrology of this unit.  In some places, clastic 
conglomerates are found immediately above the base-Kaskaskia unconformity.  The lower part of 
the Bois Blanc Formation is a sparsely fossiliferous dolostone with interbedded chert.  Overlying 
cherty carbonate strata are variably fossiliferous.  Several studies indicate that uppermost, highly 
fossiliferous and argillaceous strata, initially assigned to the Bois Blanc Formation in the northern 
outcrop belt, more appropriately correlate to the Amherstburg Formation of southeastern 
Michigan (Briggs, 1959; Gardner, 1974).  These argillaceous and fossiliferous carbonate strata at 
the top of the Bois Blanc, as defined in northern Michigan, are now recognized as transitional to 
the Amherstburg. 

 
Detailed study of petrophysical properties from log analysis and lithology in core from the Core 

Energy State Charlton #4-30 well in Otsego County, Michigan (Barnes and others, 2009) provide 
more details on the complex mixed mineralogy/lithology of the Bois Blanc in the subsurface of 
northern Lower Michigan.  In core, the Bois Blanc Formation consists of a distinctive and 
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complex mixture of fossiliferous, moderately burrowed, chert-rich limestone; cherty dolomitic 
limestone; and cherty dolostone (Figure 5.2-2).  Complex alteration of these lithofacies has 
resulted in highly variable textures, including differential compaction structures.  Nodular blue-
gray chert in core shows irregular alteration to a lighter colored, probably more microporous 
texture (tripolitic chert) at nodular selvages (Figure 5.2-2).  This alteration style is volumetrically 
minor and constitutes less than 10 percent of cherty lithofacies in the State Charlton #4-30 core.  

 

 

 
A neutron porosity (NPHI) - RHOB cross-plot (Figure 5.2-3), with z values for photoelectric 

effect (PEF) log response displayed using a color scale, shows a distinctive log signature for the 
cherty strata of the Bois Blanc Formation.  Most points in the rectangle area of the plot from the 
Bois Blanc Formation have PEF values between 2 and 3.5.  These PEF values are consistent with 
a hybrid, silica-carbonate lithology.  This log cross-plot character confidently discriminates chert-
rich parts of the Bois Blanc Formation in the State Charlton #4-30 well. 

Figure 5.2-2. Bois Blanc Formation core photographs from the Michigan basin.  (A) 
Nodular, blue-gray chert and gray-white chalky dolomitic limestone of the Bois Blanc 
Formation.  Bedding disruption is caused by both bioturbation and differential 
compaction around early lithified chert masse. (B) Bioturbated cherty dolomitic limestone 
and dolostone. The arrow points to a white microporous chert selvage surrounding a dense 
darker colored chert nodule.  
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In the course of this study, a consistent variation in the wireline log signature in Bois Blanc 

strata in the Michigan basin was identified.  Three informal members of the Bois Blanc are 
tentatively identified (limestone, cherty dolostone and chert, respectively upwards; Figure 5.2-4) 
and progressively onlap the base-Kaskaskia unconformity surface towards the basin margin. 
Stratigraphic implications of these relationships are not yet well established.  Also shown in 
Figure 5.2-4 are complex facies relationships between the Bois Blanc Formation and the Sylvania 
Sandstone in central Lower Michigan. 

 

Figure 5.2-3.  Neutron porosity-bulk density cross-plot with a z-axis color scale for 
photoelectric factor (PEF) values from the State Charlton #4-30 well showing half-foot 
sample interval data points. Points within the rectangular area have PEF values 
predominantly of 2–3.25 barnes/electron (b/e). These values correspond to mixed 
lithology and cherty carbonate rocks with moderate porosity but generally low 
permeability mostly of the Bois Blanc Formation. The inset is the PEF scale indexed with 
common minerals (from Doveton, 1994).  
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The Sylvania is the basal formation of the Detroit River Group, and along with the Bois Blanc 
and Garden Island formations, overlies the base-Kaskaskia unconformity in a complex 
relationship that has not been clearly defined throughout the Michigan basin.  Hixon (1964) 
suggested that the Sylvania was gradational above and interfingers with the Bois Blanc in the 
central Michigan basin, and Gardner (1974) concurred that the lower part of the Sylvania may be 
in gradational contact with the underlying Bois Blanc, especially in the northern and western 
regions of the basin.  This lower contact is not well documented, and the MDEQ Office of 
Geological Survey’s recent revision of the stratigraphic column (Figure 3.2-1) shows an 
unconformity between the Sylvania and Bois Blanc formations that may not be present.  The 
upper part of the Sylvania intertongues with fossiliferous carbonates of the overlying 
Amherstburg Formation.  Although quartzose arenaceous units are present at various stratigraphic 
positions above the base-Kaskaskia unconformity in Michigan as well as in the Appalachian 

Figure 5.2-4.  Correlation of conventional core analysis; lithology, porosity, and permeability 
data (core is not available) from a Dow Chemical brine injection well and a nearby well with 
modern well log data in Midland County, Michigan.  The intent of this pseudo-core-to-log 
correlation is to establish the relationship amongst lithology, reservoir quality, and modern 
log response. Porous and permeable Sylvania Sandstone lithofacies are shown with the yellow 
dotted crossover pattern. High porosity-low permeability “tripolitic chert” lithofacies are 
shown in orange color.  
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basin portion of the MRCSP region (for example, the Oriskany Sandstone in Ohio, Kentucky, and 
West Virginia), the use of the name Sylvania Sandstone should be restricted to sandstones that 
occur below the Amherstburg Formation at the base of the Detroit River Group, primarily in the 
southeastern part of the Michigan basin (Fisher and others, 1988).  

 
The Sylvania Sandstone overlies the base-Kaskaskia unconformity in southeastern Michigan 

above the truncated Silurian Bass Islands Group. The Sylvania is thin, discontinuous, or 
completely absent in some areas, especially on the southern and western margins of the Michigan 
basin.  The Bois Blanc underlies the Sylvania although the stratigraphic relationship between 
these two units in many areas is unclear.  Regional lithologic variations within the Sylvania 
Sandstone are known mainly from the analysis of geophysical logs.  The discrimination of 
calcareous sandstone and sandy carbonate of the Sylvania Sandstone from cherty limestone and 
dolostone of the Bois Blanc is problematic, however, and subsurface picks of these units are more 
confidently based on cutting samples or core where available.  Gardner (1974) suggested that the 
Sylvania Sandstone typically consists of dolomitic to cherty, fine- to medium-grained, well-sorted 
and rounded, quartzose sandstones in central and southeastern lower Michigan but graded into a 
cherty, sandy carbonate to the north and west in the Michigan basin.  Carbonate interbeds, 
sometimes containing chert, are common throughout the unit. 

 
Documentation of complex regional lithologic variations within the combined Sylvania 

Sandstone and Bois Blanc Formation are known mainly from the analysis of geophysical logs, 
cuttings, and a few partial conventional core samples.  Hixon (1964) 
documented the complex inter-fingering of the Sylvania Sandstone 
and Bois Blanc Formation and proposed member status for the 
Sylvania.  A pseudo-core to wireline log cross section showing 
complex stratigraphic relationships in the Sylvania-Bois Blanc 
interval in the central Michigan basin is shown in Figure 5.2-5.  

 

Figure 5.2-5.  Type section of the Amherstburg Formation, 
Roscommon County, Michigan. Wireline logs can be used to 
make “quick look” picks. Neutron porosity (NPHI) and bulk 
density (RHOB) logs are calibrated to a limestone matrix and 
when the NPHI log separates and moves left of the RHOB the 
lithology is dolomite. On the below type log, the dolomite 
intervals are shaded purple. RHOB logs can also be used to 
determine the presence of anhydrite. A density cutoff of 2.71 is 
established with higher densities shaded magenta. Another 
lithology tool is the Photo Electric Formation log (PEF). On the 
type log, the Pef curve is color coded to represent sandstone 
(silica-rich) facies with yellow/orange (1.8-2.75), dolomite and 
dolo-limestone facies with red (2.75-3.5), limestone facies with 
green (3.75-4.5) and all other facies are blue. Typically, the top 
of the Amherstburg is chosen below the last anhydrite bed of 
the Richfield Member. The Meldrum Member is indicated by 
the higher count of the gamma-ray curve.  
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The Amherstburg Formation varies in composition and diagenetic alteration across the 
Michigan basin.  In the southeastern and eastern parts of Michigan, the Amherstburg comprises 
mostly siliceous limestone; however, the majority of the Amherstburg Formation is comprised of 
organic-rich dark limestone of the Meldrum Member.  Argillaceous limestone with abundant 
coral, stromatoporoids, and brachiopod fossils dominates this lithofacies (Figure 5.2-6).  The 
Meldrum Member is clearly identifiable on the basis of higher gamma-ray log response (>25 to 
50 API units) compared to overlying and underlying units (Figure 5.2-6).  Type wireline logs for 
the Amherstburg Formation from various locations in Michigan are shown in Figure 5.2-7.  

 

 

 

Figure 5.2-6.  Amherstburg Formation core photograph from the Michigan basin.
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Textures and structure in the Amherstburg are generally massive with heavy bioturbation and 
little or no bedding (Gardner, 1974).  Organic and argillaceous content decreases above the 
Meldrum Member to the top of the formation.  The Amherstburg typically contains a dolomitic 
cap rock.  In this dolomitic cap unit, secondary anhydrite laths, and stylolites are present and 
bedding becomes more prevalent (Gardner, 1974).  This unit may be more appropriately assigned 
to the overlying Lucas Formation, although for convenience, the top of the Amherstburg 
Formation in wireline logs is picked at the base of the first anhydrite bed of the Lucas.  The 
Amherstburg Formation is commonly and pervasively dolomitized along the western and 
southern edges of the Michigan basin.  The Filer Sandstone is present above and interbedded with 
the Meldrum Member in some areas of the northwestern portion of the state and indicates a 
western clastic influx to the basin (Figure 5.2-7, see Lake County). 

 
The Lucas Formation consists of three member-scale units: the Richfield, Iutzi, and Horner 

Members, from base to top in a type section in Kalkaska County, northern Lower Michigan 
(Figure 5.2-8).  The Richfield occurs in the subsurface across most of the central Michigan basin, 
and subcrops below glacial till near the Straits of Mackinac.  The Richfield also crops out in 
southeast Lower Michigan (Gardner, 1974).  The Richfield Member consists mostly of 
dolomitized, wackestone to packstone, minor grainstone, and alternating layers of anhydrite, 

Figure 5.2-7. Basin distribution of Amherstburg wireline-log facies.  See Figure 5.2-5 for 
explanation. 
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although lithologies are highly variable (Figure 5.2-9).  The most common reservoir type is a 
high-porosity, low-permeability, algal-laminated dolomicrite (Gardner, 1974).  Anhydrite 
dominates in younger strata, while interbedded anhydrite and dolomicrite cycles lower in the 
section constitute petroleum reservoir drilling targets (Matthews, 1977). 

 
 

Figure 5.2-8. Lucas Formation Type Log, Kalkaska County, 
Michigan. Wireline logs are used to make “quick look” lithologic 
interpretations to facilitate stratigraphic top picks. Neutron 
porosity (NPHI) and bulk density (RHOB) logs are calibrated to 
a limestone matrix. When the NPHI curve separates and moves 
left of the RHOB curve, the lithology is interpreted as dolomite. 
Dolomite intervals are shaded purple on the type log. The RHOB 
curve can also be used to determine the presence of anhydrite. A 
density cutoff of 2.71 is established with higher densities shaded 
magenta. When the RHOB curve falls below 2, the core is 
interpreted to be “washed-out” by the drilling fluid. In most 
cases this indicates the presence of halite. The above type log 
shows roughly eight separate salt beds in the Horner Member. 

 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
The Iutzi Member consists of two 

informal units.  A regionally extensive, 

Figure 5.2-9.  Variations in 
lithofacies and the distribution of 
Members in the Lucas Formation 
in Michigan. The purple polygons 
on the state map represent oil 
and/or gas fields that produce from 
the Detroit River Group. 
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thick interval of massive nodular and reticulate anhydrite occurs at the base of the Iutzi Member. 
Thinner beds of alternating dolostone and anhydrite overlie the massive anhydrite in most areas 
(Briggs, 1959; Gardner, 1974), which are referred to as the informal lower sour zone (Gardner, 
1974).  

 
The uppermost member of the Lucas Formation is the halite-rich Horner Member.  The Horner 

is further divided into four informal units. The lower salt or upper sour zone consists of 
carbonate, anhydrite, and salt beds beneath a massive salt (Matthews, 1977) or “big” salt 
(Gardner, 1974).  Above the massive or “big” salt unit are the middle salts and the upper salts 
(Matthews, 1977).  Oil and gas production occurs in carbonate beds in the upper salts in the Reed 
City Field and from the sour zone (lower and upper) in the northeastern and north central part of 
the state (Briggs, 1959; Gardner, 1974; Matthews, 1977). 

 

5.2.4 Nature of Lower and Upper Contacts 
 
The Bois Blanc Formation overlies the Bass Islands Group across the base-Kaskaskia 

unconformity throughout most of the Michigan subsurface.  To the southwest and southeast, the 
formation pinches out at the unconformity, apparently due to nondeposition (Landes and others, 
1945a; Hixon, 1964; Gardner 1974).  The upper contact of the Bois Blanc is highly variable but is 
characterized by gradational contacts with overlying strata, either the Sylvania Sandstone in 
central and southeastern Lower Michigan or the Amherstburg Formation in all other locations. 
Complex interfingering facies relationships characterize the upper portions of the Bois Blanc in 
many locations and the details of these contacts are not well defined (Figure 5.2-4). 

 
The Sylvania Sandstone overlies the Bass Islands Group across the base-Kaskaskia 

unconformity in the outcrop belt of southeastern Lower Michigan as a result of pinch-out of the 
underlying Bois Blanc due to nondeposition (Hixon, 1964; Gardner, 1974).  The upper contact of 
the Sylvania is complex and both laterally and vertically variable with the Bois Blanc and 
Amherstburg formations.  These relationships are highly variable. 

 
The Amherstburg Formation overlies the Sylvania Sandstone in the southeastern portion of the 

state. The contact with the Sylvania varies in character.  The contact between the carbonate of the 
Amherstburg and dominant sandstone of the Sylvania is abrupt in places (Figure 5.2-7, see 
Tuscola County), and in other places the detrital quartz content increases gradually as an 
admixture with predominant carbonate of the Amherstburg. Where the Sylvania Sandstone is 
absent, the Amherstburg is transitional with underlying cherty carbonate of the Bois Blanc 
Formation (Figure 5.2-7, see Lake County) (Witt, 1960; Gardner, 1974).  

 
The upper contact of the Amherstburg Formation is identified in wireline logs by the first 

occurrence of anhydrite (identified in the RHOB log where bulk density exceeds  
181 lb/ft3 [2.9 g/cm3]) in the overlying Richfield Member of the Lucas Formation.  This contact 
in wireline logs is, however, simply used for convenience.  In core, the transition between the 
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Amherstburg Formation to fossil-poor, restricted marine carbonates above the Amherstburg in the 
Richfield Member of the Lucas Formation is typically gradational.  A dolostone cap rock is 
typically present in this transition zone to the basal Lucas Formation.  In core, coral and 
echinoderm fossils disappear upwards through the transitional zone, while anhydrite laths and 
stylolites increase in abundance.  In the northwestern portion of the state, the Filer Sandstone is 
present as a sandy lithofacies of the Amherstburg consisting of quartzose sandstone or siltstone 
and carbonate, or both (see Figure 5.2-3, Lake County; Ells, 1958; Witt, 1960; Gardner, 1974). 

 
The disappearance of coral and brachiopod fossils (in core) relative to the underlying 

Amherstburg Formation and the first occurrence of evaporites (gypsum/anhydrite), define the 
lower contact of the Lucas Formation (Figure 5.2-8) (Ells, 1958; Witt, 1960; Gardner, 1974).  The 
upper contact of the Lucas Formation is characterized by the transition to limestone in the 
overlying Dundee Formation, although pervasive later diagenetic dolomite occurs into the 
overlying section of the Dundee in many locations.  An anhydrite layer of variable thickness is 
present at the top of the Lucas Formation in most areas of the Michigan subsurface and this 
prominent layer is ubiquitously overlain by dolostone (Figure 5.2-8).  For convenience, the upper 
contact of the Lucas Formation is chosen at the top of a prominent anhydrite layer in wireline 
logs because the Dundee is variably dolomitized.  The pervasive dolomitic cap layer that overlies 
the uppermost Lucas evaporite in almost all locations, however, may be genetically related to the 
Lucas deposition cycle, and therefore, more appropriately included in the Lucas Formation 
(Figure 5.2-1) (Gardner, 1974). 

 

5.2.5 Discussion of Depth and Thickness Ranges 
 
The Bois Blanc Formation and Sylvania Sandstone are a complexly interfingering succession in 

much of central and southeastern Lower Michigan as described above (Landes, 1951; Briggs, 
1959; Hixon, 1964; Gardner, 1974).  The upper and lower contacts of these units, however, are 
fairly well defined in wireline logs so that composite structure contour and isopach maps can be 
confidently generated (Figures 5.2-10A and B) (Briggs, 1959; Gardner, 1974). 



 

 79

 

 
 

Figure 5.2-10A. Driller’s depth (overburden contour) to the top of the Bois 
Blanc/Sylvania Sandstone formations. 

Figure 5.2-10B. Combined Bois Blanc/Sylvania Sandstone formations isopach.  
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The composite Bois Blanc-Sylvania interval ranges from more than 900 ft (274 m) thick in the 

central basin (Gladwin and Bay counties) to zero in southwestern Lower Michigan because of 
onlap and possible erosional truncation (Landes, 1945b; Gardner, 1974).  Early work by Landes 
(1951), on the basis of cuttings sample analysis from wells in central Lower Michigan, suggested 
that the net sandstone thickness in the Sylvania Sandstone (Landes described the Sylvania as a 
member of the Amherstburg) may reach 300 ft (91 m) (Figure 5.2-11). 

 

 

 
 

The Amherstburg Formation occurs at depths from less than 700 ft (213 m) near the Strait of 
Mackinac to more than 5,000 ft (1,524 m) (measured depth from the surface, Figure 5.2-12A) in 
Clare County.  The thickness of the Amherstburg Formation ranges from less than 10 ft (3 m) to 
more than 400 ft (122 m) thick (Figure 5.2-12B). 

 

Figure 5.2-11. Brine disposal and natural brine production wells in the Sylvania-Bois 
Blanc interval (from MDEQ, Geological Survey Division records) along with net 
sandstone isopach contours for the Sylvania Sandstone (from Landes, 1951).  
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Figure 5.2-12A. Driller’s depth (overburden contour) to the top of the Amherstburg 
Formation. 

Figure 5.2-12B. Amherstburg isopach. 
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A regional structure map on the top of the Lucas Formation (based on wireline log picks) 
indicates a range in depth from 300 ft (91 m) at the subcrop to more than 3,000 ft (914 m) near 
the central basin (Figures 5.2-13A).  The Lucas isopach (Figure 5.2-13A) ranges from less than 
50 ft (15 m) at the outer margins of the Michigan basin to more than 1,000 ft (305 m) near central 
northern Lower Michigan.  The most significant saline reservoir target, the Richfield Member, 
ranges in depth from less than 500 ft (152 m) near the edge of regional extent to more than 5,000 
ft (1,524 m) deep in the central part of the basin (Figure 5.2-13B).  The area of greatest thickness 
lies in the northwestern corner of the state, but the area with the greatest reservoir thickness lies in 
the central to north central basin. 

 

 

Figure 5.2-13A.  Driller’s depth contour map on the top Lucas Formation with 
superimposed isopach grid and legend. The red contour represents the minimum depth 
for effective storage of CO2 (2,600 ft [792 m] measured depth).  
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5.2.6 Depositional Environments/Paleogeography/Tectonism 
 
Deposition of the Bois Blanc-Sylvania Sandstone in the Michigan basin, following subaerial 

exposure of the underlying Upper Silurian Bass Islands Group and formation of the base-
Kaskaskia unconformity, was time-transgressive, and the formation onlaps underlying units updip 
and out of the central basin.  The Bois Blanc Formation was not deposited on the unconformity 
on the southwest and southeast basin (Gardner, 1974). 

 
The Bois Blanc was deposited in shallow marine conditions with abundant normal marine 

fauna including stromatoporoids, corals, brachiopods, pelecypods, gastropods, crinoids, trilobites, 
and abundant siliceous bioclasts, predominantly sponge spicules (Briggs, 1959).  Clastic influx, 
represented by the Sylvania Sandstone “facies”, came from the south and east The Sylvania 
exhibits a high degree of grain rounding and frosting, suggesting initial aeolian transport in 
terrestrial environments on the basin margins, with subsequent deposition in the “Bois Blanc” 
seas and marine reworking (Gardner, 1974).  Ubiquitous marine fossils, mainly brachiopods, and 

Figure 5.2-13B.  Map of Richfield Member driller’s depth contours and grid showing 
the ratio of gross thickness of dolomite to gross thickness of other non-reservoir facies 
(anhydrite and limestone).  The red contour represents the minimum depth for 
effective storage of CO2 (2,600 ft [792 m] measured depth).  
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interbedded marine carbonate and cherty strata confirm that the Sylvania was deposited under 
marine conditions in all known occurrences. 

 
The depositional environment of the Amherstburg Formation is a subtropical to tropical, intra-

cratonic, normal marine setting.  This is indicated by the presence of abundant coral and 
brachiopod fossils (Gardner, 1974).  On the margins of the Michigan basin, quartz sandstone 
occurs at the transitional base of the Amherstburg above the Sylvania Sandstone in the southeast 
and near the top of the Amherstburg in the northwest.  Gardner (1974) points out that the increase 
in organic material upward in the section indicates a reducing or more anoxic environment.   
Surface waters still contained abundant normal marine fauna, including several species of corals 
and abundant brachiopods.  Gardner (1974) proposed that prolific organic production occurred 
during transgression followed by rapid burial due to high carbonate production rates when 
formation of accommodation space slowed.  Marine biota during Amherstburg time were 
abundant and well preserved in contrast to the sparse fauna of the overlying Lucas Formation.  
The Lucas formed in more restricted and stagnant, higher salinity waters (Gardner, 1974). 

 
The depositional environment at the outset of Lucas Formation time in the Richfield Member is 

interpreted as a sabkha-dominated tidal flat and restricted lagoon system within a warm and arid 
climate (Figure 5.2-14A).  Sabkhas commonly contain waters with salinities higher than normal 
marine waters and abundant evaporates, which are preserved as anhydrite when buried (Gardner, 
1974; Matthews, 1977).  The Richfield Member has distinct facies belts commonly found with 
sabkha and restricted lagoon environments.  The west side of the basin is dominated by anhydrite 
containing few thin dolostone beds (Figure 5.2-14B).  This is representative of a supratidal zone 
within the sabkha.  The next belt is the intertidal zone, which is oriented north-northwest through 
the central basin and is represented by alternating beds of anhydrite and dolostone.  A final facies 
belt occurs near the east-northeast edge of the basin.  Here, limestone-dominated facies represent 
a subtidal environment.  Less abundant anhydrite and dolostone layers compared to Richfield 
Member facies to the west and south indicate that water salinities were still episodically higher 
than normal in this environment (Gardner, 1974). 
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Figure 5.2-14B.  Richfield lithofacies and stratigraphy indicate a restricted, marine 
environment including sabkha with a barrier feature controlling influx of fresh marine 
water.  

Figure 5.2-14A. Depositional model of the Lucas Formation proposed by Sullivan (1986).  
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The Iutzi and Horner Members represent continued and intensified evaporitic conditions as a 
result of further restriction and limited connection to the open ocean water.  Shoreline facies 
range from the northwest to southwest to southeast edges of the basin.  Access to normal marine 
water occurred from the Saginaw Inlet area in the north to northeast (Briggs, 1959; Gardner, 
1974; Matthews, 1977). The presence of aeolian sandstone units to the west in the Freer 
sandstone member further implies arid conditions (Gardner, 1974; Matthews, 1977). 

 

5.2.7 Geologic Structure and Trapping Mechanisms 
 
Michigan basin tectonics in Paleozoic time were dominated by basin-centered subsidence with 

periodic compressional tectonics related to tectonic episodes in the Appalachian orogen to the 
east (Howell and Van Der Pluijm, 1999).  Regional dip is uniformly towards the basin center, 
which migrated around a point that is now the Saginaw Bay.  Periodic compressional tectonic 
events resulted in wrench faults that created typically northwest-southeast oriented, linear 
asymmetric anticlinal structures that now host numerous producing oil and gas fields.  The shear 
model is proposed as the process for fault formation along which magnesium-rich fluids and 
hydrocarbons move.  These faults apparently heal after folding and produce anticline structures 
and effective hydrocarbon traps (Prouty, 1983).   

 

5.2.8 Reservoir Characteristics 
 

Bois Blanc and Sylvania Sandstone Formations 
 
The Bois Blanc and Sylvania Sandstone formations are treated together in this report because 

they are difficult to subdivide in the subsurface and because of their lithologic, petrologic, and 
petrophysical complexity.  Further petrophysical characterization work is necessary to 
characterize reservoir properties and determine geological sequestration capacity within the 
combined unit with greater confidence. The Bois Blanc-Sylvania succession is a complex, 
interbedded unit. Secondary silicification and dolomitization of all primary mineral components 
is common (Hixon, 1964). 

 
The Bois Blanc-Sylvania interval is of particular interest here because of its saline reservoir 

quality.  Brine mining and reinjection by the Dow Chemical Company (and others) has been 
documented since the late 19th century in central Lower Michigan, especially in Midland and 
Saginaw counties, Michigan.  Injection volumes in excess of 20 million gallons (7.57E7 l) per 
month were routinely documented (unpublished records, MDEQ, Division of Geologic Survey, 
Ray Vugrinovich, pers. comm.).  Also, a remarkable feature of parts of both the Bois Blanc and 
Sylvania formations (Gardner, 1974) is a distinct tripolitic chert facies observed in many areas of 
the Lower Peninsula (Wexford and Missaukee counties, for example) and in cores elsewhere in 
the basin.  This lithofacies is described as a ‘‘. . . complex and variable mixture of chalky-white 
micrite and dolomicrite with distinctive brown dolomite rhombs and disseminated chert’’ 
(Gardner, 1974).  This generalized rock type is described as very porous and permeable in cores 
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and cutting samples, wireline logs, and on the basis of drill stem tests. This lithofacies is also an 
interbedded lithofacies with more typical Sylvania Sandstone lithofacies in central and 
southeastern Lower Michigan. 

 
The Sylvania Sandstone “lithofacies” is generally very porous in outcrop and in shallow 

subsurface cores and exploratory drill holes, particularly in southeastern Lower Michigan. 
Locally, quartz overgrowth and carbonate cements reduce primary intergranular porosity. 
Numerous core porosity and permeability analyses are available from cores obtained during brine 
mining operations by Dow (Figure 5.2-15, for example; although none of these core samples are 
known to be available) and document both the noteworthy reservoir quality and significant 
lithological variability of the formation.  The discrimination of calcareous sandstone and sandy 
carbonate of the typical Sylvania Sandstone “lithofacies” from cherty limestone and dolostone of 
the Bois Blanc “lithofacies” using wireline log data is problematic in the absence of conventional 
core sample data and careful core-to-log calibration (Figure 5.2-4).  A net porosity analysis of the 
Sylvania Sandstone in a typical well varies from more than 35 ft (11 m) to less than 10 ft (3 m) 
(Figure 5.2-4), depending on log analysis and log cutoff criteria that are applied. 

 

 

 

Figure 5.2-15.  Plot of porosity (log scale) versus permeability from the Dow Chemical 
M0313 well (Figure 5.2-4). Color code is based on lithologic descriptions. Substantial 
variation in reservoir quality is shown amongst interbedded, mixed lithofacies. Light blue 
curves represent calculated pore throat radii and represent pore geometry of the dominant 
flow system in rocks with porosity-permeability characteristics falling on that curve. See 
text for discussion. 
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Analysis of core samples and wireline log data from the Core Energy State Charlton #4-30 well 

provide insight on reservoir quality trends in cherty Bois Blanc “lithofacies” in the northern 
Lower Michigan subsurface.  The NPHI-RHOB cross-plot porosity (Figure 5.2-3) in distinctive 
cherty Bois Blanc lithofacies ranges from 10 to 18 percent.  Conventional and sidewall core plug 
porosity and permeability measurements from a small, but representative, sample suite (n = 11) 
from the Bois Blanc Formation indicate moderate porosity with an average of 10 percent. 
Permeability is generally quite low.  No sample exceeds 0.5 md, and the average value is below 
0.1 md.  Two whole-diameter core samples from the Bois Blanc were also analyzed.  Porosity 
and permeability of one of these samples was note-worthy with porosity of 10 percent and 
permeability of nearly 80 md, probably due to micro-fractures in brittle, cherty lithofacies.  
Preliminary petrographic analysis of several thin sections from cherty lithofacies in the Bois 
Blanc indicates that most porosity is microporosity, and was likely formed from the partial 
dissolution of sponge spicules.   

 

Amherstburg Formation of the Detroit River Group 
 
For the majority of the Michigan basin, the Amherstburg Formation is not considered a 

reservoir.  The Meldrum Member in most wells in the central Michigan basin is a low-porosity, 
low- permeability limestone.  Conventional core analysis from a recent well, the Core Energy 
State Charlton #4-30 in Otsego County, Michigan (Barnes and others, 2009), provides porosity 
and permeability data representative of the Amherstburg in northern Lower Michigan. These data 
indicate that the Amherstburg has porosities ranging from 1.89 to 4.43 percent and permeabilities 
too low to measure. 

 
In the southern Michigan basin, the entire Amherstburg Formation is dolomitized.  Although 

some wells in the southern portion of the state in dolomitized sections show some enhanced 
porosity relative to limestone facies present elsewhere, calibrated log porosity is still quite low. 
Porosity in the Meldrum Member is mainly intraparticle with minor intercrystalline porosity.  

 
The Filer Sandstone  in western Michigan reaches  thicknesses of 100 ft (30 m) in Mason and 

Manistee counties, with brine, oil, and gas produced from this interval in Mason County (Witt, 
1960).   

 

Lucas Formation of the Detroit River Group 
  
The Richfield Member and the sour zone portion of the Iutzi Member are important oil-

producing zones in the Lucas Formation in the Michigan basin.  In the 1980s, production from the 
Richfield and sour zone accounted for 21 percent of total production from the Michigan basin 
(Sullivan, 1983).  
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There are approximately 2,900 wells in Michigan drilled to Richfield petroleum reservoirs, the 
largest of which is the Beaver Creek Field in Kalkaska County, Michigan (Figure 5.2-16A).  Of 
these wells, approximately 1,800 wells are still active.  Figure 5.2-16B provides a type log for the 
Richfield Member, as it occurs in this field.  Cumulative production curves have been constructed 
for the Richfield Member (Figure 5.2-17; Hartmann and Beaumont, 1999a).  Cumulative 
production curves are used to interpret production history and drive mechanism(s) that dominate 
fluid flow in the reservoir.  The cumulative production curves from numerous fields producing 
from the Richfield Member suggest gas solution and/or gas expansion drive mechanism. 
Characteristic decline curves for this drive mechanism in the Richfield Member are interpreted to 
result from a decrease in reservoir pressure related to oil production.  Decreases in reservoir 
pressure with production produces disconnected gas bubbles and the creation of a separate gas 
phase flow toward the well bore.  Oil production decreases concomitantly with a sharp increase in 
gas production.  Other parts of the production curves (Figure 5.2-17) are indicative of other 
natural drive mechanisms or forced drive from water flooding.  

 

 

 
 
 

Figure 5.2-16A.  The Richfield Member of the Beaver Creek field produces from an 
anticline in interbedded anhydrite and dolomite of the Richfield Member and informal 
Iutzi member sour zone. There are five separate producing dolomitic lenses at an 
average measured depth of 4,400 ft (1,341 m). 
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Figure 5.2-16B.  Type log of the Richfield Member from the Beaver Creek field. Note 
the thickness of the confining Massive Anhydrite unit (dark pink). 
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Facies distribution and structurally influenced hydrothermal dolomitization are thought to 
control the location of reservoir quality in the Richfield Member (Apak, 1985; Sullivan, 1986; 
Park, 1987).  Sabkha, intertidal, and other primary carbonate facies were overprinted by early 
facies-related dolomitization.  The typical reservoir facies in the Richfield Member is a sucrosic 
dolomite with moderate to high porosity (5 to 25 percent) and moderate to low permeability (1 to 
15 md, at best) (Figure 5.2-18A and 18B).  Early facies-related dolomitization overprinted by 
hydrothermal dolomitization may result in enhanced reservoir quality in some anticlinal structural 
locations (Apak, 1985).  For this study, core analyses from the Richfield Member (Figures 5.2-
18A and B) are compared to calculated porosity, permeability and effective pore throat geometry, 
also called “r35”.  ‘‘r35’’ refers to the estimated minimum pore-throat radius, or port size, of the 
pore system thought to dominate fluid flow in any reservoir.  Port size was calculated from 
conventional core plug porosity and permeability data through an empirical relationship 
established by H. D. Winlan (Hartmann and Beaumont, 1999b).  The analyses for the Richfield 
member indicate relatively high-porosity, low-permeability flow units with generally 
homogeneous pore throat-sizes in better reservoir quality parts of the unit.  Comparison of core 
analysis data with superimposed trajectories of “r35” support the interpretation of generally 
uniform flow systems in these reservoirs (Figures 5.2-18A and B). 

Figure 5.2-17.  Yearly reporting data for oil, gas and brine production in the Beaver 
Creek field, Kalkaska County, Michigan. The decline rate for oil production indicates 
that the Richfield Member of the Beaver Creek Field has a gas solution/expansion 
drive mechanism. See text for discussion. 
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Figure 5.2-18A.  Core analysis data from wells in the Beaver Creek field reveal information about the flow 
properties of the Richfield reservoir. The graph displays the porosity and permeability data and r35 
overlays. The pore throat size dominating the fluid flow system at 35% saturation (r35) in this reservoir is 
one micron. The location of data points along this trend indicates a generally homogenous reservoir system.  

Figure 5.2-18B.  Core analysis data taken from a gas well in southern, central Kalkaska County. 
Compared to the on structure, oil producing well from Beaver Creek field (above), the pore-throat size 
dominating the reservoir system is smaller yet is still relatively homogeneous. The different color data 
points represent different dolomicrites flow units.
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5.2.9 Suitability as a CO2 Injection Target or Seal Unit 
 

Bois Blanc and Sylvania Sandstone Formations 
 

As discussed in the previous section, the Bois Blanc and Sylvania Sandstone formations have 
been treated together in this report because of difficulties in stratigraphic resolution and the 
lithologic, petrologic, and petrophysical complexity of these units in the subsurface.  

 
Core samples and geophysical logs obtained from the Core Energy State Charlton #4-30 well 

provide valuable information regarding the  cherty Bois Blanc “lithofacies” in the northern Lower 
Michigan subsurface. Conventional and side-wall core plug porosities are generally 10 percent, 
while permeability tends to be quite low (average less than 0.1 md).  Of two whole-diameter core 
samples from the Bois Blanc in this well, one had a reported porosity of 10 percent and 
permeability of almost 80 md, while the other had more characteristic poor reservoir quality 
characteristics.  Whole diameter core data suggest that fractures in the brittle cherty facies may 
provide moderate to good connectivity within the rock matrix in parts of the unit. Previous work 
(Gardner, 1974) suggested the possibility for fluid injectivity in this interval (in some areas of 
Lower Michigan) because of known water production from several wells. Permeability data from 
the State Charlton #4-30 well indicate that some parts of the Bois Blanc may possess sufficient 
fracture permeability and potentially connected microporosity to serve as a potential injection 
target. 

 
Amherstburg Formation of the Detroit River Group 

 
Across most of northern and central Lower Michigan, the Amherstburg Formation is a thick, 

generally very impermeable unit, which could serve as a potential confining interval for 
underlying saline formations including the Sylvania Sandstone-Bois Blanc interval and the Upper 
Silurian Bass Islands dolomite.  In these areas, in the unit is generally a thick, argillaceous 
limestone with low intraparticle porosity and only trace amounts of permeability.  In a few 
locations, however, the Amherstburg Formation exhibits substantial dolomitization and 
significant reservoir quality.  This is especially the case in proximity to inferred wrench faults and 
anticlinal structures.  One noteworthy example of oil production from the Amherstburg occurs to 
the north and east of the West Branch oil field in Ogemaw County.  This field is located on the 
downthrown side of a major wrench fault responsible for one of the largest anticlinal structures in 
the Michigan basin.  Production is from a significant but spatially localized section of 
dolomitized Amherstburg Formation strata.  A good reference well for good reservoir-quality 
Amherstburg dolostone is in the Marathon Nelson 2-26, SW/4 of Section 26, T22N, R2E, permit 
#40677 at approximately 4,000 ft (1,219 m) depth.  
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In southern and northernmost Lower Michigan, the Amherstburg has different petrophysical 
characteristics than to the west and would be a questionable sealing unit.  There are, however, a 
few wells in the southern area with sufficient data on this interval for detailed characterization.  
Those wells that have both neutron-porosity and bulk-density log curves indicate that the 
Amherstburg is partially dolomitized.  Dolomitization with decreased thickness and shallower 
depths to formation combine to eliminate the Amherstburg as a potential confining unit in the 
southern Michigan basin. 

 

Lucas Formation of the Detroit River Group 
 

The Richfield Member is the only part of the Lucas Formation that has suitable reservoir 
quality to be considered as a CO2 sequestration target.  Satisfactory reservoir quality results from 
superimposed, early facies-related and later hydrothermal dolomitization of the Richfield, 
especially in proximity to fault-related anticlinal structures.  A consideration for this moderate to 
high porosity member, however, will be its generally low permeability.  Low permeability 
reservoirs will tend to limit injection rates and may limit the volumes of CO2 that could be 
injected per well.  Whether or not there would be sufficient injectivity for a large-scale project 
would have to be determined.  Secondary treatment, such as hydraulic fracturing or acidization, 
might be needed to increase injectivity near the well bore.  Carbon dioxide injection for EOR has 
a higher potential in these reservoirs because relatively uniform reservoir pore systems and 
stratigraphic isolation by confining anhydrite layers will allow for greater sweep efficiency 
recovery operations.  Lower quality reservoir facies together with multiple confining anhydrite 
layers should allow for effective miscibility trapping in saline formations off structure if CO2 
were used for EOR in producing fields from this unit.  

 
Although the discrete porosity zones described for the Detroit River Group may have local 

potential for CO2 injection, much of the Lucas Formation could serve as a confining interval, with 
excellent sealing properties.  Numerous anhydrite layers in the Richfield and Iutzi Members act 
as cap rock for the dolomicrite reservoir intervals.  The informal massive anhydrite of the lower 
Iutzi Member is a laterally persistent unit with demonstrated confining zone properties in 
numerous oil fields.  Anhydrites are known to have exceptional sealing capabilities where thick.   
The anhydrite unit in the Iutzi Member acts as the barrier between the high-sulfur content lower 
sour zone of the upper Iutzi Member and the non-sour oil of the Richfield Member (Figure 5.2-
16B). 

 
6.0 DUNDEE AND ROGERS CITY FORMATIONS 

 

6.1 Origins of Names, Type Section, Significant Earlier Studies on this Interval 
 

The Dundee Formation was named by A.C. Lane (1893) for rocks exposed in the now abandoned 
Pulver Quarry in the City of Dundee, Monroe County, Michigan.  The Dundee Formation was 
proposed for strata between the base of the overlying Traverse Group, specifically the Bell Shale 
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in most of Michigan, and the underlying “Monroe Beds”, now called the Detroit River Group 
(Figure 6.1-1).   

 
Outcrops of the Dundee Formation are rare; however, there are a few quarries in the southeast 

and northeast part of the basin that have good exposures.  The Dundee is truncated beneath the 
Glacial Drift from east of Rogers City to north of Petoskey (Figure 6.1-1). 

 

 

 
 
 

The Rogers City Formation was named by Ehlers and Radabaugh (1938) for strata formerly 
described as part of the upper Dundee Formation.  The Rogers City lies immediately beneath the 
Bell Shale and is separated from it by a disconformity.  There is also a disconformity between the 
Rogers City and Dundee formations.  In the center of the Michigan basin, the boundary between 
the Dundee and Roger City formations is marked by dramatically dramatic change in facies that 
indicates rapid deepening of the depositional environments toward the basin center.  Most 
Dundee facies are interpreted as shallow-water, inner-shelf settings, whereas the Rogers City is 
interpreted to have been deposited in a deeper water, middle- to outer-shelf environment (e.g., 
Curran and Hurley, 1992).  In the subsurface, the Rogers City has a distinctive lithofacies 
comprised of a sparsely fossiliferous, nodular, gray micrite, which represents this deeper water 
facies (Figure 6.1-2).  It is mostly limestone, but can be locally dolomitized.   

Figure 6.1-1.  Subcrop map of Middle Devonian strata shaded in blue (modified from 
MDEQ Office of Geological Survey bedrock map) and Middle Devonian stratigraphic 
column (modified from Michigan stratigraphic column, Catacosinos and others, 2001). 
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The Dundee Formation and overlying Rogers City Formation can be separated in the 

subsurface on wireline logs (see example in Kirschner and Barnes, 2009).  The contact is 
apparent in core as a pyritized and bored hardground on the upper Dundee, which is interpreted to 
be a flooding surface at the vase of the Rogers City Formation (Curran and Hurley, 1992). 

 

6.2 Lithostratigraphy 
  
The Dundee Formation is nearly pure limestone, dolomitic limestone, or dolostone, with fossils 

that indicate a shallow-marine-shelf depositional environment.  Core samples from the subsurface 
in the central Michigan basin show facies that range from open marine shelf to patch reef to tidal 
flat.  On the western side of the basin, the informal Reed City unit of the Dundee contains a 
variably thick anhydrite interval and a dolomitic interval representing several marine carbonate 
facies (Gardner, 1974).  

 
Cohee and Underwood (1945) described the Dundee Formation in the subsurface of the 

Michigan basin as follows: 
 

Figure 6.1-2.  Typical Rogers City burrow-mottled limestone from the Wiser-St. 
Buckeye #D1-36, Gladwin County. 
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“The Dundee formation is predominately buff to brownish-gray, fine to 
coarsely crystalline limestone, except in extreme western and southwestern areas 
where it is entirely dolomite.  In Newaygo and parts of adjoining counties of 
western Michigan the Dundee is dark-brown crystalline limestone and is difficult 
to separate from the overlying Rogers City Limestone. Throughout much of the 
central basin the Dundee is composed of both limestone and dolomite, with 
dolomite generally forming the base.  In some areas, however, this relationship is 
reversed. Locally the formation may be composed entirely of limestone or 
entirely of dolomite.  The variation of lithological character may take place 
within very short distances, as indicated by the fact that the formation has been 
found to consist entirely of dolomite in one well, and entirely of limestone in a 
nearby well.” 

 
Luczaj and others (2006) determined that much of the dolomite in the central Michigan basin is 

of hydrothermal origin.  Deep, hot saline fluids moved up fractures and faults to create diagenetic 
conditions that have altered the original limestone in the Dundee to dolostone.  The localized 
nature of these faults and fractures produce the localized patterns of dolomitization that were 
observed by Cohee and Underwood (1945).  Dolomitization from deeper in the basin could 
explain the greater abundance of dolostone in the base of the Dundee Formation, rather than 
toward the top or laterally within the unit.  In some areas, especially localized on anticlinal 
structures in the central basin, the overlying Rogers City Formation is also dolomitized; this is 
typically associated with extensive dolomite in the underlying Dundee(Kirschner and Barnes, 
2009). 

 
6.3 Nature of Lower and Upper Contacts 

 
The complex carbonate-evaporite strata of the Lucas Formation grade upward into the base of 

the Dundee Formation.  The Dundee is disconformably overlain by the Rogers City Formation, 
which is, in turn, disconformably overlain by the Traverse Group.  The basal unit of the Traverse 
Group is the Bell Shale, a regionally extensive gray shale that grades into the basal Traverse 
Limestone.  

 

6.4 Discussion of depth and thickness ranges 
 
The combined thickness of the Dundee and Rogers City is greatest west of Huron County, in 

Saginaw Bay, where these formations are more than 475 ft (145 m) thick.  The entire interval 
gradually thins toward the basin margin where it is truncated at its subcrop erosional edge.  
Overburden thickness greater than 2,600 ft (793 m) to the top of the Rogers City Formation, as 
illustrated in Figure 6.4-1, is found only in the central Michigan basin. 
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6.5 Depositional Environments/Paleogeography/Tectonism 
 
Both the Rogers City and Dundee formations were deposited in shallow shelf, marine carbonate 

depositional settings.  The Rogers City is associated with deeper, more distal open shelf facies.  
Facies of the Dundee Formation in the subsurface consist of: (1) high-energy grainstone shoals 
(Figure 6.5-1); (2) biohermal patch reefs (Figure 6.5-2); (3) tidal flat and fenestral peritidal 
packstones and wackestones (Figure 6.5-3); and (4) open shelf fine-grained mudstones and 
wackestones. 

 

Figure 6.4-1.  Drilled depth contour line for the Rogers City Formation at 2,600 ft (792 
m) deep showing the area in the basin center deep enough to maintain supercritical CO2 
(Kirschner and Barnes, 2009).
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Figure 6.5-2. Core slabs of the stromatoporoid-coral reef and reef debris facies in the 
Dundee Formation. 

Figure 6.5-1.  Core slabs of the skeletal grainstone facies in the Dundee Formation with 
excellent reservoir quality in both limestone and dolomite lithology. 
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During Devonian time, the Michigan basin was located at approximately 30S latitude rotated 

counter-clockwise from today’s orientation.  The Dundee is interpreted to be a biostromal shelf 
carbonate, with a dark, fine-grained offshore facies, that is interpreted to have been deposited in a 
sea that transgressed from east to west.  The Dundee subtidal to shallow shelf was transitional 
with lagoon-sabkha environments on the west, which prograded eastward near the end of Dundee 
deposition (Reed City unit). 

 

6.6 Geologic Structure and Trapping Mechanisms 
 
Shallow marine deposits in the Rogers City and Dundee have produced more than 375 MMBO 

(60E9 l) of oil from over 200 reservoirs in Michigan.  Most of the Dundee and Rogers City oil and 
gas reservoirs are found on a series of northwest-southeast trending anticlines in the central 
Michigan basin.  In the limestone reservoirs, the Dundee part of this interval is porous enough to 
be productive.  Most of the porosity in the limestone reservoirs is directly related to primary 
depositional fabrics and textures, such as intergranular, framework and fenestral porosity (Figures 
6.5-1 through 6.5-3).  Dolomitized and fractured reservoirs contain the only porosity in the 
Rogers City Formation and enhance the porosity in the Dundee Formation (Montgomery and 
others, 1998; Luczaj and others, 2006; Kirschner and Barnes, 2009). 

 

Figure 6.5-3.  Core slabs of the laminated-fenestral mudstone/wackestone of the peritidal 
facies in the Dundee Formation. 
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The Dundee limestone reservoirs are sealed by the overlying dense, tight Rogers City limestone 
and Bell Shale.  The dolomitized reservoirs of both the Rogers City and Dundee formations are 
sealed by the Bell Shale. 

  

6.7 Reservoir Characteristics 
 
There is substantial regional variability in the reservoir characteristics (e.g., porosity and 

permeability) of the Dundee Formation because of the variability in carbonate shelf facies that 
comprise the unit.  The primary facies in the Rogers City Formation is a nodular wackestone that 
was deposited in a deeper, open-marine setting.  In the western part of the Michigan basin, the 
sabkha-lagoonal facies of the Dundee are dolomitized.  Eastward, the Dundee ramp facies include 
crinoid grainstones, skeletal-peloidal grainstones/packstones, skeletal wackestones, and 
restricted-fauna mudstones/wackestones.  The Rogers City Formation has satisfactory reservoir 
quality only where it is dolomitized; in contrast, the Dundee has primary porosity in both 
limestone and dolostone.  Porosity and permeability are nearly zero in the Rogers City where it 
consists of limestone.  Where dolomitized, the Rogers City can have porosities greater than 15 
percent, but averages about 5 percent through its 50 to 90 ft (15 to 27 m) thickness. 

 
The best reservoir zones in the Dundee Formation are associated with limestones having 

porosities on the order of 15 percent.  Dolomitization of the Dundee may increase this porosity to 
more than 20 percent in some locations, but the average porosity of this formation, as estimated 
conservatively for this current work, is 5 percent.   

 

6.8 Suitability as a CO2 Injection Target 
 
While there is porosity and reservoir quality in both the Rogers City and Dundee units, the 

Rogers City is only considered a local sequestration target.  The estimated geological 
sequestration capacity for the unit as determined in this study is 143 million T (0.13 Gt).  The 
basin-wide storage capacity in the Dundee [for depths greater than 2,600 ft (793 m)] is estimated 
at 2,072 million T (1.88 Gt).  The variation in these calculated volumes is based, at least in part, 
on differences in reservoir properties for the two units and the significantly greater geographic 
distribution of porosity in the Dundee Formation.  Porosity-permeability cross plots from core 
have been used to define an effective porosity-cutoff value on logs for regional correlation 
(Kirschner and Barnes, 2009). 

 

7.0 ASSESSING SPATIAL UNCERTAINTY IN RESERVOIR CHARACTERIZATION 
FOR CARBON SEQUESTRATION PLANNING 
 

7.1 Statement of the Problem 
 
Regional volumetric estimates of CO2 capacity for any saline formation are based on estimates 

of thickness, porosity, depth, temperature, and assumptions of reservoir heterogeneity and CO2 
physicochemical properties. Such baseline volumetric estimates assume lateral reservoir 
homogeneity.  In actuality, reservoirs have variable degrees of lateral heterogeneity. 
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Understanding the degree of lateral heterogeneity or possible reservoir variability is critical to 
accurately assessing potential reservoir capacity. In regional assessments, actual capacity 
estimates generally use some type of correction factor (e.g., 1 to 4 percent), to conservatively 
estimate the percentage of the whole volume of the reservoir that might actually be available for 
sequestration.  Such estimates are useful for national or regional planning. For more localized, 
industrial-scale sequestration projects, characterizations of reservoirs are needed that statistically 
analyze the accuracy of volume estimates and capacity factors.  

 
The following case study uses geostatistical methods (kriging and stochastic simulation) to 

quantify the strength of spatial prediction for a range of reservoir parameters, based on a typical 
public oil and gas data set for the Appalachian basin.  In most cases, future CO2 sequestration 
projects will need to utilize public oil and gas data for initial site assessments.  A major goal of 
this study was to investigate the usefulness of the available public data for each of the various 
reservoir parameters to identify knowledge gaps and design future data collection efforts.  This 
contribution illustrates the dangers of mapping with black-box approaches typical of some 
reservoir characterization software that do not encourage or allow the modeler to explore the data 
for outliers, investigate and quantify the spatial structure of the data for use in prediction, and 
evaluate the error of the predictions.  A map, whether drawn by computer algorithm or hand 
contouring, implies that the author of that map can predict values at unsampled locations. The 
quality of that prediction must be evaluated.  For accurate prediction, the error in the 
measurements must be small compared to magnitude of spatial variability; spatial variability must 
be at least partially ordered in space (not random); and the distance between the samples (wells) 
must be less than the range of the spatial structure.  If these conditions are not met, predicted 
values beyond the data points are highly suspect and the map is of little value.  The following 
case study seeks to illustrate these spatial modeling issues using various reservoir parameters of 
the Medina Group, an early Silurian-age unit identified as a saline sequestration target in the 
MRCSP’s Phase I regional sequestration assessment (Wickstrom and others, 2005). 

 
The Medina Group consists of interbedded sandstones, siltstones, and shales with some 

carbonates (McCormac and others, 1996).  The Medina Group is a widespread unit with oil and 
gas production and known porosity.  In the MRCSP’s Phase I regional assessment of the Medina 
Group, publically available oil and gas data were collected from Ohio, Pennsylvania, and West 
Virginia.  These data sets were compiled into a regional database and   kriging statistical 
packages were used to map structure elevation data and thickness for the Medina 
Group/“Clinton” sandstone/Tuscarora Sandstone.  These maps have since been updated to include 
New York as well (Figures 7.1-1 and 7.1-2).   
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Figure 7.1-1. Structure contour map drawn on top of the Medina Group and equivalent 
units in the Appalachian basin.  
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The Medina was chosen for more detailed study during the current task of the Phase II MRCSP 

project, as there are a large number of wells available in northwestern Pennsylvania, and previous 
mapping efforts showed relatively high accuracy in structure and isopach mapping compared to 
some of the other potential saline formations mapped in Phase I (Carter and Venteris, 2005; 
Wickstrom and others, 2005).  The lack of prominent faulting in the formation also simplified the 
application of geostatistical methods.  The current investigation is a field-scale study, conducted 
at a higher resolution with more data than the previous regional assessment.  The more localized 
study seeks to more fully characterize the reservoir through refinement of the previous regional 
structure and isopach models and the addition of spatial models of the available pore space. 

 

7.2 Case Study Area 
 
The current study area encompasses two major oil and gas fields in northwestern Pennsylvania 

and incorporates publicly available geologic data from more than 5,600 deep wells that penetrate 
the Early Silurian-age Medina Group throughout Erie, Crawford, Mercer, and Venango counties 
(Figure 7.2-1).  The Medina Group has been extensively explored throughout these and 
surrounding areas, but perhaps the most notable Medina-producing areas are the Athens and 

Figure 7.1-2. Map showing the gross thickness of the Medina Group and equivalent 
units in the Appalachian basin. 
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Conneaut fields, which are discussed in further detail below as examples of the productivity of 
this play in northwestern Pennsylvania. 

 

 
 

7.2.1 Oil and Gas Fields 
 

The Conneaut field, in western Crawford and Erie counties, encompasses 128,050 ac (51,819.9 
ha) (McCormac and others, 1996) (Figure 7.2-2).  The field was discovered in 1957 and produces 
oil and gas primarily from the Grimsby Formation and Whirlpool Sandstone (Lytle and others, 
1961).  A portion of the field features a thin sandstone lens within the upper part of the Cabot 
Head Shale that thickens considerably and provides additional production.  Operators call this the 

Figure 7.2-1.  Area considered in this Medina case study. 
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Tracy sand.  Where the Tracy Sand is well-developed, the Pennsylvania Geological Survey 
(PaGS) typically includes it within the Grimsby Formation.  The average producing depth of 
Medina units is approximately 3,600 ft (1,097.3 m), and pay thicknesses average 12 ft (3.7 m).  
Reservoir porosity varies from 3 to 18 percent, averaging 10 percent.  Reservoir temperature and 
initial pressure were reported at 104 degrees Fahrenheit ([°F]; 40 degrees Celsius [40°C]) and 
1,100 psi (7,584 kPa), respectively (McCormac and others, 1996).  Total cumulative gas 
production is 98.1 BCF (2.7E12 l) through 2006, and total estimated cumulative oil production for 
the past 22 years is roughly 1.6 MMBO (2.5E8 l) (WIS, 2009). 

 

 

 
 
The Athens field is situated in eastern Crawford County and includes 23,456 ac (9,492.3 ha) 

(McCormac and others, 1996) (Figure 7.2-2).  The field was discovered in 1974 and produces gas 
from both the Grimsby Formation and Whirlpool Sandstone (Laughrey, 1984).  The average 
producing depth of these reservoir rocks is approximately 4,800 ft (1,463 m), and pay thicknesses 
average 42 ft (12.8 m).  Porosity ranges from 2 to 9 percent, averaging 5.6 percent.  Reservoir 
temperature and initial pressure were reported at 106°F (41°C) and 1,220 psi (8,412 kPa), 
respectively (McCormac and others, 1996).  Total cumulative gas production through 2006 for 

Figure 7.2-2.  Locations of the Athens and Conneaut fields and locations of the cross 
sections presented in Figures 7.2-4 and 7.2-5. 
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the Athens field is 30.5 BCF (8.6E11 l), and total estimated cumulative oil production through 
2002 is less than 1,000 barrels (BBL [1.6E5 l]) (WIS, 2009). 

 

7.2.2 Lithostratigraphy of the Medina Group 
 
The Medina Group of northwestern Pennsylvania consists of three major lithostratigraphic 

units, in ascending order: the Whirlpool Sandstone, the Cabot Head Shale (sometimes called the 
Power Glen Shale), and the Grimsby Formation (Figure 7.2-3).  The Whirlpool Sandstone forms 
the basal unit of this lithostratigraphic interval, and throughout much of the basin, is composed of 
a white to light-gray to red, fine- to very fine-grained, moderately well-sorted quartzose 
sandstone with subangular to 
subrounded grains (Piotrowski, 
1981; Brett and others, 1995; 
McCormac and others, 1996).  The 
Cabot Head Shale is a dark-green to 
black marine shale with thin 
quartzose siltstone and sandstone 
laminations that increase in number 
and, in places, thicken upward in the 
unit (Piotrowski, 1981; Laughrey, 
1984).  The sandstones of the 
Grimsby Formation are very fine to 
medium-grained monocrystalline 
quartzose rocks, with subangular to 
subrounded grains, variable sorting, 
and contain thin discontinuous silty 
shale interbeds.  Cementing 
materials include secondary silica, 
evaporites, hematite, and carbonate 
minerals (Piotrowski, 1981; 
McCormac and others, 1996). 

 

 
 
 
 
Lithostratigraphic cross sections were prepared parallel and perpendicular to strike within the 

Conneaut field area to further illustrate Medina geology, thickness, and geophysical log responses 
(Figures 7.2-4 and 7.2-5).  These structural cross sections are hung on the top of the Rochester 
Shale.  Gross thicknesses of the Grimsby Formation and Whirlpool Sandstone range from 85 to 
170 ft (25.9 to 51.8 m) and 10 to 30 ft (3.0 to 9.1 m), respectively.  Gamma-ray logs are included 
for all wells (Track 1), and where available, porosity logs (Track 2) are provided. 

Figure 7.2-3.  Stratigraphic correlation chart for the 
Medina Group in northwestern Pennsylvania (modified 
from McCormac and others, 1996, and Castle 2001).
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Figure 7.2-4.  Cross section A along strike, showing geophysical logs and picks for the major rock 
layers from the Rochester Shale to the Queenston Shale. 
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The depth to the top of the Medina Group ranges from approximately 2,000 ft (609.6 m) to 
6,400 ft (1,950.7 m) throughout the study area.  The structure on top of the Medina Group strikes 
northeast-southwest and dips southeastward at a rate of 30 to 50 ft/mi (5.6 to 9.5 m/km) (Figure 
7.2-6).  Figures 7.2-7 and 7.2-8 illustrate the thickness of the Grimsby Formation and Whirlpool 
Sandstone across the study area; the gross thicknesses of the entire Medina Group ranges from 
just under 80 ft (24.4 m) to about 400 ft (121.9 m).  Early studies of the Medina and equivalent 
units were performed in the 1960s through early 1980s (Yeakel, 1962; Knight, 1969; Martini, 
1971; Piotrowski, 1981; Cotter, 1982, 1983; Laughrey, 1984).  A summary of these and more 
recent works is provided in McCormac and others (1996).   

 

Figure 7.2-5.  Cross section B along dip, showing geophysical logs and picks for the major rock 
layers from the Rochester Shale to the Queenston Shale. 



 

 110

 

 

Figure 7.2-6.  Structure map (interpolated using ordinary kriging) drawn on top of the 
Medina Group in northwestern Pennsylvania. 
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Figure 7.2-7.  Results from 100 SGSIM runs showing the average thickness and 
standard deviation (inset) of the Grimsby Formation. 
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Figure 7.2-8.  Results from 100 SGSIM runs showing the average thickness and 
standard deviation (inset) of the Whirlpool Sandstone.
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7.2.3 Depositional History of the Medina Group 
 
  The depositional history of the Medina Group/“Clinton” sandstone began near the end of the 

Taconic Orogeny in the Early Silurian.  During this period, clastic material was being eroded 
from both foreland fold-belt highlands adjacent to the eastern edge of the Appalachian basin and 
the plutonic igneous rocks of the island arc orogen (Laughrey, 1984; Laughrey and Harper, 1986; 
McCormac and others, 1996).  The directions of sediment transport from these highlands were 
both parallel (i.e., northeast-southwest trending) and perpendicular (northwestward) to the 
shoreline (Figure 7.2-9) (Laughrey and Harper, 1986), which ranged from what is now northern 
Beaver County to central Warren County in Pennsylvania (Piotrowski, 1981).  Martini (1971) 
interpreted the Medina depositional system as a shelf, longshore-bar, tidal-flat, and delta 
complex, based 
on outcrop 
studies 
conducted in 
western New 
York and 
southern Ontario.  
The Whirlpool 
Sandstone is the 
basal 
transgressive unit 
of this system 
and is overlain 
by shelf muds, 
transitional silty 
sands, and lower 
shoreface sands 
of the Cabot 
Head Shale.  
These sediments 
were in turn 
overlain by 
shoreface and 
nearshore sands 
of the lower Grimsby Formation and later, argillaceous sands at the top of this unit (Laughrey, 
1984; Laughrey and Harper, 1986; McCormac and others, 1996).  Laughrey (1984) divided the 
Medina Group’s depositional system into five facies: (1) tidal flat, tidal creek, and lagoonal 
sediments; (2) braided fluvial-channel sediments; (3) littoral deposits; (4) offshore bars; and (5) 
sublittoral sheet sands.  Facies 1, 2, and 3 sediments comprise the Grimsby Formation, which was 
deposited in a complex deltaic to shallow-marine environment.  The deeper offshore-mud and 
sandbar deposits of Facies 4 were reworked by both storm and tidal currents to become 
transitional sandstones of the Cabot Head Shale. The Whirlpool Sandstone is included in Facies 

Figure 7.2-9. Regional paleoenvironmental interpretations for the 
Grimsby Formation (and equivalent units) of the Medina 
Group/“Clinton” Sandstone play.  Four different shoreline 
configurations (labeled 1 through 4) have been proposed by Pees (1987), 
Coogan (1991), Knight (1969), and Keltch and others (1990), 
respectively (modified from Castle, 1998). 
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5, which formed in nearshore marine and fluvial, braided-river environments that existed at the 
beginning of a marine transgression (Piotrowski, 1981; Laughrey, 1984; McCormac and others, 
1996).   

 
With the advent of sequence stratigraphy as an important reservoir rock interpretation tool in 

the 1990s, several studies reevaluated early Silurian-age rocks in the northern Appalachian basin, 
including those of Castle (1998, 2001), Hettinger (2001), and Ryder (2004).  Research performed 
by Castle (1998, 2001) on Medina and equivalent cores and outcrops throughout the basin 
identified six different depositional facies for this rock sequence, including fluvial, estuarine, 
upper shoreface, lower shoreface, tidal channel, and tidal flat.  Furthermore, Castle identified 
three types of sequences in these rocks: (1) a fining-upward sequence, which includes upper and 
lower shoreface facies associated with incised valley-fill deposits; (2) a coarsening-upward 
sequence (type A) that comprises several tidal facies and is representative of a progradational 
shoreline; and (3) a coarsening-upward sequence (type B), which comprises fluvial and estuarine 
facies that are interpreted as aggradational.  Of these three, the coarsening upward sequence (type 
B) prevails in oil and gas wells of the study area (Castle, 1998, 2001). 

 

7.3 Methodology 
 

7.3.1 Geophysical Log Interpretation 
 

Two types of geophysical logs were evaluated for the current study, including gamma-ray and 
density porosity logs.  Each of these provides information critical to performing volumetric 
calculations of potential CO2-sequestration capacity for Medina Group sands.  The number of 
downhole logs or borings available in an area determines the accuracy of any reservoir 
characterization.  For this study, the availability of digital log curves for wells completed in the 
study area was the limiting factor.  The Commonwealth of Pennsylvania does not require the 
submittal of digital geophysical logs with completion reports, so generally only paper logs are 
received by the PaGS.  Consequently, all of the digital log curves used in this study were 
generated in-house by the PaGS. 

 
Gamma-ray logs were evaluated for 360 wells throughout the study area.  For those completely 

penetrating the Medina Group interval, a single clean sand cutoff of 60 percent (i.e., 80 API units) 
was selected as an average of what has been used previously for so-called “clean” Medina wells 
in northwestern Crawford and western Erie counties (Kelley, 1966; Kelley and McGlade, 1969; 
Piotrowski, 1981) and “dirty” Medina wells further to the south and east in Crawford, Mercer, 
and Venango counties (Laughrey, 1984). 

 
Density porosity logs were available for 176 wells in the study area, all of which penetrated the 

entire Medina Group interval.  Most of these were digitized directly from density porosity curves 
provided by the operator, but in those instances where only bulk density curves were available, 

density porosity ( ) was calculated at 0.5-ft (0.15-m) intervals using the following formula, as 

per Asquith and Krygowski (2004): 
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fma

bma






         (1) 

 
where ρma and ρf are given as the grain density and fluid density, respectively, and ρb is the bulk 
density as recorded on the geophysical log.  For this work, we used grain and fluid densities of 
167 lb/ft3 (2.67 g/cm3) and 56.2 lb/ft3 (0.9 g/cm3), respectively, based on data from another study 
of the Medina Group in northwestern Pennsylvania (Castle and Byrnes, 1998).  Minimum 
porosity cutoffs, necessary for any volume-based sequestration calculations, were established at 6 
percent, which is on the conservative side of previously reported values (i.e., 3 to 6 percent, as per 
Laughrey, 1984, and Castle and Byrnes, 1998).  

 
Pore space was estimated from the logs using a variety of approaches common in oil and gas 

exploration, which provided a range of parameters with which to investigate spatial structure in 
the Medina reservoir.  Parameters calculated from the logs for further geostatistical evaluation 
include thickness of sand exceeding 60 percent (ISOCSWHIRL, ISOCSGRIM, for Whirlpool 
Sandstone and Grimsby Formation respectively); average porosity in the clean sand portion 
(MPWHIRL, MPGRIM); feet of porosity in the clean sand exceeding 6 percent cutoff 
(PFTWHIRL, PFTGRIM); and the pore volume (PVWHIRL, PVGRIM), calculated by 
multiplying the thickness of clean sand by the average porosity within the clean sand.  The global 
use of a 60 percent sand cutoff combined with a 6 percent minimum porosity cutoff in our 
porosity-feet calculations necessarily excludes certain porous zones in “dirty” Medina wells of 
the study area.  Consequently, the porosity-feet statistics in Table 7.3-1, particularly for the 
Grimsby Formation, may appear low to reservoir geologists who know the productive nature of 
the Grimsby in eastern Crawford, Mercer, and Venango counties. 

 

7.3.2 Geostatistical Modeling 
 

The prediction at unsampled locations and the generation of continuous maps (rasters) was 
conducted using kriging (ordinary or simple kriging with or without detrending).  In addition, 
geostatistical simulation (sequential Gaussian simulation [SGSIM]) (Isaaks, 1990; Deutsch, 2002) 
was used to generate maps of uncertainty for cases where spatial structure was weak.  In addition 
to the availability of stochastic simulation, kriging was favored over other interpolation methods 
because of the additional information available through variogram modeling.  The ratio of the 
partial sill to the nugget effect provided information on the strength and consistency of spatial 
autocorrelation within the data set.  Experimental variograms without structure (pure nugget 
effect) demonstrate that the scale of spatial variation is less than the sample spacing and/or that 
measurement error is large compared to spatial variability.  In such situations (also revealed 
through cross validation), spatial prediction through interpolation provides little to no additional 
information, and the sample mean (or median for highly skewed data) is the best predictor at 
unsampled locations. 
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Geostatistical analysis proceeded by the following steps for each parameter modeled.  

Summary statistics (Table 7.3-1), histograms, and box plots were calculated using JMP (SAS, 

2008) software in order to identify outliers, check for skewed distributions, and obtain measures 
of center and spread.  Spatial and geostatistical analyses were conducted using ArcMap and 
Geostatistical Analyst (GA) (ESRI, 2009), respectively.  Each property was mapped as point data 
and investigated for broad trends using the trend analysis software available in GA.  Trends, if 
present, were fitted and removed from the data using global, first order polynomials (linear) in 
GA.  Where simple kriging was used, the data were declustered using the cell method (Deutsch 
and Journel, 1998) and a normal score transformation applied.   Variogram modeling and kriging 
were conducted using GA.  Experimental variograms were calculated and model variograms were 
fitted.  For each data set, a heuristic procedure was followed where a range of variogram models 
were calculated and tested by one-out cross validation.  Variograms were calculated across a wide 
range of scales by altering lag spacings (lag spacings from 500 ft [152.4 m] to 50,000 ft [15,243.9 
m]) and number of lags.  Anisotropic effects, using or not using the nugget effect, and detrending 
or not detrending were tested.  Weak anisotropy was detected in a few of the variogram models,  
 

Data* N Min Median Max Average Standard Deviation 
Depth top Medina (ft)  5598 2082 4593 6388 4542 783.7 
Elevation top Medina (ft) 5598 -4933 -3315 -1512 -3237 735.0 
Depth top Whirlpool (ft) 5295 2226 4784 6567 4731 775.95 
Elevation top Whirlpool (ft) 5297 -5137 -3508 -1656 -3420 738.9 
Elevation bottom Whirlpool (ft) 5375 -5153 -3508 -1668 3424 742.2 
Isopach Whirlpool (ft) 5278 1 11 47 11.65 4.03 
ISOCSWHIRL (ft) 329 1 8.5 23 8.48 3.98 
MPWHIRL (%) 160 1.52 5.54 20.13 5.74 2.18 
PFTWHIRL (ft) 122 0.03 0.33 1.69 0.41 0.32 
PVWHIRL (ft3) 160 0.04 0.47 1.79 0.47 0.32 
Depth top Grimsby (ft) 5375 2082 4597 6388 4549 776.2 
Elevation top Grimsby (ft) 5375 -4922 -3320 -1512 -3242 733.0 
Elevation bottom Grimsby (ft) 3810 -5097 -3724 -1623 -3530 743.1 
Isopach Grimsby (ft) 3798 5 120 195 118.1 22.0 
ISOCSGRIM (ft) 243 3 41.8 128.5 45.2 21.6 
MPGRIM (%) 155 1.49 6.25 22.78 6.42 2.16 
PFTGRIM (ft) 152 0.07 1.69 6.97 1.94 1.30 
PVGRIM (ft3) 155 0.13 2.50 7.32 2.78 1.26 
*ISOCSWHIRL, ISOCSGRIM = thickness clean sand (exceeding 60% sand) for Whirlpool Sandstone and Grimsby Formation, 
respectively; MPWHIRL, MPGRIM = average porosity in the clean sand portion; PFTWHIRL, PFTGRIM = feet of porosity in 
the clean sand exceeding 6% cutoff; PVWHIRL, PVGRIM = pore volume. 

 
but inclusion in the kriging models did not improve cross validation results.  Without prior 
evidence to justify the more complex anisotropic model, isotropic variograms were used. A range 
of model variogram functions was tested as well; a spherical model was used for all because 
exponential and k-Bessel variogram models did not improve the results.  The neighborhood 
search algorithm was held constant for all parameters.  The points for each kriging estimate were 
chosen using a quadrant scheme, with five data points chosen per quadrant (for a total of 20 for 

Table 7.3-1.  Univariate statistics for spatial models used in this case study. 
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each estimate).  The maximum search range was set to the range of the model variogram.  The 
choice of final variogram was not formally optimized, but the variogram providing the lowest 
Root Mean Squared Error (RMSE) from cross validation was chosen for the final kriging model.  
Side investigations showed similar error estimates between cross and external validation for the 
structure and isopach data, but the petrophysical parameters had too few data to permit external 
validation. 

 
In addition to kriging, SGSIM was used to model the isopachs for both the Grimsby Formation 

and Whirlpool Sandstone and the pore volume for the Whirlpool Sandstone.  This was done to 
further evaluate the uncertainty of these geostatistical models, which exhibited a large nugget 
effect and large cross validation RMSE.  (Uncertainty mapping based only on the kriging 
variance provided information of limited use, as the kriging variance is independent of the data 
values; see Deutsch and Journel, 1998).  The SGSIM uses kriging in conjunction with Monte 
Carlo simulation to produce a range of statistically plausible realizations, each reproducing the 
spatial structure (instead of the smooth kriging estimates) and the cumulative distribution of the 
data (Deutsch, 2002).  In SGSIM, grid cells to be informed are selected along a random path.  For 
each cell, the value is estimated from the simple kriging estimate plus a random residual drawn 
from normal distribution (with a mean of zero and variance equal to the simple kriging variance).  
Each estimated cell is treated as a data point for subsequent estimates, which results in a model 
that faithfully reproduces the variogram and distribution.  Summary statistics calculated from the 
multiple spatial models can then be used to evaluate the quality of the spatial prediction.  The 
SGSIM was performed in GA based on the simple kriging model (Table 7.3-2).  The mean and 
standard deviation for each simulated cell were calculated for 100 simulation runs and mapped.  
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Data* Detrended? Kriging Lag Partial 
Sill 

Nugget Range Standard 
Deviation 

Mean 

RMSE

Depth top  
Medina (ft) 

yes OK 2500 13,146 1808 22,807 783.7 52.32

Elevation top 
Medina (ft) 

yes OK 5000 1852.8 470.5 59,266 735.0 28.2

Depth top 
Whirlpool (ft) 

yes OK 2500 13,943 1416 23,428 775.95 49.86

Elevation top 
Whirlpool (ft) 

yes OK 5000 1657.9 269.5 59,266 739.5 25.17

Elevation bottom 
Whirlpool (ft) 

yes OK 5000 1664.3 382.4 59,266 742.2 24.73

Isopach  
Whirlpool (ft) 

no SK 20,000 0.45 0.52 174,285 4.03 3.25

ISOCSWHIRL (ft) no SK 5000 0.45 0.30 59,266 3.98 3.23
MPWHIRL (%) no SK 5000 0.38 0.50 59,266 2.18 2.17
PFTWHIRL (ft) no SK 5000 0.64 0.30 41,977 0.32 0.29
PVWHIRL (ft3) no SK 10,000 0.68 0.24 118,533 0.32 0.26
Depth top 
Grimsby (ft) 

yes OK 2500 13,716 1811 23,521 776.2 51.78

Elevation top 
Grimsby (ft) 

yes OK 5000 1813.6 452.7 59,266 733.0 26.86

Elevation bottom 
Grimsby (ft) 

yes OK 5000 1691.5 585.1 59,266 743.1 29.5

Isopach  
Grimsby (ft) 

no SK 20,000 0.39 0.62 59,266 22.0 19.06/19.1**

ISOCSGRIM (ft) no SK 20,000 0.18 0.75 160,975 21.6 21.77/22.12** 

MPGRIM (%) no SK 20,000 0.32 0.70 237,065 2.16 2.13/2.31**
PFTGRIM (ft) no SK 20,000 0.17 0.81 99,010 1.30 1.35/1.54**
PVGRIM (ft3) no SK 10,000 0.03 0.94 no 1.26 1.25/1.36**

*ISOCSWHIRL, ISOCSGRIM = thickness clean sand (exceeding 60% sand) for Whirlpool Sandstone and Grimsby Formation, respectively; 
MPWHIRL, MPGRIM = average porosity in the clean sand portion; PFTWHIRL, PFTGRIM = feet of porosity in the clean sand 
exceeding 6% cutoff; PVWHIRL, PVGRIM = pore volume; RMSE = root mean squared error; OK = ordinary kriging; SK = simple kriging. 

** Denotes cross validation results for IDW instead of kriging because a reliable variogram was not obtained for the variable in question. 

 
 
 

7.4 Results 
 
7.4.1 Formation Top and Overburden Thickness 

 
The thickness of rock above the target formation is crucial for sequestration planning.  A 

drilling depth of at least 2,500 ft (762 m) (Wickstrom and others, 2005) is needed to maintain the 
injected CO2 in a dense, supercritical state.  Overburden thickness can be modeled either by 
kriging the depth data directly or by kriging the subsea elevation and then computing the 
difference between a digital elevation model (DEM) of the ground surface and the subsea 
elevation surface.  For this exercise, the latter approach was preferred because it was more 
accurate.  The variogram is stronger for the elevation of the top of the Medina Group (Figure 7.4-
1, Table 7.3-2) than for the depth data (Table 7.3-2).  The cross validation error for the depth data 
is 52.3 ft (15.9 m; RMSE), whereas the error for the subsea top of Medina is 28.2 ft (8.6 m; 

Table 7.3-2.  Results from variogram modeling. 
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RMSE), primarily because 
the subsea data contains 
only the variation in the 
formation top, but the depth 
data contains variability 
from both the formation top 
and the ground topography.  
The accuracy of the DEM in 
northwestern Pennsylvania 
was not measured directly, 
but for a DEM in  
eastern Ohio in similar 
topography, Venteris and 
Slater (2005) determined an 
accuracy of approximately 
10 ft (3.05 m) at 98.4-ft (30-
m) resolution when 
compared to elevation data 
obtained by precision global 
positioning systems.  
Assuming no covariance 
between the error sources, 
the total error in the second 
approach to determining 
overburden thickness is 
29.9 ft (9.1 m; RMSE). 

 
 
 
 

 
 
The overburden thickness map (Figure 7.4-2) shows that for most of the study area, the Medina 

Group has sufficient overburden for injection projects.  Thickness steadily increases from the 
Lake Erie shoreline to the southeast towards the basin center.  Only along the Lake Erie shoreline 
has the overburden thickness become insufficient to support sequestration projects.  

Figure 7.4-1.  Variogram model (top) and cross validation results (bottom) from ArcGIS 
Geostatistical Analyst (ESRI, 2009) for the elevation of the top of the Medina Group in 
northwestern Pennsylvania.  This figure is illustrative of data with strong spatial structure, 
showing a distinct variogram and small RMSE from cross validation. 
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Figure 7.4-2. Thickness of overburden on top of the Medina Group, calculated from the 
difference in the USGS 98.4-ft (30-m) resolution DEM and the structure map drawn on the 
top of the Medina Group (Figure 7.2-6). 
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7.4.2 Isopach 
 

As a first step in estimating the volume available for sequestration, the gross interval thickness 
for the Grimsby Formation and Whirlpool Sandstone, the two main targets within the Medina 
Group, was mapped.  Although not typically used directly in volumetric estimates, the isopachs 
were mapped because their calculation requires only two picks off geophysical logs.  Thus, the 
isopach potentially contains less noise than the volumetric calculations, for which the 
measurements are more complex.  Spatial variation in volume could potentially be mapped using 
a spatial isopach model and the average porosity if porosity proved difficult to map. 

 
With isopach modeling, the question again arises as to the best method of calculation.  There 

are two possible approaches.  One involves calculating the thickness at each well and kriging the 
thickness; the other is to krig the top and bottom surfaces and then calculate the difference 
between them.  The choice of method is based on the difference in error between the two 
approaches. 

 
The kriging of the measured top and bottom of the sandstone contacts was not problematic, 

with strong variograms and small RMSE cross validation errors of approximately 25 ft (7.6 m).  
Only data points with both top and bottom picks were used in this part of the analysis.  By 
contrast, the kriging models of thicknesses data showed relatively weak spatial structure (Table 
7.3-2).  One way to assess the strength of the spatial structure is the ratio of the partial sill 
(portion of the semivariance with spatial structure) to the nugget effect (portion without spatial 
structure, due to spatial variation below the sampling distance and/or measurement error).  For a 
good predictive model (elevation Top Medina) this ratio is 3.6, but for the thickness data it is less 
than 1.0.  Another measure of the strength of the model is the comparison of the standard 
deviation of the mean compared to RMSE obtained from cross validation.  For the isopach 
models, these statistics are nearly equal, indicating that the spatial model is adding only a small 
amount of additional information compared to using the mean thickness to predict unsampled 
locations.  It is also important to note that the issue is not a problem with geostatistical 
interpolation nor with the attendant assumptions (stationarity); cross validation results from 
inverse distance weighting (for Grimsby Formation, Table 7.3-2) gave nearly identical cross 
validation results. 

 
The choice of approach to calculating the isopach is made on the basis of the relative error 

between the options.  For the kriged thickness data, the error is estimated directly from the cross 
validation results.  When calculating the isopach from the difference by the two surface methods, 
the errors propagate by 

 

),cov(222 bottopbottopiso        (2) 

where σ2
x is the variance of the errors (RMSE for top and bottom) and cov (top,bot) is the 

covariance between the errors for the top and bottom surfaces.  For the Whirlpool Sandstone, the 
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cross validation errors (calculated for data points where both bottom and top surfaces are present) 
are as follows: σ2

top is 633.6 ft2 (58.9 m2) and σ2
bot is 601.3 ft2 (55.9 m2).  The cross validation 

errors between the surfaces are highly positively correlated (Pearson coefficient r=0.94) with a 
covariance of 581.04 ft2 (54.0 m2).  By equation 2, the error (square root of σ2

iso) in determining 
the isopach from the difference of the top and bottom surfaces is 8.5 ft (2.6 m).  In this case, the 
error from the two layer method is greater than the cross validation error from simple kriging 
(3.31 ft [1.01 m]).  In contrast, the error for the Grimsby Formation isopach from equation 2 is 
20.03 ft (6.11 m), which is not meaningfully different than the cross validation error (19.06 ft 
[5.81 m]).  Accordingly, isopachs presented in this work (Figures 7.2-7 and 7.2-8) are based on 
simple kriging models of thickness (presented as averages from SGSIM runs).  Kriging of 
thickness data is favored when the covariance (equation 2) is low (or negative) and the layer is 
thin (assuming, as in this case, a positive correlation between the magnitude of thickness and 
cross validation error).  Such calculations could also be based on error estimates from SGSIM, 
which is a subject for future investigation.  

 
7.4.3 Spatial Modeling of Petrophysical Parameters 
 

This study sought to calculate spatial models for pore volume and its individual components 
(thickness of clean sand, average porosity within clean sand), and porosity feet (a metric popular 
in industry), for the Grimsby Formation and the Whirlpool Sandstone (Figure 7.4-3).  As with the 
structure and isopach modeling, a wide range of variogram calculation parameters were used in 
an attempt to find models of spatial structure.  To be thorough, experimental variography was 
conducted in both GA and Stanford Geostatistical Modeling Software (SGeMS, Remy and others, 
2009) as these software offer subtle differences in the variography approach.  Most of these 
parameters exhibited a very small partial sill and large nugget effect (Table 7.3-2).  The kriging 
model, therefore, provided little to no spatially predictive information for these parameters.  As 
further verification, the parameters for the Grimsby Formation were also modeled using inverse 
distance weighting (IDW) in GA, which depends only on the relation of local data values to one 
another, rather than a globally applicable model of spatial structure as kriging does.  In each case, 
cross validation results from IDW did not improve the model over using the mean of the data to 
predict at unsampled locations (Table 7.3-2).  As a final check, potential correlations between the 
isopachs (which was found to be at least weakly mappable) and the measures of pore space were 
sought for use in mapping, but a predictive relationship was not found.  With the exception of 
pore volume for the Whirlpool Sandstone (explored further below), the current dataset is 
insufficient to make reliable spatial predictions of volumetric variables. 

 



 

 123

 

 
The model of pore volume for the Whirlpool Sandstone warranted further investigation, as 

there was a clear variogram and the comparison between the standard deviation of the mean and 
the RMSE from cross validation (Table 7.3-2) showed at least some potential predictive value.  
At question was the value of a rather weak predictive model for planning purposes.  To address 
this issue, 100 conditional SGSIM runs were calculated (1,000 ft [305 m] grid resolution), as well 
as summary statistics for each grid cell.  The average of 100 runs (the E-type in geostatistical 
literature; see Deutsch and Journel, 1998) is displayed in Figure 7.4-4.  The model shows distinct 
areas of low (less than 0.5 ft3 [0.014 m3]) porosity volume in northwest Crawford and western 

Figure 7.4-3.  Map showing the point values of parameters dealing with the estimation of 
pore volume for the Grimsby Formation and Whirlpool Sandstone: (A) MPWHIRL, (B) 
PVWHIRL, (C) MPGRIM, (D) PVGRIM. 
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Erie counties, as well as the central portion of Venango County.  There are areas of relatively 
large porosity volume (>1.0 ft3 (0.028 m3]) in central Crawford and east central Mercer counties.  
At question is the reliability of prediction for unsampled locations in these areas.  The map of the 
standard deviation of the model runs shows that uncertainty increases with pore volume and, to a 
lesser extent, as the data become sparser.  Low-porosity areas do not significantly exceed zero (2 
sigma, or 95% confidence level), whereas the areas of larger porosity volume exceed zero at a 
minimum of 0.4 to 0.8 ft3 (0.011 to 0.023 m3).  Despite the noise present in the model, it provides 
useful information on the spatial distribution of pore volume within the Whirlpool Sandstone.   

 

Figure 7.4-4.  Results from 100 SGSIM runs showing the average porosity volume (ft3) 
and the standard deviation (inset) for the Whirlpool Sandstone. 
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7.5 Discussion 
 
This case study shows the difficulty in mapping reservoir parameters with the typical amount of 

data from existing public sources available from state geologic surveys in the Appalachian basin.  
For the Medina Group, this study and others (Venteris and others, 2008; Wickstrom and others, 
2005) demonstrate that the data are sufficient to reliably predict reservoir architecture (especially 
in areas lacking intensive faulting).  The spatial prediction of volumetric parameters, is, however, 
not always possible.  The key issue is the interaction between the scale(s) of spatial variability 
and the distances between well data.  The prediction of the elevation of formation tops is typically 
more accurate than some of the other parameters tested because many more formation top and 
bottom picks are available in the public databases than porosity measurements.  This is because 
formation contacts can be derived from detailed drillers’ logs and/or gamma-ray logs, which are 
collected for most wells by most operators; however, porosity measurements require that the rarer 
porosity log be obtained.  For the Medina Group, the median distance to the closest well is 1,643 
ft (500.8 m) for the top of the Medina, but for the porosity volume measurements the median 
distance is 7,934 ft (2,418.3 m).  The magnitude and scale of spatial variation are also important.  
For example, the quality of prediction for the two isopach models is less than the quality of the 
structure models despite being based on similar amounts of data.  Possible reasons include the 
decreased range in thickness values compared to the elevation of stratigraphic tops (signal to 
noise), and possibly more spatial variation below the sampling distance due to sedimentary 
processes.   Similarly, the geostatistical analysis for the Grimsby Formation shows that the spatial 
scale of variability for pore space occurs at distances below the sample spacing or that 
measurement errors are too large to detect an existing structure.  Castle and Byrnes (1998) 
investigated the calibration between porosity measured in laboratory samples and from logs and 
showed strong correlation, thus large measurement errors are not expected.  In contrast, spatial 
variation occurred at a broad enough scale in the Whirlpool Sandstone to support meaningful 
mapping with the same data spacing.  The variety in model quality illustrates the needs for best 
statistical and geostatistical practices to ensure spatial predictions are meaningful and potential 
spatial structures are not missed.  Care in choosing geologic modeling units is also important 
because initial pore volume modeling in this contribution was based on the Medina Group as a 
whole without success.  Dividing the model into Whirlpool and Grimsby components resulted in 
the exposure of spatial patterns in pore volume for the Whirlpool Sandstone, a sub-littoral sheet 
sand, but not for the Grimsby Formation, which is comprised of a complex series of tidal and 
fluvial facies.    

 
Furthermore, these results illustrate the potential dangers in using black-box mapping 

algorithms or hand contouring.  Generating a map of pore volume for the Grimsby Formation is 
possible (Figure 7.5-1), but the map gives unsubstantiated and potentially misleading information 
as cross validation results (Table 7.3-2) cast doubt on the validity of the spatial trends implied by 
the map.  Figure 7.5-1 features a map drawn using IDW.  At location 1, a well with a large PV 
value (7.3 ft3 [0.207 m3]) is observed.  The IDW model shows an area of elevated PV surrounding 
this point, suggesting that this area is one of the most favorable locations for a project. The spatial 
model on which it is based is unreliable, however, and no other information on the spatial 
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distribution of geologic processes controlling thickness and porosity exists.  Therefore, the lateral 
extent of the increased porosity volume surrounding location 1 is unknown, and the map is 
misleading. 

 

 

Figure 7.5-1.  Map of porosity volume (ft3) for the Grimsby Formation drawn using 
IDW.  The interpolated values around the marked location (number 1) appear to predict 
an area of elevated pore volume. 
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For cases such as the Grimsby Formation, the best spatial predictor of pore volume at 

unsampled locations is the sample mean.  When a reliable spatial model is absent, site locations 
should be selected in the immediate vicinity of existing wells with porosity measurements.  When 
choosing sites for targets such as the Grimsby Formation, a question remains (how close is close 
enough?).  Unfortunately, for now, the currently available data offers little guidance.    

 
Site selection for carbon sequestration projects is a complex process involving a wide range of 

geologic, logistical, and political issues. The current case study and earlier mapping efforts 
(Venteris and others, 2008; Wickstrom and others, 2005) demonstrate the complex range of 
issues involved in the making of geologic spatial models and maps to support carbon storage 
capacity estimates and sequestration project planning.  These studies show that careful 
consideration of geological, statistical, and geostatistical issues is needed to address the 
challenges presented by limitations of the data relative to the complexity of the sedimentary 
geology of the north central Appalachian basin. 

 

8.0 CO2-SEQUESTRATION STORAGE CAPACITY ESTIMATES FOR MIDDLE 
DEVONIAN-MIDDLE SILURIAN FORMATIONS 

 
8.1 Estimating Storage Capacities 
 

The project makes the assumption that the initial storage of CO2 will be as a free phase in the 
pore space, which is referred to as volumetric storage.  The CO2 is injected into the geologic 
formation and occupies some portion of the pore space.  A wide range of factors including 
reservoir chemistry, reservoir heterogeneity, cementation, and structure will constrain the actual 
amount of pore space that will be occupied by the CO2.  Injection into the geologic unit’s pore 
space will initially be as a separate phase of CO2 liquid or supercritical gas and will displace the 
pore fluids, which include brine waters, oil, and gas.  Only over a long period of time will CO2 
dissolve into the pore fluids and possibly react with the matrix and pore fluids to precipitate 
carbonate minerals.  In addition, the amount of CO2 that dissolves into the pore fluids will be 
limited by temperature and the salinity of the fluid.  Due to the long time intervals needed for the 
CO2 to react with the geologic formation and its pore fluids, volumetric storage will be the 
primary storage mechanism for CO2 sequestration. 

 
The general equation for volumetric storage CO2-sequestration capacity involves determining 

the total pore volume, the percentage of the total pore volume space that CO2 will occupy, and the 
density of CO2 at reservoir temperature and pressure:  

 

2200HAEQ COCO /**** 22   (1) 

where: 

2COQ  CO2 sequestration capacity (tonnes) 

E = CO2-storage efficiency factor 
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2CO  Density of CO2 under reservoir conditions (lbs/ft3) 

θ = Porosity (%) 

A = Area (ft2) 

H = Thickness of the geologic sequestration unit (ft) 

2200 = Conversion from lbs to tonnes (t) 

 

 The percentage of the total pore volume that will be occupied by CO2 is known as the 
efficiency factor.  The efficiency factor accounts for several different geologic features that are 
physical barriers inhibiting the displacement of the native pore fluids by injected CO2.  These 
features can be grouped into terms that apply to an entire basin and terms that apply to a single 
injection well.  Terms that apply to an entire basin include: (1) the fraction of the total 
basin/region in which suitable formation present; (2) the fraction of total geologic unit that has 
the minimum porosity and permeability; and (3) the fraction of total porosity that is 
interconnected.  The factors that can be grouped into terms that apply to a single well include: (1) 
the fraction of the immediate area surrounding an injection well that can be contacted by CO2; (2) 
the fraction of the vertical cross section that can be contacted by CO2; (3) the fraction of net 
thickness that is contacted by CO2 as a consequence of the density difference between CO2 and 
the pore fluids; and (4) the portion of the pore fluid volume that can be replaced by CO2, which is 
directly related to the irreducible water saturation.  The best estimate of the efficiency factor is 
published by Capacity and Fairways Subgroup of the Geologic Working Group, DOE Regional 
Carbon Sequestration Partnerships (2007).  The methodology for calculating capacity for MDMS 
formations is almost exactly the same methodology used for the MRCSP Phase I project, except 
that the efficiency factor has changed.  Previously, in the Phase I report, a 10% efficiency factor 
for saline formations was applied.  The current efficiency factors are 1% and 4%, which represent 
the P15 and P85 probabilities.  This reduction in efficiency factors results in a reduction in the 
reported MRCSP Phase I values by factors between 2.5 and 10.   

 
The storage capacity calculations for the saline formations were conducted using GIS software, 

specifically the raster-based Spatial Analyst extension of the ArcGIS software system.  The 
general procedure for performing the calculations is to first create a structure contour grid and an 
isopach grid for the saline aquifer sequestration unit (Venteris and others, 2005).  The structure 
elevation grid is then subtracted from a surface digital elevation model (DEM) grid to obtain a 
depth grid.  This depth grid is used to obtain the pressure and temperature of the saline formation 
at depth.  The reservoir pressure is obtained by multiplying the fresh water pressure gradient of 
0.433 psia/ft (9,792.112 Pa/m) with the depth grid, which results in the formation fluid pressure at 
depth.  To obtain the reservoir temperature, the geothermal gradient grid is multiplied by the 
depth and the surface temperature grid is added to this result.  Using a custom-created macro 
(modified from Radhakrishnan and others, 2004) to access the CO2 density values in a database 
table, these new reservoir pressure and temperature grids are then used, along with the isopach 
grid and the average porosity for the sequestration unit, to calculate the CO2-sequestration 
capacity. 
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8.2 Discussion of Results 
 

The initial results of Phase I CO2-sequestration capacity calculations for relevant formations are 
presented in Table 8.2-1, which have been re-calculated in terms of the newer 1% and 4% 
efficiency factors.  The updated MDMS Phase II storage capacity estimates by formation are in 
Table 8.2-2 and broken down per state in Table 8.2-3.  The volumetric storage capacity for the 
MDMS interval is lower in comparison to the MRCSP Phase I estimates.  The Phase II storage 
capacity calculations provide the best estimate to date; however, the actual capacity will be 
further refined during Phase III.   

  

SEQUESTRATION TARGET 
Phase I (10%) 

(MMt) 
P15 

(MMt) 
P85 

(MMt) 
Sylvania Sandstone 15,110 1,510 6,040
Oriskany Sandstone 19,430 1,900 7,800
Medina Group/Tuscarora Sandstone 70,530 7,530 28,200
  
TOTAL 105,070 10,940 42,040

Table 8.2-1.  Phase I storage capacity estimates for MDMS targets in million metric tonnes 
(MMt). 
 

SEQUESTRATION TARGET P15 (MMt) P85 (MMt)
Sylvania Sandstone 1,510 6,040
Bass Islands Group - Michigan basin 680 2,730
Bass Islands Group - Appalachian basin 880 3,500
Dundee Limestone 440 1,760
Oriskany Sandstone 720 2,900
Lockport Dolomite 4,540 18,150
Medina Group/Tuscarora Sandstone 4,010 16,030
 
TOTAL 12,780 51,110
Table 8.2-2.  Phase II storage capacity for MDMS formations in million metric tonnes. 
 

STATE MDMS Saline P15 (MMt) MDMS Saline P85 (MMt) 
Indiana 0.00 0.00 
Kentucky 133 533 
Maryland 243 970 
Michigan 2,633 10,533 
New York 472 1,887 
Ohio 1,544 6,177 
Pennsylvania 3,809 15,235 
West Virginia 3,945 15,782 
   
TOTAL 12,780 51,110 

Table 8.2-3.  Phase II storage capacity of the MDMS interval by state in million metric 
tonnes. 
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8.2.1 Updated Formations 
 

The Phase I storage capacity estimates were based on 10 percent storage efficiency factors.  
The Phase II storage capacity estimates involve additional data from New York added to the 
Phase I estimates, newly characterized formations such as the Bass Islands Group, Dundee 
Limestone, Lockport Dolomite, and updated efficiency factors of (P15) 1% and (P85) 4%.  The 
differences between estimates are shown in Tables 8.2-1 and 8.2-2.  

 
8.2.2 Analyses 
 
Dundee Limestone – Michigan 

This formation is presented and discussed here due to the slight differences in storage capacity 
estimates and methodology between a paper, cited in this report, by Kirschner and Barnes (2009) 
and this report, which represents some of the complexities and variables involved in reservoir 
characterization for carbon sequestration. 

 
In the Michigan basin, The Dundee Limestone was broken up into the Dundee and Roger City 

formations (Kirschner and Barnes, 2009).  They estimated storage capacity for the Dundee to be 
1,880 million metric tonnes (MMt), and 130 MMt for the Roger City.  These values are based on 
using a (P85) 4% efficiency factor.  The MRCSP Phase II estimate for storage capacity using 
slightly different methods for the Dundee as a whole was (P15) 440 MMt and (P85) 1,760 MMt.  
The MRCSP Phase II P85 estimate is 250 MMt lower than their study.  Kirschner and Barnes 
(2009) had sufficient well control and data to choose the 4% efficiency factor as most 
appropriate.  It was determined that the Dundee was a sequestration target throughout most of 
lower Michigan and that the Rogers City generally wasn’t a great target except in local 
dolomitized areas. 

 
Some differences exist between Kirschner and Barnes (2009) and the MRCSP Phase I and II 

methods.  Kirschner and Barnes had differences in mapping the overburden depth, the cutoff 
depth for the overburden, the use of net porosity footages instead of gross thickness, the use of 
gross-thickness storage efficiency factors for net thickness, and finally differences in fluid 
pressure gradients. All of these differences interact fortuitously to produce a sequestration 
capacity that is essentially the same as the capacity in this report. The uncertainties in both 
calculations are possibly large enough so that it is difficult to distinguish between the two 
calculations. A possible future course of research would be to do an error analysis and error 
propagation study on the calculation methods. The error analysis and error propagation study may 
provide an explanation on why the two results are fortuitously similar. 

 
 

8.3 Summary of Results 
 

The MDMS formations of the MRCSP Phase II project region were examined by the geologic 
team to create updated regional correlation charts and use existing data to identify, interpret, map 
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and exploit the most promising geologic CO2 reservoirs and sinks.  Storage capacity estimates 
were updated to include new efficiency values and improve upon the Phase I estimates. 

 
Using current MRCSP data sets and sequestration capacity calculation methodologies, targets 

in the MDMS interval and the underlying Medina Group offer approximately (P15) 12,780 MMt 
to (P85) 51,110 MMt of storage potential in the MRCSP region (Table 8.2-3).  Of these, the 
Lockport Dolomite and the Medina Group report the largest individual sequestration capacity 
estimates, ranging from just over (P15) 4,000 MMt to approximately (P85) 18,000 MMt (Table 
8.2-2), less than half of the original estimate.   

 
Our ongoing work has led to new ideas and methods to accomplish the best practices in 

characterizing saline formations for long-term carbon sequestration.  In the upcoming Phase III 
portion of the MRCSP program, additional improvements are likely to be made, including, but 
not limited to, the use of saline instead of fresh-water density, the use of more appropriate 
efficiency factors, and an evaluation of using gross versus net thickness values in the storage 
capacity calculations.   
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APPENDIX A 
PETROGRAPHY AND PETROPHYSICS OF THE LOCKPORT DOLOMITE 

 
1.0 SAMPLES AND METHODS 

 
We examined and described seven cores of the Lockport Dolomite from the study area (Figure LP1). 

We collected and examined a total of 235 samples for detailed analyses. These analyses included thin 
section examination, SEM petrology using secondary (SE) and backscattered (BSE) electron modes, 
energy dispersive spectroscopy (EDS), cathodoluminescence (CL), selected conventional core analyses, 
and selected special core analyses. 

 

 
Figure LP1.  Locations of Lockport Dolomite cores, cuttings, and outcrop samples examined for 
this study. 

 
All thin sections were stained for calcite (Alizarin Red S) and were prepared using blue-stained epoxy 

which was introduced into the sample before cutting and polishing to facilitate observations of porosity 
and pore textures.  We used a Leica DML polarizing microscope equipped with a Leica DFC camera for 
all transmitted-light microscopy.  

 
We examined selected unembedded and unpolished samples on a Hitachi S-2600N variable pressure 

scanning electron microscope (SEM) operating with a pressure of 10 Pascals using the backscattered 
electron (BSE) detection imaging system at 20 kV and a working distance of 15 mm.  The elemental 
composition of these samples was determined using Quartz Imaging System’s Quartz XOne energy-
dispersive X-ray spectroscopy (EDS) package with an e2v Sirius 10/UTW/SEM detector having a 10 
mm2 crystal and an ultra thin polymer window.  We used the same SEM operating at 20 kV and a 
working distance of 15 mm when conducting EDS analyses.  The CL analyses were performed using a 
Gatan ChromaCL detector and Digital Micrograph software.  The CL detector was mounted on the 
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Hitachi S-2600N SEM, running in high-vacuum mode and using a working distance of 16.3 mm.  We 
classified the carbonates combining the schemes of Dunham (1962), Folk (1962), Sibley and Gregg 
(1987), and Wright (2001).  We used the carbonate porosity classifications of Choquette and Pray (1970) 
and Luo and Machel (1995).  

 
Conventional and special core analyses were performed at Weatherford Laboratories in Houston, 

Texas.  All of the data generated from these analyses are presented in Attachment LKP and discussed 
below. 

 

2.0 SEDIMENTOLOGICAL BACKGROUND 
 
Detailed regional work by Crowley (1973) and his students Rhinehart (1979) and Wysocki (1980) in 

New York and Pennsylvania, by Smosna and Patchen (1980) in West Virginia and Kentucky, by Smosna 
and others (1989) in Kentucky, and by Multer (1963) and Janssens (1977) in Ohio together established a 
comprehensive interpretation of the depositional history of the Lockport Dolomite in the Appalachian 
basin.  The Lockport sediments were deposited across the central Appalachian region as shallowing 
upwards facies on a broad carbonate platform (Figure LP2).   

 

 
 
Figure LP2.  Cartoon depicting the regional facies patterns interpreted for the Lockport Dolomite 
in the Appalachian basin, modified from Smosna and others, 1989. 

 
Seven lithofacies are recognized in the basin:  

1. Mixed dolomite (intertidal to supratidal) that is sometimes associated with a mixed gray 
biostromal subfacies (subtidal); 

2. Dark dolomite (interreef or interbioherm); 
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3. Grainstone (shoals, banks, reef flanks, and interreef sediments); 
4. Biohermal dolomite (reefs, bioherms and patch reefs); 
5. Crinoidal dolomite (subtidal); 
6. Quartzose dolomite (barrier island); and 
7. Shaly dolomite (shallow subtidal). 

  
Figure LP3 shows the subsurface distribution of carbonate rock types and their interpreted depositional 

environments in three cores recovered across the Kilgore gas pool in Mercer County, Pennsylvania.  The 
depositional environment of these lithofacies was similar to modern carbonate settings in south Florida, 
the Bahamas, and parts of the Persian Gulf (Laughrey and others, 2007).  The Lockport sediments were 
deposited in a shallow epicontinental sea which extended westward through New York, Pennsylvania, 
West Virginia, Kentucky, and Ohio across the Cincinnati-Findlay-Algonquin axis into the Indiana, 
Illinois, and Michigan basins.  

 

 
Figure LP3A.  Interpretation of the Snyder #1 well core of Lockport Dolomite recovered from the 
Kilgore Pool, Mercer County, Pennsylvania. The variably argillaceous rocks at the base of the 
Lockport Dolomite (gray, with relatively high gamma ray response) are interfingering shaly 
dolomite and crinoidal dolomite lithofacies. The bioherm and biostrome rocks belong to the 
biohermal and grainstone lithofacies. 
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Figure LP3B.  Interpreted core from the Johnson #1 well recovered at Kilgore pool, Mercer 
County, Pennsylvania. In addition to the same lithofacies recognized in A, this core contains rocks 
from the dark dolomite lithofacies (dolomudstone). 
 

 
 

Figure LP3C.  Interpreted core from the Baker #1 well at Kilgore pool, Mercer County, 
Pennsylvania. All of these rocks belong to the mixed dolomite lithofacies. 
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3.0 COMPOSITION 
 

3.1 Skeletal and Non-Skeletal Grains 
 
The principal skeletal components of the Lockport Dolomite include stromatoporoids, corals, echinoids, 

bryozoans, algae, brachiopods, gastropods, cystoids, and trilobites.  Non-skeletal components include 
ooids and peloids.  Dolomitization typically obliterates the original depositional fabric of the Lockport 
carbonates, but many samples exhibit mimic replacement (Kaldi and Gidman, 1982; Sibley and Gregg, 
1987) allowing ready identification of the allochems.  Even samples with non-mimically replaced 
components reveal so-called ghost structures (Sibley and Gregg, 1987), and most of the completely 
crystalline dolostones exhibit their original sedimentary components under ultraviolet fluorescence or 
when using white card techniques (Folk, 1987).  

 

3.2 Matrix 
 
Carbonate matrix in the Lockport rocks consists of micrite and dolomicrite.  It is most common as 

sediment in the shaly dolomite, dark dolomite, and mixed dolomite lithofacies.  These dolomudstone 
lithologies are often argillaceous and silty.  Micrite and dolomictite also occur as cement in all of the 
other lithofacies, as discussed below. 

 

3.3 Cements 
 
Carbonate cements in the Lockport Dolomite include fibrous, bladed, and equant calcite (Figure LP4).  

The latter cement occurs as pore-filling granular calcite crystals and as pore-filling drusy, sparry calcite. 
Syntaxial calcite cement is common on echinoderm grains.  Calcite micrite envelopes surround and 
cement grains in the Lockport and some calcite cements exhibit a botryoidal habit.  Peloidal calcite 
cements are important in some facies (Figure LP4A).  Dolomite is the most important cement in the 
rocks.  Specific dolomite fabrics are discussed below. 
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Figure LP4A.  Calcite cements in the Lockport Dolomite. 

 

 
 
Figure LP4B.  Calcite cements in oolitic grainstone in the Lockport Dolomite. 

 



A-7 
 

 
 
Figure LP4C.  Calcite cements in the Lockport Dolomite. 

 
There are various non-carbonate cements in the Lockport Dolomite.  These include anhydrite (Figure 

LP4D) and gypsum, iron sulfide minerals, galena, fluorite, quartz, cuprite, and malachite.   
    

 
 
Figure LP4D.  Anhydrite cement lithifies peloidal intraclasts in the Lockport Dolomite. The 
peloidal intraclasts are dolomite with mimetic replacement of the original carbonate.  Pyrobitumen 
lines and fills many pores in the dolomite. 
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3.4 Clastic Components 
 
The Quartzose Dolomite lithofacies of the Lockport Dolomite contains up to 60 percent detrital quartz 

and four percent detrital plagioclase.  Minor to trace amounts of pyrite, zircon, and amphibole occur in the 
rocks which range from quartzose unimodal planar-s to nonplanar-a dolomite to dolomitic quartz arenite 
and subarkose.  Syntaxial quartz overgrowths partially cement these rocks and predate extensive 
carbonate mineral cementation.  

 
The Shaly Dolomite lithofacies of the Lockport Dolomite is dominated by carbonate, but insoluble 

residue analysis reveals the presence of five to 10 percent detrital silt-size quartz along with a few percent 
pyrite and clay minerals.     

    

3.5 Dolomite Fabrics 
 
We recognize seven distinct dolomite textures in the Lockport Dolomite, as defined using the 

classifications of Sibley and Gregg (1987): (1) planar-e; (2) planar-s; (3)  planar-c; (4) planar-p; (5) 
planar-s to nonplanar (transitional); (6) nonplanar-a; and (7) nonplanar (saddle) (Figure LP5). Crystal 
sizes range from micron-sized to millimeter-sized (Friedman, 1965). The original carbonate particles and 
cements run the gamut from rare unreplaced components to constituents that are partially replaced to 
completely replaced by dolomite. Dolomite replacement fabrics are both mimetic and non-mimetic 
(Sibley and Gregg, 1987). The principal Lockport Dolomite fabrics are illustrated in Figure LP5.   
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Figure LP5A.  The two most common dolomite textures observed in the Lockport Dolomite are so-
called matrix dolomite and coarsely crystalline dolomite that lines and fills molds and vugs. The 
matrix dolomite consists of polymodal, decimicron-sized planar-s to nonplanar-a (transitional) 
dolomite.  Note that the original depositional texture of the rock was obliterated by dolomitization. 
Note also that matrix dolomite is associated with stylolites and lacks any visible porosity. The 
coarse crystalline dolomite consists of centimicron-sized to millimeter-sized planar-c dolomite 
which incompletely fills a small vug.  Plane light. Ocel #1 well, Carroll County, Ohio, 5,460 ft (1,664 
m).
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Figure LP5B.  Micron-sized unimodal, planar-e and planar-s dolomite replaced mudstone of the 
shaly dolomite lithofacies prior to chemical compaction. Note the dolomite crystals within the 
solution seams and stylolites. 

 
Figure LP5C.  Polymodal planar-e and planar-s dolomite replacing peloidal and skeletal 
components in the mixed dolomite lithofacies of the Lockport Dolomite. Baker well core, Kilgore 
pool, Pennsylvania. 
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Figure LP5D.  Low-magnification view of polymodal planar-e and planar-p (porphyrotopic) 
dolomite replacing allochems and calcite spar cement in oolitic grainstone (Dunham, 1962) or 
oosparite (Folk, 1962) in the Lockport Dolomite. 

 

 
Figure LP5E.  Higher magnification photomicrograph of planar-e and planar-p dolomite replacing 
allochems and cement in oolitic grainstone.  Note that the dolomite preceded chemical compaction, 
i.e., dolomite crystals are partially consumed within the solution seams. 
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Figure LP5F.  Polymodal planar-e and planar-p dolomite, ooids, and calcite cement partially 
dissolved during chemical compaction. 

 
 

 
Figure LP5G.  A completely dolomitized ooid grainstone in the Lockport Dolomite.  The ooids are 
replaced by unimodal planar-s to nonplanar-a dolomite and cemented by polycrystalline planar-e 
to planar-s dolomite.  
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Figure LP5H.  Remarkable mimetic replacement of Stromatoporiod boundstone by finely 
crystalline, unimodal planar-s to nonplanar-a (transitional) dolomite.  Laminoid fenestrae and 
birdeyes are filled with planar-c dolomite cement.  The gray box on the core photograph shows the 
area sampled for the thin section shown at the upper right and the SEM photomicrograph shown at 
the lower right. 
 

 
 
Figure LP5I.  Polymodal planar-e to planar-s dolomite replaces ooid grainstone. 
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Figure LP5J.  Mixed-fossil/peloid dolograinstone. The photomicrograph on the left shows a 
unimodal planar-e to planar-s dolomite with numerous allochem ghosts.  The photomicrograph on 
the right shows the same thin section under UV fluorescence. The latter technique allows for more 
confident observation of the original limestone components and reveals intercrystalline porosity in 
the dolomite.  
 

 
Figure LP5K.  SEM (SE) image of matrix dolomite, vuggy porosity, and planar-c dolomite cement 
in the Lockport Dolomite.  
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Figure LP5L.  SEM (BSE) photograph of matrix dolomite, vuggy porosity, and planar-c dolomite 
cement that partially fills the void.  Also note the very finely crystalline dolomite coating both the 
pore walls and the planar-c dolomite.  This material poses a problem with migrating fines. 
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Figure LP5M.  EDS analysis of planar-c cement in the Lockport Dolomite. 
 

4.0 DIAGENESIS 
 
Post-depositional textures and fabrics in the Lockport Dolomite indicate episodes of marine and 

freshwater phreatic diagenesis, freshwater vadose diagenesis, syngenetic replacement of micrite by finely 
crystalline dolomite, compaction and burial cementation, pervasive burial dolomitization, and late 
diagenetic formation of calcite, saddle dolomite, evaporite cements, iron sulfides, galena, fluorite, quartz, 
cuprite and malachite.  Some “dedolomitization” fabrics also occur in the Lockport.  Petrographic 
evidence and production of hydrogen sulfide (H2S) indicate thermochemical sulfate reduction probably 
occurred in the Lockport Dolomite. 

 
Marine phreatic diagenesis is indicated by micrite envelopes and micritized grains, the presence of 

fibrous to bladed isopachous crusts of calcite cement, micropeloidal calcite cement, internal peloidal 
cement and sediment, and internal botryoidal calcite cement (Longman, 1980; Tucker and Wright, 1990; 
Scholle and Ulmer-Scholle, 2003).  Freshwater phreatic diagenesis is indicated by isopachous calcite 
crusts and equant calcite cement with interlocking crystals that coarsen towards the center of pores 
(Longman, 1977; Tucker and Wright, 1990; Scholle and Ulmer-Scholle, 2003).  Freshwater phreatic 
diagenesis led to complete occlusion of depositional porosity in many Lockport lithofacies.  Neomorphic 
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spar formed through inversion and aggrading recrystallization and some vuggy and moldic porosity 
developed through dissolution of Allochems.  Most large vugs and molds, however, formed during 
diagenesis in the vadose zone as did pendant calcite cement, meniscate cement, and tiny pockets of 
carbonate crystal silt (Tucker and Wright, 1990).  

 
Replacement of limestone by planar-p and planar-e dolomite is the earliest dolomitization fabric evident 

in the Lockport Dolomite (Figure LP5A through F).  In some instances, we observe micron-size dolomite 
associated with evaporite minerals replacing calcium carbonate.  This dolomitization is fabric selective. 
Shukla and Friedman (1983) interpreted this dolomitization fabric as having formed through syngenetic 
evaporative pumping.  Their evidence is equivocal, however, and based on the association of evaporite 
minerals with the dolomite. We argue below that both gypsum and anhydrite cements in the Lockport are 
products of late burial diagenesis. 

 
Polymodal planar-e and planar-s dolomite also replace allochems and interparticle calcite cement in the 

Lockport Dolomite (Figure LP5G).  This dolomite is non-fabric selective and preceded burial 
compaction.  Indeed, all of the dolomite fabrics we observed in the Lockport Dolomite preceded chemical 
compaction and stylolite formation in the rocks (Figures LP5 C, D, and F).  

 
Pervasive burial dolomitization is ubiquitous in the Lockport Dolomite throughout much of the 

Appalachian basin.  Four distinct textures define this diagenetic stage: (1) planar-s to nonplanar-a 
(transitional) dolomite; (2) nonplanar-a (anhedral) dolomite; (3) nonplanar (saddle) dolomite; and (4) 
planar-c cements filling interparticle pores, molds, and vugs.  The first two dolomite textures clearly 
replace earlier formed limestone.  We observed both mimetic and non-mimetic replacement fabrics in the 
rocks.  Figure LP5 illustrates the various dolomite textures found in the Lockport Dolomite.  We interpret 
these textures as evidence of dolomitization in the intermediate to deep burial environment for the 
following reasons (see Machel, 2004, p.48): 

 
• The common association of redox-sensitive materials (ferroan carbonate, iron sulfides, and 

hydrocarbons); 
• The dolomites are cross-cut by stylolites, suggesting at least 2,000 ft (610 m) of burial; 
• Nonplanar crystal textures and coarse planar crystal textures suggesting formation at 

temperatures in excess of 140°F (60°C), and; 
• The occurrence of saddle dolomite suggests temperatures of formation in excess of 176°F 

(80°C).   
 
In addition, petroleum fluid inclusion assemblages in the Lockport Dolomite from core recovered at the 

outcrop belt in western New York yield homogenization temperatures of 172 to 253 °F (78 to 123°C) 
(Table LP1 and Figure LP6).  Aqueous inclusions in saddle dolomite and planar-c dolomite cements yield 
homogenization temperatures of 246 to 320°F (119 to 160°C), with most in the range 248 to 302°F [120 
to 150°C (Table LP1 and Figure LP6)], corresponding to vitrinite reflectance (Ro) thermal maturities of 
approximately 1.35 percent (Miles, 1994; Hunt, 1996).  These values agree with those reported by 
Kinsland (1977) for homogenization temperatures of fluid inclusions in fluorite from the Lockport 
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collected in nearby quarries in western New York [270 to 288°F (132 to 142°C) for 20 samples; 304 to 
334°F (151 to 168°C) when corrected for pressure of formation].  Conodont alteration indices (CAI) 
reported from these rocks implies minimum burial temperatures of at least 194°F (90°C).  

 

Table LP1.  Fluid inclusion data for two samples of Lockport Dolomite from USGS core Grand 
Island-2 recovered at Niagara Falls, New York. 
 

A. Data from matrix dolomite. 
  
Population Fluorescence 

Color 
Th hc (°C) Th aq (°C) Tm aq (°C) Salinity (wt 

%) 
A white 96 – 113 (3)    
B white 80 (1)    
C white 97 (1)    
D   144 – 157 (2) N/A N/A 
E   127 (1) -10.0 13.9 
F   128 – 143 (3) -17.3 to –17.5 20.5 – 20.6 
G   123 (1) -24.3 25.2 
H   135 (1) -22.7 24.3 
I   135 (1) -26.2 26.7 
J   143 – 150 (3) -18.2 to -22.4 21.1 – 23.9 
K   143 – 145 (2) N/A N/A 
L   160 (1) N/A N/A 

 
B. Data from planar – c dolomite. 
 

Population Fluorescence 
Color 

Th hc (°C) Th aq (°C) Tm aq (°C) Salinity (wt 
%) 

A white 78 – 84 (3)    
B white 123 – 128 (2)    
D white 82 (1)    
E white 103 – 108 (2)    
C   119 – 134 (3) -19.0 to -19.6 21.7 – 22.1 
F   119 (1) N/A N/A 
G   125 (1) N/A N/A 
H   149 (1) -17.2 20.4 
I   144 – 150 (4) -22.7 to -23.7 24.3 – 25.0 
J   140 – 145 (2) N/A N/A 

 
Th – temperature of homogenization; hc – hydrocarbon inclusions; aq – aqueous inclusions; Tm – final melting 
temperature; number in parentheses is the number of inclusions measured 
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Figure LP6A.  Petroleum fluid inclusions in planar-c cement in the Lockport Dolomite cored at 
Niagara Falls, New York.  
 

 
Figure LP6B.  Aqueous fluid inclusions in planar-c dolomite cement in the Lockport Dolomite 
cored at Niagara Falls, New York.  
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The Lockport Dolomite contains a bevy of additional late diagenetic minerals (Figure LP7).  Besides 

the aforementioned fluorite, the rocks typically include the following pore-filling mineral assemblage: 
 

• Galena; 
• Quartz; 
• Cuprite and malachite; 
• Calcite; 
• Anhydrite and gypsum; 
• Pyrite; and 
• Pyrobitumen (associated with thermochemical sulfate reduction). 

 

 
 
Figure LP7A.  SEM (BSE) image of late diagenetic dolomite and calcite cements fill vug in the 
Lockport Dolomite. 
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Figure LP7B.  EDS analysis of calcite cement shown in A.  
 

 
Figure LP7C.  Thin section photomicrograph of anhydrite and pyrite cements filling vug in the 
Lockport Dolomite. 
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Figure LP7D.  SEM (BSE) photomicrograph of anhydrite and pyrite cements filling vug in the 
Lockport Dolomite. This is the same sample shown in LP7C. 
 

 
Figure LP7E.  EDS analysis of anhydrite cement shown in LP7C and D.  
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Figure LP7F.  Core (left) and thin section (right) views of dolomite, anhydrite, and pyrite cements 
filling vug in the Lockport Dolomite.  The thin section view is in UV light revealing the presence of 
hydrocarbon fluid inclusions in the anhydrite cement. 
 

 
 

Figure LP7G.  Thin section photomicrograph using UV fluorescence showing anhydrite and pyrite 
cements filling vug in the Lockport Dolomite.  Note the bright hydrocarbon (HC) fluid inclusion 
within the anhydrite cement. 
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Figure LP7H. Thin section photomicrograph of authigenic quartz filling vug in the Lockport 
Dolomite. 
 

 
 
Figure LP7I. Fluorite crystals filling vug in the Lockport Dolomite, Baker well core, 5465.5 ft (1,666 
m), Mercer County, Pennsylvania. 
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5.0 POROSITY, PERMEABILITY, AND RESERVOIR CHARACTERISTICS 
 
Reported minimum and maximum porosities in the Lockport Dolomite in the Appalachian basin are 2.0 

to 24.0 percent, respectively, with average values ranging from 4.0 to 14.0 percent (Noger and others, 
1996).  We measured core porosities of 1.5 to 9.0 percent during this investigation, with respective 
permeabilities of 0.0004 to 920 md to air (Klinkenberg permeabilities of 0.0001 to 0.920 md, 
respectively) (Table LP2).  The latter value is a horizontal fracture permeability measured in core from 
the Johnson #1 well in the Kilgore pool, Mercer County, Pennsylvania.  Vertical permeability in the same 
sample is 0.88 md.  

 

Table LP2. Porosity and permeability measurements from Lockport Dolomite cores in 
Pennsylvania and Ohio. 
 

Well 
Name/State 

Depth Porosity Type Porosity 
(%) 

Permeability 
(air) 

Permeability 
(Klinkenberg) 

Johnson #1/PA 5614 vug, moldic 9.6 0.9 md 2.3 md 
Johnson #1/PA 5614 intercrystalline 3.4 0.88 md <0.1 md 
Ocel #1/OH 5422 vug 7.8 53.5 md nm 
Ocel #1/OH 5422 vug, moldic 8.0 0.298 md 0.202 md 
Ocel #1/OH 5436 vug, channel 5.4 13.0 md nm 
Ocel #1/OH 5436 vug 5.4 0.012 md 0.0046 md 
Ocel #1/OH 5460 intercrystalline 1.5 0.0001 md <0.0001 md 
Ocel #1/OH 5468 intercrystalline 1.9 0.0065 md nm 
Ocel #1/OH 5468 intercrystalline 2.0 0.0004 md 0.0001 md 

 
Porous and permeable intervals in the Lockport Dolomite are largely restricted to thicker [>1.5 ft 

(>0.45 m)] zones in the biohermal and biostromal lithofacies and to skeletal shoals in Kentucky.  Using 
the carbonate porosity classification of Choquette and Pray (1970), we recognize ten types of porosity in 
the Lockport Dolomite:  

 
• Fabric selective porosity: 

1. Moldic 
2. Interparticle 
3. Intercrystalline 
4. Growth framework 
5. Fenestral 

• Not fabric selective: 
6. Vug 
7. Channel 
8. Fracture 

• Fabric selective or not: 
9. Shrinkage 
10. Breccia 
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Burial dolomitization obliterated most of the original syngenetic and eogenetic pore textures in the 
Lockport Dolomite.  The porosity present in the rocks today formed mostly through mesogenetic 
processes.  Significant porosity in the Lockport is restricted to vuggy and moldic zones, although channel 
porosity which develops along stylolites can be important.  Interparticle and growth-framework pores 
may locally contribute to storage capacity in the reservoirs.  Figure LP8 shows examples of porosity from 
the Lockport Dolomite. 

 

 
Figure LP8.  Vuggy and intercrystalline porosity in the Lockport Dolomite.  The core sample shown 
on the left shows two large vugs.  One is open and lined with calcite and dolomite cement. The other 
vug is completely filled with calcite, dolomite, and gypsum cement.  The thin section 
photomicrograph shown on the upper left shows planar-c and nonplanar (saddle) dolomite and 
chert partially filling a large vug. The SEM (BSE) photograph on the lower right shows nonplanar-
c dolomite filling a small vug.  

 
The porous moldic and vuggy dolomite also has low intercrystalline void space, thus the Lockport 

Dolomite is characterized by a dual porosity-permeability distribution.  Petrophysical data from a core 
recovered in the Johnson #1 well in Mercer County, Pennsylvania, illustrate the character of this dual 
porosity-permeability system.  Relatively dense crystalline dolomite, the matrix dolomite (Figure LP5A), 
has intercrystalline porosity on the order of 1.4 to 3.4 percent, and permeability that is usually less than 
0.1 md (Table LP3).  Vertical fractures may slightly enhance this permeability; we observed a vertical 
fracture permeability of 0.88 md in the matrix dolomite in the Johnson #1 well core from Kilgore pool in 
Mercer County, Pennsylvania (Table LP3).  Vuggy and moldic zones in the Lockport Dolomite have 
porosity on the order of 9.6 percent with permeabilities of 50.6 md (horizontal) and less than 0.10 md 
(vertical) (Table LP3).  Capillary pressure curves of the moldic and vuggy dolomite reflect the 
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desaturation of these voids (Figure LP9).  The broad transition zone on this curve represents mercury 
closure over surface irregularities on the pore walls.  Pore throat sorting in the sample is 1.5.  Irreducible 
saturations in the vuggy and moldic interval average seven to nine percent at water pressures of 97 to 284 
psi (669 to 1,958 kPa).  

 
Table LP3. Permeabilities to various fluids in the Lockport Dolomite, Johnson #1 well, Kilgore 
pool, Mercer County, Pennsylvania, 5,610 ft.  
 
 

FLUID 
VUGGY POROSITY INTERCRYSTALLINE POROSITY 

Horizontal k (md) Vertical k md Horizontal k md Vertical k md 
initial reversed initial reversed initial reversed initial reversed 

Nitrogen 0.920  - <0.10 - <0.10 - 0.88 - 
Kerosene 2.33  - <0.10 - <0.10 - <0.10 - 

Brine 50.6  51.4  <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 
Water 16.5  51.9  <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 

 
 
 

 
 

Figure LP9.  Capillary pressure curve of vuggy Lockport Dolomite recovered from the Johnson #1 
well, Kilgore pool, Mercer County, Pennsylvania.  
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The Lockport Dolomite exhibits remarkable reservoir heterogeneity within this dual porosity-
permeability system (Figure LP10).  We analyzed side wall cores from four distinct zones in the Lockport 
in the Great Lakes Energy Ocel # 1 well in Carroll County, Ohio.  The sample recovered from 5,422 ft 
(1,653 m) in this well has the highest porosity and permeability observed in the well, 7.8 percent and 53.5 
md (to air), respectively (Table LP4).  This permeability exists between interconnected molds and vugs 
(Figure LP11).  Where vugs are isolated in the same sample (Figures LP11), permeability is only 0.298 
md to air (0.202 Klinkenberg) (Table LP2).  This sidewall core penetrated and recovered matrix dolomite 
and dolomite cement from a relatively large, partially cemented and filled vug.  This cement consists of 
polymodal, decimicron-to centimicron-sized planar-e to planar-s dolomite (Figure LP12).  

 

 
Figure LP10.  Porosity versus permeability for the four samples of Lockport Dolomite from the 
Ocel Unit #1 well, Carroll County, Ohio. 
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Table LP4.  X-ray diffraction results for sidewall core samples of the Lockport Dolomite from the 
Ocel #1 well, Carroll County, Ohio. 
 

Sample CLAYS CARBONATES 

Depth (ft) Chlorite Kaolinite Illite Smectite Calcite1 Dol/Ank Siderite 

5422.0 Tr 0 2 0 0 84 Tr 

5436.0 Tr 0 1 0 0 97 Tr 

5460.0 Tr 0 2 0 0 96 Tr 

5468.0 Tr 0 1 0 0 98 Tr 

AVERAGE Tr 0 1 0 0 94 Tr 

 

Sample TOTALS 

Depth (ft) Quartz K-spar Plag. Pyrite Clays Carb. Other 

5422.0 13 0 0 1 2 84 14 

5436.0 1 0 0 1 1 97 2 

5460.0 1 0 0 1 2 96 2 

5468.0 Tr 0 0 1 1 98 1 

AVERAGE 4 0 0 1 1 94 5 

 
 

 
 
Figure LP11A.  Moldic and vuggy porosity in the Lockport Dolomite, Ocel #1 well, Carroll County, 
Ohio, 5,422 ft (1,653 m).   
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Figure LP11B.  Higher magnification view of isolated vuggy porosity in the Lockport Dolomite, 
Ocel #1 well, Carroll County, Ohio, 5,422 ft (1653 m).   
 

 
 

Figure LP12A.  SEM (BSE) view of isolated vuggy porosity in the Lockport Dolomite, Ocel #1 well, 
Carroll County, Ohio, 5,422 ft (1,653 m). 
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Figure LP12B.  EDS analysis of tight matrix dolomite in the Lockport in the Ocel #1 well, Carroll 
County, Ohio, 5,422 ft (1,653 m).  
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The mercury (Hg) injection capillary pressure data for this sample of Lockport Dolomite indicates 

moderate pore throat sorting (2.2) and reservoir grade (13) (Figure LP13).  Pore throat radii range in size 
from 0.0018 to 11.1 microns, but are skewed towards the larger sizes, between 1.08 and 11.1 microns 
(Figure LP14).  Figure LP15 shows the equivalent gas-water capillary pressure and the Leverett-J-
function for this sample.  

 

 
Figure LP13. Mercury injection capillary pressure curve for the Lockport Dolomite in the Ocel #1 
well, Carroll County, Ohio, 5,422 ft (1,653 m).  
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Figure LP14. Pore throat radii measurements for the Lockport Dolomite in the Ocel #1 well, 
Carroll County, Ohio, 5,422 ft (1,653 m).  

 

 
Figure LP15.  Equivalent gas-water capillary pressure (left) and Leverett-J-function for the 
Lockport Dolomite in the Ocel #1 well, Carroll County, Ohio, 5,422 ft (1,653 m).  
 

The sample recovered from 5,436 ft (1,657 m) in the Ocel #1 well has moderate porosity and 
permeability, 5.4 percent and 13 md (air) (Figure LP16 and Table LP2).  The dual porosity-permeability 
system so typical of Lockport reservoirs is still apparent; permeability within the intercrystalline space of 
the matrix dolomite is only 0.012 md to air (0.0046 Klinkenberg).  Matrix dolomite consists of unimodal, 
decimicron-sized planar-s dolomite and vugs are largely filled with polymodal, decimicron-sized planar-c 
and nonplanar (saddle) dolomite (Figures LP16 and LP17).  The Hg injection capillary pressure curve 
indicates poor pore throat sorting (10) (Figure LP18).  Pore throat radii are quite broadly distributed 
between 0.0018 and 11.1 microns, just like the shallower sample from 5,422 ft (1,653 m), but this 
distribution is not nearly as skewed (Figure LP19).  Figure LP20 shows the equivalent gas-water capillary 
pressure and the Leverett-J-function for the sample from 5,436 ft (1,657 m).  



A-34 
 

 

 
Figure LP16A.  Reduced vuggy porosity in the Lockport Dolomite, Ocel #1 well, Carroll County, 
Ohio, 5,436 ft (1,657 m). 
 

 
 

Figure LP16B.  Higher magnification view of reduced vuggy porosity in the Lockport Dolomite, 
Ocel #1 well, Carroll County, Ohio, 5,436 ft (1,657 m).  Note the stylolite and solution-seam residue. 
Some of the dolomite was dissolved during chemical compaction. 
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Figure 16C.  SEM (BSE) photo of the same sample shown in A and B.  
 

Figure 17.  EDS analysis of planar-c dolomite that partially fills vuggy porosity in the Lockport 
Dolomite, Ocel #1 well, Carroll County, Ohio, 5,436 ft (1,657 m). 
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Figure LP18.  Mercury injection capillary pressure curve for the Lockport Dolomite sample from 
5,436 ft (1,657 m) in the Ocel Unit #2 well, Carroll County, Ohio. 
 

 
Figure LP19.  Measurement of pore throat radii from Hg saturation capillary pressure data for 
Lockport Dolomite sample from 5,436 ft (1,657 m) in the Ocel Unit #1 well, Carroll County, Ohio. 
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Figure LP20.  Equivalent gas-water capillary pressure and the Leverett-J-function for Lockport 
Dolomite sample from 5,436 ft (1,657 m) in the Ocel Unit #1 well, Carroll County, Ohio. 

 
Two more samples which we analyzed from the Ocel #1 well are tight, with low porosity (1.5 to 2.0 

percent) and permeability (<0.0001 md Klinkenberg; Table LP2).  Localized channel porosity in the 
sample from 5,468 ft (1,667 m; Figure LP21) has some enhanced permeability (0.0065 to air), but 
reservoir quality is quite poor.  The sample consists of centimicron-sized, polymodal planar-s to planar-a 
(transitional) matrix dolomite with solution seams and stylolites developed along the boundary of an 
apparent lithofacies contact (Figure LP21).  Isolated, localized channel porosity developed along the 
stylolites where planar-c cement and nonplanar (saddle) dolomite partially fill the void.  Total porosity is 
only 1.9 percent.  The capillary pressure curve (Figure LP22) shows that pore throat sorting is fair (2.2).  
Pore throat radii range from 0.0018 to 0.752 microns (Figure LP23).  Figure 25 shows the equivalent gas-
water capillary pressure and the Leverett-J-function for this sample.  The tight dolomite sample from 
5,460 ft (1,664 m) consists of centimicron-sized, nonplanar-a dolomite (Figure LP25).  Porosity is 1.4 
percent and permeability is 0.0001 md (Table LP2). 
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Figure LP21.  Centimicron-sized, polymodal planar-s to planar-a (transitional) matrix dolomite 
from 5,468 ft (1,667 m) in the Ocel Unit #1 well, Carroll County, Ohio.  Note the more argillaceous 
nature and slightly smaller crystal size of the matrix dolomite in the bottom half of the 
photomicrograph compared to the cleaner and slightly coarser matrix dolomite at the top of the 
picture.  The latter dolomite also contains ooid and fossil grain ghosts (arrows).  Chemical 
compaction occurred at the contact between two lithofacies resulting in solution seams and 
stylolites.  Channel porosity developed along stylolites and was partially filled by dolomite cement.  
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Figure LP22.  Mercury injection capillary pressure curve for the Lockport Dolomite sample from 
5,468 ft (1,667 m) in the Ocel Unit #2 well, Carroll County, Ohio. 

 

 
Figure LP23.  Measurement of pore throat radii from Hg saturation capillary pressure data for 
Lockport Dolomite sample from 5,468 ft (1,667 m) in the Ocel Unit #1 well, Carroll County, Ohio. 
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Figure LP24.  Equivalent gas-water capillary pressure and the Leverett-J-function for Lockport 
Dolomite sample from 5,468 ft (1,667 m) in the Ocel Unit #1 well, Carroll County, Ohio. 
 
 

 
 
Figure LP25.  Thin section photomicrograph (left) and SEM (BSE) image (right) centimicron-sized, 
nonplanar-a dolomite, Ocel Unit #2 well, Carroll County, Ohio, 5,469 ft (1,667 m). 
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Table LP5. Summary of acid solubility test results for sidewall core samples of the Lockport 
Dolomite from the Ocel #1 well, Carroll County, Ohio. Tests were performed at ambient 
temperature. 

 
A. With 15% HCl 

 
Sample   Acid   
Depth, Acid Solubility,   

feet System percent Observations 
    

5422.0 15% HCl 93.2 Heavy Reaction 
    

5436.0 15% HCl 97.4 Heavy Reaction 
    

5460.0 15% HCl 97.5 Heavy Reaction 
    

5468.0 15% HCl 96.7 Heavy Reaction 
    

 
B. With 20% HCl 

 
Sample   Acid   
Depth, Acid Solubility,   

feet System percent Observations 
    

5422.0 20% HCl 93.7 Heavy Reaction 
    

5436.0 20% HCl 97.6 Heavy Reaction 
    

5460.0 20% HCl 98.3 Heavy Reaction 
    

5468.0 20% HCl 97.7 Heavy Reaction 
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APPENDIX B 
PETROGRAPHY AND PETROPHYSICS OF THE KEEFER SANDSTONE 

 

1.0 SAMPLES AND METHODS 
 
The Keefer Sandstone consists of very fine- to coarse-grained sublitharenite and quartz arenites 

deposited in littoral to shallow marine environments.  These sandstones are cemented by quartz, 
anhydrite, gypsum, calcite, and dolomite.  Porosity ranges from 1 to 20 percent, but averages only 5 
percent.  Void types include primary and secondary intergranular porosity and open fractures.  Examples 
of lithology types and diagenetic features are presented in the photographs below.  This appendix 
concludes with a brief geophysical log evaluation of this unit. 

   
Thin sections and a geophysical log suite from the United Fuel Gas No. 9509-1 well in Roane County, 

West Virginia, were used to characterize this reservoir as a potential sequestration target (Figure KS1).  
No core data were available for the Keefer Sandstone for this study.     

Figure KS1.  Map showing the location of thin sections and geophysical log suite used in the 
evaluation of the Keefer Sandstone. 
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2.0 DIAGENESIS 
 
Our petrographic analysis revealed a diagenetic sequence related to both porosity occlusion and 

creation in these rocks.  This sequence is presented below:   
 

Compaction 
 

Compaction is an early diagenetic process that reduces the original intergranular porosity in the Keefer 
Sandstone.  Evidence of compaction includes concavo-convex grain contacts, redistribution of 
argillaceous material, and deformed argillaceous rock fragments.   

 

 

Figure KS2.  Photomicrograph of a thin section revealing compaction of an argillaceous rock 
fragment creates pseudomatrix (P) in this quartz wacke. Dissolution and replacement of the 
pseudomatrix is observed. Plane polarized light. 
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Cementation 
 

Cementation occurred relatively early in the diagenetic sequence.  Early cements include authigenic 
clay minerals and quartz overgrowths. 

   

 

Figure KS3.  Photomicrograph of a thin section showing authigenic clay coating a feldspar (F) 
grain; arrows indicate the clay.  Crossed nicols. 

 

Dissolution and Microfractures 
 

Porosity is created by the dissolution of both carbonate material and unstable constituent grains.  
Microfractures also contribute to the voids space in this unit.   
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Figure KS4.  Thin section showing that dissolution of carbonate material has created vuggy 
porosity.  The vug (V)  is partially filled with dolomite cement. Plane polarized light. 

 

 

Figure KS5.  Thin section showing microfractures that cross-cut detrital quartz (Q) and calcite 
cement (C).Crossed nicols.  
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Late stage cementation is the last diagenetic process observed in these rocks and it reduces primary 
intergranular porosity and some of the earlier porosity created by dissolution.  Dolomite and calcite 
cements are observed.  Calcite cements have both poikilotopic and drusy morphologies.   
 

 

Figure KS6.  This rock is composed entirely of dolomite (D) and calcite (C) cement.  Tight 
intercrystalline porosity occurs between cement grains. Thin section, plane polarized light.  

 
3.0 POROSITY DEVELOPMENT 

 
Only secondary porosity, developed by dissolution of constituent grains and cement, is observed in the 

Keefer Sandstone.  Fractures make minor contributions to the void space in this interval, but we did not 
include any kind of detailed fracture analysis in our study.  Microfractures, observed in thin section, were 
seen throughout the section.  Examples of porosity types are presented below.   

 

Pressure Solution 
 
Evidence of pressure solution is rare in the Keefer Sandstone, but it is observed in some of the quartz 

arenites. These photomicrographs show stylolites and associated dissolution in the argillaceous layers of 
the sandstones. 
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Figure KS7.   Keefer Sandstone, Roane County, West Virginia, 3,506 ft (1068.6 m). 
 

 

 

Figure KS8.   Keefer Sandstone, Roane County, West Virginia, 3,518 ft (1072.3 m). 
 

Fracturing 
 
Open microfractures create minor porosity in the Keefer Sandstone.  Early fractures are filled with 

calcite, dolomite, and quartz cement. Later fractures cross-cut these cements.  Fractures in argillaceous 
layers are associated with secondary dissolution. 
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Figure KS9.   Keefer Sandstone, Roane County, West Virginia, 3,514 ft (1071.1 m). 
 

 
 

Figure KS10.   Keefer Sandstone, Roane County, West Virginia, 3,518 ft (1072.3 m). 
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4.0 DISSOLUTION OF DETRITAL SEDIMENT 

 
Dissolution of the original sediment created porosity in this sandstone. A rock fragment (A). Remnants 

of argillaceous material prevented precipitation of later cement (B). 

 

 
 

Figure KS11.   Keefer Sandstone, Roane County, West Virginia, 3,520 ft (1,073 m). 
 
 

 
 

Figure KS12.   Keefer Sandstone, Roane County, West Virginia, 3,506 ft (1,068.6 m). 
 
5.0 DISSOLUTION OF AUTHIGENIC CEMENT 

 
The most substantial porosity observed in the Keefer Sandstone occurs where calcite cement has 

dissolved to create vugs.  The vugs contain some very fine euhedral to subhedral dolomite crystals.  
Dolomitization is the final diagenetic process observed in these rocks. 

A 

B 
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Figure KS13.   Keefer Sandstone, Roane County, West Virginia, 3,520 ft (1,073 m). 
 

 
 

Figure KS14.   Keefer Sandstone, Roane County, West Virginia, 3,506 ft (1,068.6 m). 
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6.0 PETROPHYSICAL EVALUATION 

 
An evaluation of geophysical logs from the United Fuel Gas No. 9509-T well, was used to determine 

porosity and water saturation of the Keefer Sandstone in Roane County, West Virginia.  Porosity in this 
interval is 2.2 percent, and water saturation is 95 percent.     

 

Figure KS15.   Portion of geophysical log for API Number 4709901549, United Fuel Gas No. 9509-
T, Roane County, West Virginia, used to calculate water saturation and porosity in the Keefer 
Sandstone. 

 



APPENDIX C 
PETROGRAPHY AND PETROPHYSICS OF THE BASS ISLANDS DOLOMITE 

 
1.0 SAMPLES AND METHODS 

 
A limited number of thin sections from the Summit Storage field located in Erie County, Pennsylvania 

(Figure BID1) were available for evaluation of the Bass Islands Dolomite.  Throughout this well, the unit 
ranges from a peloidal grainstone to an intraclastic grainstone with minor dolomitization observed as 
planer-e and planer-s crystals.  Carbonate cement, intraclasts, and peloids have all been partially 
dolomitized and dolomitization is not fabric selective.  These rocks are tightly cemented, and there is no 
evidence of fracturing to created secondary porosity in the rocks.  A selection of available thin sections 
below illustrates the lithological and diagenetic characteristics of these rocks.     

 

 
 

Figure BID1.  Map showing the location of oil and gas fields producing from the Bass 
Islands Trend and the location of wells used in this study for reservoir evaluation. 
 

 
 



 

 
Figure BID2.  Fine planar-s and planar-e dolomite crystals (D) replace original material in 
this intraclastic grainstone.  The dolomitization is not fabric selective. 

 
 
 
 

 
Figure BID3.  Poikilotopic (P) and isopachus rim (I) calcite cements fill all intergranular 
space in this intraclastic grainstone. 
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Figure BID4.  This peloidal grainstone is clearly laminated. Intergranular space in the 
upper layer (1) is primarily micrite.  The lower layer (2) contains abundant calcite spar. 
 
 

 
Figure BID5.  All primary and secondary porosity has been completely filled with coarse, 
equant calcite cement in this peloidal grainstone. 
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Figure BID6.  Fine, planer-e dolomite crystals (D) replace both original intraclasts and 
coarse calcite cement.   

 
 

 
Figure BID7.  The irregular size and shape of these intraclasts suggest that some were 
skeletal grains that have been highly micritized.  Isopachus rim (I) cements and equant (E) 
calcite cement are present. 
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2.0 PETROPHYSICAL EVALUATION 

 
Preliminary petrophysical studies of the Bass Islands Dolomite rely heavily on geophysical log 

interpretation.  A complex geophysical log suite from the Macedonia pool, Erie County, Pennsylvania, 
reveals important reservoir characteristics. The producing interval (2,680 to 2,762 ft; 819 to 842 m) in the 
Lantz #4 well includes the Lower Devonian Bois Blanc and Manlius formations and the Upper Silurian 
Bass Islands Dolomite.    

   

 
 
Figure BID8.  Geophysical log suite from the Lantz # 4 well, Erie County, Pennsylvania, 
used for calculating reservoir characteristics. 

 
 

The reservoir characteristics calculated from the geophysical log suite shown above are presented in 
tabular format below. 

 

 
 

Reservoir Parameter Interpretation 

Bulk Volume Water 
(BVW) 

Upper pay interval Very low:  0.01 Vuggy and moldic porosity 

Lower pay interval Variable:  0.01-0.025 
Vuggy and/or moldic and 
intercrystalline porosity 

Water Saturation 

Low value 10% 

Lowest values associated with 
the Bass Islands Dolomite 

High value 10% 

Pay interval average 
10% 
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APPENDIX D 
PETROGRAPHY AND PETROPHYSICS OF THE ORISKANY SANDSTONE 

 
1.0 SAMPLES AND METHODS 

 
We examined and described 10 cores of the Oriskany sandstone from the study area (Figure 

ORSK1) and collected a total of 132 samples for detailed analyses (Table 1). These analyses 
included thin section examination, SEM petrology using secondary (SE) and backscattered (BSE) 
electron modes, energy dispersive spectroscopy (EDS), cathodoluminescence (CL), selected 
conventional core analyses, and selected special core analyses. 

 
Figure ORSK1.  Map showing the locations of the ten cores sampled for this study.  
Cores for which core analyses were performed are shown in orange.   

 

Thin sections were prepared at Weatherford Laboratories. All thin sections were stained for 
calcite (Alizarin Red S) and potassium feldspar (sodium cobaltinitrite). All thin sections were 
prepared using blue-stained epoxy which was introduced into the sample before cutting and 
polishing to facilitate observations of porosity and pore textures. We used a Leica DML 
polarizing microscope equipped with a Leica DFC camera for all transmitted light microscopy.  

 
We examined selected unembedded and unpolished samples on a Hitachi S-2600N variable 

pressure scanning electron microscope (SEM) operating with a pressure of 10 Pascals using the 
backscattered electron detection imaging system at 20 kV and a working distance of 15 mm. The 
elemental composition of these samples was determined using Quartz Imaging System’s Quartz 
XOne energy-dispersive X-ray spectroscopy (EDS) package which includes an e2v Sirius 
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10/UTW/SEM detector having a 10 mm2 crystal and an ultra thin polymer window. We used the 
same SEM, operating in high-vacuum mode at 20 kV and a working distance of 16.3 mm when 
conducting CL analyses using a Gatan ChromaCL detector and Digital Micrograph software.  

 
We classified the sandstones using the scheme of Pettijohn, Potter, and Siever (1987, Figure 5-

1), which is modified from Dott (1964, Figure 3). We used the sandstone porosity classification 
of Schmidt and McDonald (1979, Table 1), as well as their specific criteria for recognizing 
secondary sandstone porosity (Schmidt and McDonald, 1979, Figure 7). We also utilized the 
porosity classification of Luo and Machel (1995) to describe pore sizes in the sandstones.  

 
Conventional and special core analyses were performed at Weatherford Laboratories in 

Houston, Texas. All of the data generated from these analyses are presented in Attachment ORSK 
and discussed below. 

 
2.0 SEDIMENTOLOGICAL BACKGROUND 

 
The Oriskany sandstone in the Appalachian basin contains a variety of lithofacies which 

correspond to different depositional facies that accumulated in a wave/tide-dominated deltaic 
system and shallow marine shelf system (Basan and others, 1980). These lithofacies are: 1) 
conglomerate; 2) silica-cemented, fine- to coarse-grained sandstone; 3) calcite-cemented, very 
fine- to medium-grained sandstone; 4) sandy quartzose limestone; and 5) argillaceous shale 
(Basan and others, 1980).  The conglomerate lithofacies corresponds to delta front and shallow 
marine bar sand depositional facies. These were deposited mostly in eastern Pennsylvania, eastern 
West Virginia, and Virginia. Although the Oriskany sandstone contains very few characteristics 
indicative of deltaic sedimentation, some kind of deltaic input is necessary in order to account for 
the volume of clastic sediment present in the formation in the basin (Basan and others, 1980). 
Reworking of sediment on the marine shelf probably masked deltaic sedimentation signatures. 

  
The silica-cemented, fine- to coarse-grained sandstone lithofacies was deposited throughout the 

Appalachian basin as shallow marine bar sands and delta front sands. This lithofacies was also 
deposited as shoreface and beach sediments in western Pennsylvania, Ohio, and New York. The 
principal portions of the beach deposits formed in a semicircular pattern from New York, around 
the western basin margin to the southern part of the basin (Basan and others, 1980, p. 90). East of 
this region, as well as west of the Rome Trough, this Oriskany lithofacies accumulated in an 
upper shoreface complex that formed in front of the beaches.   

 
The calcite-cemented, very fine- to medium-grained sandstone lithofacies was deposited in the 

lower part of the upper shoreface and in the middle shoreface in western Pennsylvania, western 
West Virginia, Ohio, and New York.  

 
The sandy quartzose limestone lithofacies was deposited in the lower shoreface of eastern New 

York and across Pennsylvania.  
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Finally, the argillaceous shale lithofacies was deposited as offshore muds in eastern New York 
and northeastern Pennsylvania.   

 
3.0 TEXTURE AND FABRIC 

 
The Oriskany sandstones we examined range in size from very fine-grained to very coarse-

grained (Table 1).  The sandstones are poorly sorted to well sorted (phi standard deviations of 1.7 
to 0.35). The detrital quartz grains are sub-rounded to rounded and exhibit variable sphericity. 
Grain contacts in the samples we examined are mostly long or concavo-convex, although a small 
number of point contacts and floating grains appear along most thin section traverses. The latter 
appear within patches of calcite cement. Sutured grain boundaries occur in some of the 
Pennsylvania samples.       

 
4.0 COMPOSITION 

 
All of the Oriskany sandstones we examined are quartz arenites, i.e., rocks containing no more 

than five percent of either feldspar or rock fragments, and with less than 15 percent matrix 
(Pettijohn and others, 1987). Some of the sandstones contain more than 50 percent carbonate, 
present as calcite cement and fossil allochems, and are classified as sandy limestones. 

 
Most quartz grains are monocrystalline and exhibit undulose extinction under crossed nicols. 

Three to five percent of the quartz grains are polycrystalline. Most quartz grains have abundant 
small vacuoles and mineral inclusions. All of these characteristics suggest a probable 
metamorphic and/or hydrothermal source terrain. The minor feldspars present in the sandstones 
are microcline, orthoclase, and uncommon plagioclase. Most of the feldspars are altered in 
varying degrees to chlorite, illite, and smectite. The lithic grains in the Oriskany sandstone 
include schistose and volcanic rock fragments, chert, and dolomite. Accessory minerals include 
trace amounts of tourmaline, epidote, and zircon.  

 
Calcite and quartz are the principal cements in the Oriskany sandstones (Figure ORSK2). Other 

minor cements include dolomite, ankerite, siderite, illite, chlorite, smectite, hematite, tourmaline, 
and feldspar. Glauconite and pyrite are common authigenic components of the sandstones. 
Chalcedony commonly replaces fossil grains and calcite cement in the sandstones.          
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Figure ORSK2. Thin section photomicrograph of the Oriskany sandstone cemented 
by syntaxial quartz overgrowths and calcite. Ohio well 2876, 3,300.5 ft (1,006 m). 
Porosity in this sample is 2.9 percent. Permeability to air is 0.074 md. Klinkenberg 
permeability is 0.041 md. Plane polarized light. 

 
5.0 DIAGENESIS AND EPIGENESIS 

 
The Oriskany sandstone in the Appalachian basin was lithified by various authigenic cements. 

Syntaxial quartz overgrowths and intergranular calcite are the most important of these cements 
(Figure ORSK2), but the sandstones also contain authigenic clay minerals, feldspar, dolomite, 
ankerite, siderite, chert, pyrite, and tourmaline. Mechanical and chemical compaction played 
important roles in reducing porosity and lithifying the sandstones. Bitumen lines and coats most 
void space in the Oriskany sandstone throughout the basin. Tectonic fractures which formed in 
the Oriskany sandstones during their burial and uplift history and were partially- to completely-
filled by epigenetic quartz and ferroan calcite.  

 
Syntaxial quartz overgrowths developed in optical continuity with detrital quartz substrates 

(authigenic quartz grew preferentially along the c-axis of the original grain) and grew into the 
original void spaces of the sandstones significantly reducing porosity (Figures OR3 and OR4).  
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Figure ORSK3. Higher magnification thin section photomicrograph of the Oriskany 
sandstone from Ohio core 2876 (see Figure ORSK2) showing the optical details of syntaxial 
quartz overgrowth cement in plane polarized light.  Faint so-called dust rims (actually 
mineral or fluid inclusions) mark the boundary of the detrital quartz and cement. The 
overgrowths formed in optical continuity with the underlying quartz grains. 
 

 

Figure ORSK4. SEM (SE) photomicrograph of well-developed euhedral quartz 
overgrowths (O) in the Oriskany sandstone on Ohio core 2876. Also note the thin 
illite clay coatings (I) lining the reduced intergranular pore space and the authigenic 
quartz overgrowths, indicating that the illite formed after the quartz overgrowths. 
Calcite cement (C) is visible in the upper right corner of the photomicrograph.  
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In thin section, mineral and fluid inclusions denote the boundaries of the detrital quartz and 
overgrowth cement. Energy dispersive spectroscopy confirms the chemical composition of the 
quartz overgrowth cement in the sandstones (Figure ORSK5).   

 

 

Figure ORSK5. EDS analysis of euhedral quartz overgrowth in the Oriskany 
sandstone. The cross in the SEM (BSE) photo shows the location of the EDS spectral 
analysis, which confirms the composition of the quartz cement. Note the minor 
concentrations of copper (Cu) and calcium (Ca) within the quartz (Si) overgrowth. 

 
Calcite is the most volumetrically significant cement in the Oriskany sandstone, ranging from 

as little as four percent of the bulk volume of the rocks to 50 percent of the sandstone. Oriskany 
rocks with more than 50 percent calcite are classified as sandy limestones.  The calcite cement in 
the Oriskany sandstone exhibits three principal habits: 1) sparite which forms fibrous to drusy 
cement fringes on fossil grains or occurs as syntaxial overgrowths on echinoderm fragments; 2) 
large poikilotopic crystals enclosing numerous detrital grains; and 3) micron-sized to 
centimicron-sized crystals infilling isolated pores (Figures OR6 – OR13).  
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Figure ORSK6. Mostly calcite-cemented Oriskany sandstone in the Pennsylvania 
Sipe #1 core, 8, 848 ft (2,697 m).  The sample contains 50 percent detrital sand and 
50 percent calcite. The latter occurs as fossil allochems and cement.  The calcite 
cement occurs as sparite, which forms fibrous to drusy cement fringes on fossil 
grains (1), as large poikilotopic crystals enclosing numerous detrital grains (2), as 
syntaxial overgrowths on echinoderm fragments (SO), and as crystals infilling pores 
(3).   
 
 

 
 

Figure ORSK7. Oriskany sandstone, Ohio core 2876, 3, 305 ft (1,008 m). The 
sandstone is well-lithified quartz arenite with almost equal amounts of quartz 
overgrowth cement and calcite cement.  The latter occurs as sparite, which forms 
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fibrous to drusy cement fringes on fossil grains, a fabric typical of sea floor 
cementation during marine diagenesis.  

 

Figure ORSK8. Micron-sized to centimicron-sized calcite crystals infilling isolated 
pores in the Oriskany sandstone in the Pennsylvania Sipe #1 well core, 8,839 ft 
(2,694  m).  
 

 

 

Figure ORSK9. Pennsylvania Sipe #1 well core, 8,851 ft (2,698 m).  Minor quartz 
overgrowth cementation was followed by major lithification by poikilotopic calcite 
cement.  Note the corroded quartz. 
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Figure ORSK10. SEM (SE) photomicrograph of poikilotopic calcite cement in the 
same sample shown in Figure ORSK9.  

The calcite corrodes and partially replaces detrital grains as well as secondary silica cement. 
Pyrite occurs as common inclusions within the poikilotopic calcite crystals (Figures OR11 and 
OR12B), suggesting diagenesis under reducing conditions in the presence of organic matter 
(Krauskopf and Bird, 1995).  

 

 

Figure ORSK11A. Pyrite inclusions in calcite cement, Pennsylvania Sipe #1 well 
core. Also note where calcite cement corrodes quartz. 
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Figure ORSK11B. SEM (BSE) photomicrograph of poikilotopic calcite crystals (C) 
enclosing detrital quartz grains (Q) in the Oriskany sandstone.  Authigenic pyrite 
(P) crystals are enclosed in the calcite. Pennsylvania Heyn well core, 6,848 ft (2,087 
m).  

 

 

Figure ORSK12A. EDS analysis of the poikilotopic calcite crystals (C) enclosing 
detrital quartz grains (Q) in the Oriskany sandstone shown in Figure ORSK11.  
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Figure ORSK12B. EDS analysis showing composition of pyrite crystals within the 
poikilotopic calcite cement in the Oriskany sandstone in Figure ORSK11.  

 

Figure ORSK13. SEM (SE) image with compositional mapping from 
cathodoluminescence analysis of the Oriskany sandstone, Ohio core 2914, 3,330 ft 
(1,015 m). The image was collected using a long dwell time (5,000 microseconds per 
pixel) and a high resolution. Green emission in the quartz and red emission is in the 
calcite. Note the remnants of quartz overgrowth cement floating within the later 
precipitated calcite cement (arrows).  
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The Oriskany sandstone contains between two and five percent authigenic clay minerals, 
including illite, chlorite, and mixed- chlorite/smectite (corrensite).  In addition, Basan and others 
(1980) reported authigenic kaolinite in samples they examined.  Illite occurs as thin fibrous clay 
coatings lining both detrital grains and authigenic quartz crystals in the sandstones (Figures OR4 
and OR 14).  Chlorite also coats both detrital grains and authigenic cement crystals, and occurs as 
rosettes and clusters of disc-like crystals (Figure ORSK14).  Chlorite replaces detrital feldspar 
grains in the sandstones (Figure ORSK15).  Corrensite occurs in some samples as stacked clay 
platelets (Figure ORSK16).  

 

 

Figure ORSK14. SEM (SE) image of clay minerals and quartz overgrowth cement 
in the Sipe #1 well. Authigenic illite (I) and chlorite (Chl) lightly coat the abundant 
quartz overgrowth cement in the sample and further reduce the original 
intergranular porosity in the sandstone. 
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Figure ORSK15. Authigenic chlorite partially replaces microcline feldspar in the 
Oriskany sandstone, Pennsylvania Sipe well core, 8,884 ft (2,708 m). 
 

 
Figure ORSK16. Authigenic corrensite in the Oriskany sandstone. Major elements 
are Si, Fe, K, Al, Mg.  
 

Dolomite occurs sporadically in the Oriskany sandstone of the Appalachian basin, but it can be 
significant comprising up to 20 percent of the bulk rock composition (Basan and others, 1980) 
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(Figure ORSK17). The greatest concentration of dolomite in the sandstones occurs in samples 
showing extensive carbonate cementation.    

 

 

Figure ORSK17A. Dolomite cement in the Oriskany sandstone, Ohio core 3583, 
4,164 ft (1,269 m).  
 

 

Figure ORSK17B. Higher magnification view of dolomite fabric in the Oriskany 
sandstone, Ohio core 3583, 4,164 ft (1,269 m). The rock consists of detrital quartz 
(Q), calcite cement (C), and monocrystalline, planar-e to planar-s dolomite, which 
replaced the earlier-formed calcite cement.  
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Epigenetic minerals in the Oriskany sandstones precipitated in tectonic fractures associated 
with anticlinal folds in the following paragenetic sequence: 1) quartz; 2) ferroan dolomite; 3) 
siderite; 4) ferroan calcite; 5) quartz; and 6) ferroan calcite (Basilone, 1984).  These epigenetic 
minerals line and fill both vertical fractures and fractures that lie parallel to dipping bedding 
planes.  Figures OR 18 and 19 show examples of epigenetic quartz and calcite, respectively. 
Using fluid inclusion analyses, Basilone showed that these fractures were opened in the Oriskany 
of southwestern Pennsylvania at burial depths approaching 22,000 ft (6,076 m) and remained 
open throughout an extended period of petroleum migration and uplift.    

    

 

Figure ORSK18A. Authigenic chert replaces calcite cement and parts of a 
brachiopod fossil in the Pennsylvania Sipe #1 well.  
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Figure ORSK18B. SEM (BSE) photomicrograph of epigenetic quartz (EQ) filling. a 
sub-vertical tectonic fracture in the Pennsylvania Heyn #1 well, 6,848.5 ft (2,087 m).  
DQ – detrital quartz, C – calcite cement. 

 

 

Figure ORSK19. Thin section photomicrograph of calcite filling a vertical fracture 
in the Oriskany sandstone in the Pennsylvania Heyn #1 well, 6,848 ft (2,087 m).  See 
also Figures OR20 and OR21.  
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Figure ORSK20. SEM (BSE) photomicrograph showing the same calcite cement as 
shown in Figure ORSK19 filling a vertical fracture in the Oriskany sandstone in the 
Pennsylvania Heyn #1 well [6,847 ft (2,087 m)]. 

 

Figure ORSK21. EDS analysis of the epigenetic calcite that fills a tectonic fracture, 
as shown in Figures ORSK19 and ORSK20.  
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6.0 POROSITY, PERMEABILITY, AND RESERVOIR CHARACTERISTICS 
 
The Oriskany is a “tight sandstone” across the Appalachian basin.  It is characterized by low 

matrix permeability, usually in the microdarcy range (< 1 millidarcy) with isolated sweet spots in 
the low millidarcy (md) range.  Porosity ranges from less than 0.5 percent to as high as 15 
percent, but generally is low, typically 4.0 to 6.0 percent (Basan and others, 1980; Flaherty, 1996; 
Harper and Patchen, 1996; Patchen and Harper, 1996; this study).  These specific permeability 
and porosity criteria define the Oriskany sandstones as tight (Burnie and others, 2008; Coleman, 
2008).  As described in detail above, the original porosity and permeability of the sandstones 
were reduced by both mechanical and chemical compaction and by extensive silica and calcite 
cementation.  Some secondary porosity was created by dissolution of carbonate cement and, to a 
lesser degree, silica cement and labile detrital grains.  Dolomitization of carbonate cement locally 
enhances porosity in the sandstones, too (Figure ORSK17).  Fractures enhance both porosity and 
permeability in some areas and are necessary for gas deliverability in most Oriskany petroleum 
reservoirs (Sanders, 1982).  Carbonate dissolution enhanced porosity and permeability to a 
remarkable degree in the Oriskany outcrop belt, but this weathering phenomenon does not extend 
into the deep subsurface.   

 
Two of the cores we studied serve as useful end members of “typical” Oriskany sandstone in 

the Appalachian basin (i. e., sandstones with low permeability and porosities between 4.0 and 6.0 
percent).  The sandstone in the Ohio 2914 core has the highest permeability and most favorable 
reservoir characteristics encountered during our laboratory work on this project.  Petrographic 
observations in several other Ohio Oriskany cores compliment those made in the 2914 core.  The 
sandstone in the Heyn well in southwestern Pennsylvania has the lowest matrix permeability and 
least favorable reservoir characteristics that we measured.  It is instructive to discuss the 
petrophysical details of these particular rocks in order to illustrate the reservoir characteristics 
that can be anticipated in most of the Oriskany sandstone encountered in the basin.   
 
6.1 Ohio 2914 Core 
 

The Ohio 2914 core was recovered from an El Paso Natural Gas Company well in Smith 
Township, Mahoning, County, Ohio.  The Oriskany was encountered between 3,317 (1,011 m) 
and 3,337 ft (1,017 m) in the well. The sandstones occur as both coarsening upward and fining 
upward parasequences interbedded with marine limestones.  We collected seven samples of 
Oriskany sandstone from between 3,325 ft (1,013 m) and 3,337 ft (1,017 m) in this core (Table 
1).  The sandstones consist of medium- to coarse-grained, moderately sorted (0.5 to 0.9 phi 
standard deviation) calcareous quartz arenite. Measured grain densities of the rocks are 2.64 to 
2.65 g/cm3.  About 12 percent of the grains exhibit point or tangential contacts where primary 
intergranular porosity is partially preserved (Figures OR22 and OR23).  Most grain contacts, 
however, are long and concavo-convex indicating minor pressure solution (Adams, 1964).  
Cement is mostly quartz overgrowths and calcite (Figures OR22 - OR26) with minor amounts of 
authigenic chlorite, illite, and pyrite.  Bitumen partially coats grain and pore surfaces.   
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Figure ORSK22. Thin section photomicrograph of Oriskany quartz arenite from 
the Ohio 2914 well core, 3,332.6 ft (1,016 m). Plane polarized light. QO denotes 
quartz overgrowths. CaCO3 denotes calcite cement. Visible porosity, seen as blue 
epoxy, is approximately six to seven percent. 

 

Figure ORSK23. SEM (SE) photomicrograph of Oriskany quartz arenite from the 
Ohio 2914 well core, 3,332.6 ft (1,016 m). Quartz overgrowths (QO) are abundant 
throughout the sandstone.  
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Figure ORSK24. Higher magnification SEM (SE) photomicrograph of Oriskany 
quartz arenite from the Ohio 2914 well core, 3,332.6 ft (1016 m), showing well 
developed euhedral quartz overgrowths in optical continuity with detrital cores. 
Also note the depressions which are former grain contacts formed by pressure 
solution during compaction (arrows).  

 

 

Figure ORSK25. Calcite cement in the OH 2914 core postdates quartz overgrowths. 
Both cements reduced the original intergranular porosity in the sandstone. Also 
note where calcite cement corroded both the quartz overgrowths and detrital grains 
(black arrows). The visible porosity (blue epoxy) is due to calcite dissolution.  
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Figure ORSK26. SEM (SE) image with compositional mapping from 
cathodoluminescence analysis of the Oriskany sandstone, Ohio core 2914, 3,330 ft 
(1,015 m). The image was collected using a long dwell time (5,000 microseconds per 
pixel) and a high resolution. Green emission in the quartz and red emission is in the 
calcite. The visible porosity in the sandstone is due to calcite dissolution. 

Thin section and SEM analysis revel the total porosity in the Oriskany sandstones in this core is 
a hybrid of intergranular, oversized, moldic, and intra-constituent void textures (Schmidt and 
McDonald, 1979) (Figures OR27 to OR30).  Intergranular pores in the rocks are both reduced and 
enlarged.  The original intergranular pores were reduced after deposition during burial through 
compaction and cementation.  
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Figure ORSK27. Pore textures in the Oriskany sandstone in the Ohio 2914 core, 
3,306 ft (1,008 m). The total porosity in this sample (6.0 percent) is a hybrid of 
intergranular (I), oversized (O), moldic (M), and intraconstituent (IC) void fabrics, 
as defined by Schmidt and McDonald, 1979). Intergranular porosity is a 
combination of reduced intergranular voids (RI) and enlarged intergranular voids 
(EI).   

 

Figure ORSK28. Higher magnification photomicrograph of the thin section shown 
in Figure ORSK27 reveals details of reduced intergranular (RI) and enlarged 
intergranular (EI) pores in the Oriskany sandstone, Ohio 2914 core, 3,306 ft (1,008 
m).  The original porosity was reduced by quartz overgrowth cementation (Q) 
followed by calcite cementation (C). Calcite dissolution yielded the enlarged 
intergranular porosity along with minor intraconstituent porosity (IC). 
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Figure ORSK29. Moldic and oversized pores in the Oriskany sandstone in Ohio 
core 2914, 3,332.6 ft (1,016 m). SEM (SE) image. 

 

 

Figure ORSK30. Moldic pore in the Oriskany sandstone in Ohio core 2914, 3,332.6 
ft (1,016 m). SEM (SE) image. 

 
Both mechanical and chemical compaction acted to reduce the original depositional porosity 
which was probably about 30 to 40 percent (Davies, 1982; Pettijohn and others, 1987).  Evidence 
of chemical compaction in the sandstones includes the predominance of long and concavo-convex 
grain contacts, the presence of sinuous insoluble residues along the former and abundant oval 
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depressions fringed by clay on the surface of detrital grains (Welton, 1984; Pettijohn and others, 
1987) (Figure ORSK24).  Euhedral quartz overgrowths are the principal cement (20 percent of 
the bulk mineral composition) and significantly reduced the porosity of the sandstone.  
Intergranular calcite cement makes up five percent of the rock, but was more abundant before 
dissolution and secondary porosity development: most open voids contain corroded remnants of 
calcite cement.  Reduced intergranular voids in the sandstones are small mesopores (Luo and 
Machel, 1995) averaging only 59 μm in diameter.   

 
Enlarged intergranular pores in the Oriskany sandstone in the Ohio 2914 core formed through 

enlargement of previously reduced intergranular space, principally by dissolution of calcite 
cement. Enlarged pores range from large micropores (8 μm) within the calcite cement to large 
mesopores 0.18 mm in diameter.  The enlargement of the intergranular space occurred through 
dissolution of intergranular calcite cement and partial dissolution of framework grains at the 
margins of the pores. Pore boundaries are irregular to concave and adjacent grains are corroded. 

 
Oversized pores exceed the diameters of adjacent grains by a factor of at least 1:2 (Schmidt and 

McDonald, 1979) and occur as large mesopores averaging 0.8 mm in diameter. These voids are 
fabric-selective and formed through dissolution of carbonate that had earlier replaced framework 
grains and through dissolution of carbonate cement.  

 
Moldic and intraconstituent void textures contribute only minor amounts of porosity to the 

sandstones.  Moldic pores formed through selective dissolution of feldspars and carbonate grains 
and cements. Moldic pores make up an average of 1 percent of the total porosity of the rocks. 
Intraconstituent voids occur as small micropores within labile framework grains (feldspar and 
carbonate allochems), within calcite cement, and within clay minerals.  
 

Measured porosity in the sandstones ranges from 4.2 to 6.2 percent with an average value of 5.2 
percent. Permeability to air ranges from 1.22 to 1.51 md (average = 1.37 md). Klinkenberg 
permeability ranges from 0.925 to 1.08 md and averages 1.0 md.  

 
The mercury (Hg) injection capillary pressure data for two samples of this core yield Hg versus 

injection pressure curves that are typical of tight gas sandstones (Burnie and others, 2008). Figure 
ORSK31 shows plots of injection pressure in psi versus Hg saturation expressed as fraction of the 
pore space. These curves are useful for calculating several important reservoir parameters, 
including pore-throat sorting and reservoir grade (Jennings, 1987).  
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Figure ORSK31. Mercury injection capillary pressure for two analyses run on the 
Oriskany sandstone from the Ohio 2914 core, 3,332.6 ft (1,016 m). 

 

Pore-throat sorting (PTS) is a number that measures the sorting of pore throats within the rock 
sample. PTS provides a measure of pore geometry. It is measured by applying a numerical value 
to the slope of the plateau of the capillary pressure curve: 

 
PTS = (3rd quartile injection pressure ÷ 1st quartile injection pressure)1/2, 

where the first and third quartile injection pressures are taken directly from the capillary pressure 
curve as the 25 and 75 percent Hg saturation pressures adjusted for irreducible saturation 
(Jennings, 1987, p. 1199).  PTS for these samples is 1.87 and 2.7.  These values reflect the slope 
of the plateau of the capillary pressure curve shown in Figure ORSK31 and suggest moderate 
heterogeneity in the size of the pore throats.  
 

Reservoir grade is the percentage of linear area integrated under the capillary pressure curve; it 
provides a relative number to the size of the pore throats (Jennings, 1987).  Reservoir grade 
ranges from 22 to 25, indicating relatively small to moderate pore throat sizes.   
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The actual pore throat radius is calculated from the Hg saturation data as shown in Figure 
ORSK32. The median pore throat radius in the Oriskany sandstone in the 2914 core ranges from 
2.22 to 4.30 μm (Attachment ORSK).  

 
 

 

 

 

 

 

 

 

 

 

 

Figure ORSK32. Pore throat radii for two analyses run on the Oriskany sandstone 
from the Ohio 2914 core, 3,332.6 ft (1,016 m). 

Figure ORSK33 shows the broad distribution of pore throat radii for the sandstone samples 
from 3,332.6 ft (1,016 m), as calculated from the Hg saturation (0.0018 μm to 10.1 μm for sample 
1 and 0.0018 μm to 7.70 μm for sample 1V in Figure ORSK33). Figure ORSK34 shows an SEM 
image of the largest pore throats observed in the sandstones.  Although permeability is the 
optimum parameter to consider when estimating petroleum production, pore-throat size is the 
preferred length scale when considering gas percolation because it controls the differential 
pressure required to saturate the pore space (Nelson, 2009, p. 339).  
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Figure ORSK33. Distribution of pore throat radii in two samples of the Oriskany 
sandstone from the Ohio 2914 core, 3,332.6 ft (1,016 m). 

 

Figure ORSK34. SEM (SE) image of pore throat measuring approximately 20 
microns in diameter. This is largest pore throat size observed in the Oriskany 
sandstone in the Ohio 2914 core samples. 
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Figures OR35 and OR36 show the Equivalent Gas-Water capillary pressure and Leverett-J 
function curves for these Oriskany sandstone samples from 3,332.6 ft (1,016 m) in the Ohio 2914 
core.  The Equivalent Gas-Water capillary pressure curve in Figure ORSK35 is representative of 
actual reservoir fluids (see Varva and others, 1992, for details about how to convert Hg capillary 
data to reservoir fluid systems).  The fluid saturations, expressed as a fraction of the pore space at 
200 psi equivalent gas-water capillary pressure, range from 0.041 to 0.059.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure ORSK35. Equivalent gas-water capillary pressure curves for two analyses 
run on the Oriskany sandstone from the Ohio 2914 core, 3,332.6 ft (1,016 m). 

 
For modeling and correlation purposes the capillary pressure can be described by a 

dimensionless function of water saturation, the so-called Leverett-J function. The Leverett J-
function is defined as:   

 
J (Sw) = pc(Sw) (k/ø)½ ÷ σ cos θ 
 

where Sw is the water saturation measured as a fraction, pc is the capillary pressure, k is the 
permeability, ø is the porosity, σ is the surface tension, and θ is the contact angle.  The J-
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function allows us to normalize different capillary pressure curves generated in the 
laboratory to a single curve based on the assumption that the porous medium can be 
modeled as a bundle of unconnected capillaries. The J-curve shown in Figure ORSK36 
can be used, albeit cautiously, to represent typical Oriskany sandstone in the absence of 
other data.  
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure ORSK36. Leverett J function versus wetting phase saturation for two 
analyses run on the Oriskany sandstone from the Ohio 2914 core, 3,332.6 ft (1,016 
m). 

It should prove useful for future CO2 storage reservoir simulation studies.  Saadatpoor and 
others (2007), for example, argue that long-term trapping of CO2 in geologic reservoirs is 
controlled by capillary forces.  They showed how heterogeneity in capillary pressure influences 
the subsurface behavior of a buoyant CO2 plume and utilized a Leverett J-function to model 
capillary pressure in both low- and high-permeability sequestration targets.  They determined that 
the spatial distribution of capillary pressure is a dominant control on the preferential subsurface 
flow paths of CO2.  
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6.2 Heyn Well 
 

The Heyn well core was recovered from North Summit field, Fayette County, Pennsylvania. 
The Oriskany sandstone was cored between 6,842 ft (2,085 m) and 6,850 ft (2,088 m). The 
Oriskany is a coarsening upwards calcareous sandstone interval in this core. The sandstone 
contains vertical fractures almost completely filled by epigenetic calcite. We collected eight 
samples for thin section, SEM, and EDS analyses, and had standard core analysis done on two 
samples from the coarsest zone in the sandstone interval.  

The Oriskany sandstone in the Heyn well has the most unfavorable reservoir characteristics we 
observed in the basin (Figures OR37 to OR39 and Attachment ORSK).  Measured porosity is 0.8 
to 1.0 percent.  Measured permeability to air is 0.0012 to 0.0032 md. Klinkenberg permeability is 
0.0002 to 0.0008 md.  Cross plotted neutron-density porosity measures 6 percent over a 2-ft 
(0.61-m) interval in the Oriskany in the Heyn well between 6,846 ft (2,086.6 m) and 6,847 ft 
(2,087 m). We presume this is fracture porosity.  Fractures in the portion of the core that we 
examined, however, are filled by calcite.  

 

 

Figure ORSK37. Medium-grained quartz arenite cemented by quartz overgrowths 
and extensive calcite in the Pennsylvania Heyn well.  
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Figure ORSK38. SEM (BSE) photomicrograph of the same Oriskany sandstone 
sample shown in Figure ORSK37. Dark detrital grains are quartz, the gray cement 
is calcite, and the small white crystals are authigenic pyrite. Measured porosity in 
the sandstone is only 0.8 percent and measured permeability to air is 0.0012 md. 
Klinkenberg permeability is 0.0002 md. 

 

 

Figure ORSK39. Epigenetic calcite completely fills a vertical fracture in the 
Oriskany sandstone in the Heyn well core.  
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APPENDIX A 
PETROGRAPHY AND PETROPHYSICS OF THE LOCKPORT DOLOMITE 

 
1.0 SAMPLES AND METHODS 

 
We examined and described seven cores of the Lockport Dolomite from the study area (Figure LP1). 

We collected and examined a total of 235 samples for detailed analyses.  These analyses included thin 
section examination, SEM petrology using secondary (SE) and backscattered (BSE) electron modes, 
energy dispersive spectroscopy (EDS), cathodoluminescence (CL), selected conventional core analyses, 
and selected special core analyses. 

 

 
Figure LP1.  Locations of Lockport Dolomite cores, cuttings, and outcrop samples examined for 
this study. 

 
All thin sections were stained for calcite (Alizarin Red S) and were prepared using blue-stained epoxy 

which was introduced into the sample before cutting and polishing to facilitate observations of porosity 
and pore textures.  We used a Leica DML polarizing microscope equipped with a Leica DFC camera for 
all transmitted-light microscopy. 

 
We examined selected unembedded and unpolished samples on a Hitachi S-2600N variable pressure 

scanning electron microscope (SEM) operating with a pressure of 0.0015 psi (10 Pa]) using the 
backscattered electron (BSE) detection imaging system at 20 kV and a working distance of 15 mm.  The 
elemental composition of these samples was determined using Quartz Imaging System’s Quartz XOne 
energy-dispersive X-ray spectroscopy (EDS) package with an e2v Sirius 10/UTW/SEM detector, having a 
10 mm2 crystal and an ultra-thin polymer window.  We used the same SEM operating at 20 kV and a 
working distance of 15 mm when conducting EDS analyses.  The CL analyses were performed using a 
Gatan ChromaCL detector and Digital Micrograph software.  The CL detector was mounted on the 
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Hitachi S-2600N SEM, running in high-vacuum mode and using a working distance of 16.3 mm.  We 
classified the carbonates combining the schemes of Dunham (1962), Folk (1962), Sibley and Gregg 
(1987), and Wright (2001).  We used the carbonate porosity classifications of Choquette and Pray (1970) 
and Luo and Machel (1995).  

 
Conventional and special core analyses were performed at Weatherford Laboratories in Houston, 

Texas.  All of the data generated from these analyses are presented in Attachment LKP and discussed 
below. 

 

2.0 SEDIMENTOLOGICAL BACKGROUND 
 
Detailed regional work by Crowley (1973) and his students Rhinehart (1979) and Wysocki (1980) in 

New York and Pennsylvania, by Smosna and Patchen (1980) in West Virginia and Kentucky, by Smosna 
and others (1989) in Kentucky, and by Multer (1963) and Janssens (1977) in Ohio together established a 
comprehensive interpretation of the depositional history of the Lockport Dolomite in the Appalachian 
basin.  The Lockport sediments were deposited across the central Appalachian region as shallowing 
upwards facies on a broad carbonate platform (Figure LP2).   

 

 
 
Figure LP2.  Cartoon depicting the regional facies patterns interpreted for the Lockport Dolomite 
in the Appalachian basin (modified from Smosna and others, 1989). 

 
Seven lithofacies are recognized in the basin:  

1. Mixed dolomite (intertidal to supratidal) that is sometimes associated with a mixed gray 
biostromal subfacies (subtidal); 

2. Dark dolomite (interreef or interbioherm); 
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3. Grainstone (shoals, banks, reef flanks, and interreef sediments); 
4. Biohermal dolomite (reefs, bioherms and patch reefs); 
5. Crinoidal dolomite (subtidal); 
6. Quartzose dolomite (barrier island); and 
7. Shaly dolomite (shallow subtidal). 

  
Figure LP3 shows the subsurface distribution of carbonate rock types and their interpreted depositional 

environments in three cores recovered across the Kilgore gas pool in Mercer County, Pennsylvania.  The 
depositional environment of these lithofacies was similar to modern carbonate settings in south Florida, 
the Bahamas, and parts of the Persian Gulf (Laughrey and others, 2007).  The Lockport sediments were 
deposited in a shallow epicontinental sea which extended westward through New York, Pennsylvania, 
West Virginia, Kentucky, and Ohio across the Cincinnati-Findlay-Algonquin axis into the Indiana, 
Illinois, and Michigan basins. 

 

 
 

 

Figure LP3A.  Interpretation of the Snyder #1 well core of Lockport Dolomite recovered from the 
Kilgore Pool, Mercer County, Pennsylvania.  The variably argillaceous rocks at the base of the 
Lockport Dolomite (gray, with relatively high gamma ray response) are interfingering shaly 
dolomite and crinoidal dolomite lithofacies.  The bioherm and biostrome rocks belong to the 
biohermal and grainstone lithofacies. 

D
ep

th
 (

ft
) 



A-4 
 

 
 

Figure LP3B.  Interpreted core from the Johnson #1 well recovered at Kilgore pool, Mercer 
County, Pennsylvania.  In addition to the same lithofacies recognized in Figure LP3A, this core 
contains rocks from the dark dolomite lithofacies (dolomudstone). 
 
 

 
 

Figure LP3C.  Interpreted core from the Baker #1 well at Kilgore pool, Mercer County, 
Pennsylvania.  All of these rocks belong to the mixed dolomite lithofacies. 
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3.0 COMPOSITION 
 

3.1 Skeletal and Non-Skeletal Grains 
 
The principal skeletal components of the Lockport Dolomite include stromatoporoids, corals, echinoids, 

bryozoans, algae, brachiopods, gastropods, cystoids, and trilobites.  Non-skeletal components include 
ooids and peloids.  Dolomitization typically obliterates the original depositional fabric of the Lockport 
carbonates, but many samples exhibit mimic replacement (Kaldi and Gidman, 1982; Sibley and Gregg, 
1987) allowing ready identification of the allochems.  Even samples with non-mimically replaced 
components reveal so-called ghost structures (Sibley and Gregg, 1987), and most of the completely 
crystalline dolostones exhibit their original sedimentary components under ultraviolet fluorescence or 
when using white card techniques (Folk, 1987). 

 

3.2 Matrix 
 
Carbonate matrix in the Lockport rocks consists of micrite and dolomicrite.  It is most common as 

sediment in the shaly dolomite, dark dolomite, and mixed dolomite lithofacies.  These dolomudstone 
lithologies are often argillaceous and silty.  Micrite and dolomictite also occur as cement in all of the 
other lithofacies, as discussed below. 

 

3.3 Cements 
 
Carbonate cements in the Lockport Dolomite include fibrous, bladed, blocky, and equant calcite 

(Figures LP4A–LP4C).  The latter cement occurs as pore-filling granular calcite crystals and as pore-
filling drusy, sparry calcite. Syntaxial calcite cement is common on echinoderm grains.  Calcite micrite 
envelopes surround and cement grains in the Lockport, and some calcite cements exhibit a botryoidal 
habit.  Peloidal calcite cements are important in some facies (Figure LP4A).  Anhydrite cement is also 
present (Figure LP4D).  Dolomite is the most important cement in the rocks.  Specific dolomite fabrics 
are discussed below. 
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Figure LP4A.  Photomicrograph of thin section of calcite cements in the Lockport Dolomite.   This 
photo was taken in plane polarized light.  Bottom margin of the photomicrograph is 2.75 mm in 
length. 
 

 

 
 
Figure LP4B.  Photomicrograph of thin section of calcite cements in oolitic grainstone in the 
Lockport Dolomite.  This photo was taken in plane polarized light.  Bottom margin of the 
photomicrograph is 2.75 mm in length. 
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Figure LP4C.  Photomicrograph of thin section of calcite cements in the Lockport Dolomite.  This 
photo was taken in plane polarized light.  Bottom margin of the photomicrograph is 2.75 mm in 
length. 

 
There are various non-carbonate cements in the Lockport Dolomite.  These include anhydrite (Figure 

LP4D) and gypsum, iron sulfide minerals, galena, fluorite, quartz, cuprite, and malachite.   
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Figure LP4D.  Photomicrograph of thin section of anhydrite cement lithifying peloidal intraclasts in 
the Lockport Dolomite.  The peloidal intraclasts are dolomite with mimetic replacement of the 
original carbonate.  Pyrobitumen lines and fills many pores in the dolomite.  This photo was taken 
under crossed nicols.   Bottom margin of the photomicrograph is 2.75 mm in length. 

 

3.4 Clastic Components 
 
The quartzose dolomite lithofacies of the Lockport Dolomite contains up to 60 percent detrital quartz 

and four percent detrital plagioclase.  Minor to trace amounts of pyrite, zircon, and amphibole occur in the 
rocks which range from quartzose unimodal planar-s to nonplanar-a dolomite to dolomitic quartz arenite 
and subarkose.  Syntaxial quartz overgrowths partially cement these rocks and predate extensive 
carbonate mineral cementation. 

 
The shaly dolomite lithofacies of the Lockport Dolomite is dominated by carbonate, but insoluble 

residue analysis reveals the presence of five to 10 percent detrital silt-size quartz along with a few percent 
pyrite and clay minerals. 

    

3.5 Dolomite Fabrics 
 
We recognize seven distinct dolomite textures in the Lockport Dolomite, as defined using the 

classifications of Sibley and Gregg (1987): (1) planar-e; (2) planar-s; (3) planar-c; (4) planar-p; (5) 
planar-s to nonplanar (transitional); (6) nonplanar-a; and (7) nonplanar (saddle) (Figures LP5A–LP5M). 
Crystal sizes range from micron-sized to millimeter-sized (Friedman, 1965). The original carbonate 
particles and cements run the gamut from rare unreplaced components to constituents that are partially 
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replaced to completely replaced by dolomite. Dolomite replacement fabrics are both mimetic and non-
mimetic (Sibley and Gregg, 1987). The principal Lockport Dolomite fabrics are illustrated in Figures 
LP5A–LP5M. 

 
 

 
 
Figure LP5A.  Photomicrograph of thin section.  The two most common dolomite textures observed 
in the Lockport Dolomite are so-called matrix dolomite and coarsely crystalline dolomite that lines 
and fills molds and vugs.  The matrix dolomite consists of polymodal, decimicron-sized planar-s to 
nonplanar-a (transitional) dolomite.  Note that the original depositional texture of the rock was 
obliterated by dolomitization.  Note also that matrix dolomite is associated with stylolites and lacks 
any visible porosity.  The coarse crystalline dolomite consists of centimicron-sized to millimeter-
sized planar-c dolomite which incompletely fills a small vug.  Plane polarized light. Ocel #1 well, 
Carroll County, Ohio, 5,460 ft (1,664 m). 
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Figure LP5B.  Photomicrograph of thin section.  Micron-sized unimodal, planar-e and planar-s 
dolomite replaced mudstone of the shaly dolomite lithofacies prior to chemical compaction.  Note 
the dolomite crystals within the solution seams and stylolites. This photo was taken in plane 
polarized light.  Bottom margin of the photomicrograph is 2.75 mm in length. 
 

 
Figure LP5C.  Photomicrograph of thin section.  Polymodal planar-e and planar-s dolomite 
replacing peloidal and skeletal components in the mixed dolomite lithofacies of the Lockport 
Dolomite.  Baker well core, Kilgore pool, Pennsylvania.  This photo was taken in plane polarized 
light.  Bottom margin of the photomicrograph is 2.75 mm in length. 
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Figure LP5D.  Photomicrograph of thin section.  Low-magnification view of polymodal planar-e 
and planar-p (porphyrotopic) dolomite replacing allochems and calcite spar cement in oolitic 
grainstone (Dunham, 1962) or oosparite (Folk, 1962) in the Lockport Dolomite.  This photo was 
taken in plane polarized light.  Bottom margin of the photomicrograph is 2.75 mm in length. 
 
 
 
 
 
 



A-12 
 

 
Figure LP5E.  Higher magnification photomicrograph of thin section of planar-e and planar-p 
dolomite replacing allochems and cement in oolitic grainstone.  Note that the dolomite preceded 
chemical compaction, i.e., dolomite crystals are partially consumed within the solution seams. This 
photo was taken in plane polarized light.  Bottom margin of the photomicrograph is 2.75 mm in 
length. 
 

 
Figure LP5F.  Photomicrograph of thin section.  Polymodal planar-e and planar-p dolomite, ooids, 
and calcite cement partially dissolved during chemical compaction.  This photo was taken in plane 
polarized light.  Bottom margin of the photomicrograph is 2.75 mm in length. 
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Figure LP5G.  Photomicrograph of thin section.  A completely dolomitized ooid grainstone in the 
Lockport Dolomite.  The ooids are replaced by unimodal planar-s to nonplanar-a dolomite and 
cemented by polycrystalline planar-e to planar-s dolomite. This photo was taken in plane polarized 
light.  Bottom margin of the photomicrograph is 2.75 mm in length. 
 

 
Figure LP5H.  Remarkable mimetic replacement of Stromatoporiod boundstone by finely 
crystalline, unimodal planar-s to nonplanar-a (transitional) dolomite.  Laminoid fenestrae and 
birdeyes are filled with planar-c dolomite cement.  The blue box on the core photograph shows the 
area sampled for the thin section shown at the upper right and the SEM photomicrograph shown at 
the lower right.   
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Figure LP5I.  Photomicrograph of thin section.  Polymodal planar-e to planar-s dolomite replaces 
ooid grainstone.  This photo was taken in plane polarized light.  Bottom margin of the 
photomicrograph is 2.75 mm in length. 
 
 

 
 
Figure LP5J.  Mixed-fossil/peloid dolograinstone.  The photomicrograph of thin section on the left 
shows a unimodal planar-e to planar-s dolomite with numerous allochem ghosts.  The 
photomicrograph on the right shows the same thin section under UV fluorescence.  The latter 
technique allows for more confident observation of the original limestone components and reveals 
intercrystalline porosity in the dolomite.  Bottom margin of the photomicrograph is 2.75 mm in 
length. 
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Figure LP5K.  SEM (SE) image of matrix dolomite, vuggy porosity, and planar-c dolomite cement 
in the Lockport Dolomite. 

 

 
 
Figure LP5L.  SEM (BSE) photograph of matrix dolomite, vuggy porosity, and planar-c dolomite 
cement that partially fills the void.  Also note the very finely crystalline dolomite coating both the 
pore walls and the planar-c dolomite.  This material poses a problem with migrating fines.  
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Figure LP5M.  EDS analysis of planar-c cement in the Lockport Dolomite. 
 

4.0 DIAGENESIS 
 
Post-depositional textures and fabrics in the Lockport Dolomite indicate episodes of marine and 

freshwater phreatic diagenesis, freshwater vadose diagenesis, syngenetic replacement of micrite by finely 
crystalline dolomite, compaction and burial cementation, pervasive burial dolomitization, and late 
diagenetic formation of calcite, saddle dolomite, evaporite cements, iron sulfides, galena, fluorite, quartz, 
cuprite and malachite.  Some “dedolomitization” fabrics also occur in the Lockport.  Petrographic 
evidence and production of hydrogen sulfide (H2S) indicate thermochemical sulfate reduction probably 
occurred in the Lockport Dolomite. 

 
Marine phreatic diagenesis is indicated by micrite envelopes and micritized grains, the presence of 

fibrous to bladed isopachous crusts of calcite cement, micropeloidal calcite cement, internal peloidal 
cement and sediment, and internal botryoidal calcite cement (Longman, 1980; Tucker and Wright, 1990; 
Scholle and Ulmer-Scholle, 2003).  Freshwater phreatic diagenesis is indicated by isopachous calcite 
crusts and equant calcite cement with interlocking crystals that coarsen towards the center of pores 
(Longman, 1977; Tucker and Wright, 1990; Scholle and Ulmer-Scholle, 2003).  Freshwater phreatic 
diagenesis led to complete occlusion of depositional porosity in many Lockport lithofacies.  Neomorphic 
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spar formed through inversion and aggrading recrystallization and some vuggy and moldic porosity 
developed through dissolution of allochems.  Most large vugs and molds, however, formed during 
diagenesis in the vadose zone as did pendant calcite cement, meniscate cement, and tiny pockets of 
carbonate crystal silt (Tucker and Wright, 1990).  

 
Replacement of limestone by planar-p and planar-e dolomite is the earliest dolomitization fabric evident 

in the Lockport Dolomite (Figures LP5A–LP5F).  In some instances, we observe micron-size dolomite 
associated with evaporite minerals replacing calcium carbonate.  This dolomitization is fabric selective. 
Shukla and Friedman (1983) interpreted this dolomitization fabric as having formed through syngenetic 
evaporative pumping.  Their evidence is equivocal, however, and based on the association of evaporite 
minerals with the dolomite. We argue below that both gypsum and anhydrite cements in the Lockport are 
products of late burial diagenesis. 

 
Polymodal planar-e and planar-s dolomite also replace allochems and interparticle calcite cement in the 

Lockport Dolomite (Figure LP5G).  This dolomite is non-fabric selective and preceded burial 
compaction.  Indeed, all of the dolomite fabrics we observed in the Lockport Dolomite preceded chemical 
compaction and stylolite formation in the rocks (Figures LP5C, LP5D, and LP5F). 

 
Pervasive burial dolomitization is ubiquitous in the Lockport Dolomite throughout much of the 

Appalachian basin.  Four distinct textures define this diagenetic stage: (1) planar-s to nonplanar-a 
(transitional) dolomite; (2) nonplanar-a (anhedral) dolomite; (3) nonplanar (saddle) dolomite; and (4) 
planar-c cements filling interparticle pores, molds, and vugs.  The first two dolomite textures clearly 
replace earlier formed limestone.  We observed both mimetic and non-mimetic replacement fabrics in the 
rocks.  Figures LP5A–LP5M illustrate the various dolomite textures found in the Lockport Dolomite.  We 
interpret these textures as evidence of dolomitization in the intermediate to deep burial environment for 
the following reasons (see Machel, 2004, p.48): 

 
• The common association of redox-sensitive materials (ferroan carbonate, iron sulfides, and 

hydrocarbons); 
• The dolomites are cross-cut by stylolites, suggesting at least 2,000 ft (610 m) of burial; 
• Nonplanar crystal textures and coarse planar crystal textures suggesting formation at 

temperatures in excess of 140°F (60°C), and; 
• The occurrence of saddle dolomite suggests temperatures of formation in excess of 176°F 

(80°C). 
 
In addition, petroleum fluid inclusion assemblages in the Lockport Dolomite from core recovered at the 

outcrop belt in western New York yield homogenization temperatures of 172 to 253 °F (78 to 123°C) 
(Table LP1 and Figures LP6A and LP6B).  Aqueous inclusions in saddle dolomite and planar-c dolomite 
cements yield homogenization temperatures of 246 to 320°F (119 to 160°C), with most in the range 248 
to 302°F [120 to 150°C (Table LP1 and Figures LP6 A and LP6B)], corresponding to vitrinite reflectance 
(Ro) thermal maturities of approximately 1.35 percent (Miles, 1994; Hunt, 1996).  These values agree 
with those reported by Kinsland (1977) for homogenization temperatures of fluid inclusions in fluorite 



A-18 
 

from the Lockport collected in nearby quarries in western New York [270 to 288°F (132 to 142°C) for 20 
samples; 304 to 334°F (151 to 168°C) when corrected for pressure of formation].  Conodont alteration 
indices (CAI) reported from these rocks implies minimum burial temperatures of at least 194°F (90°C). 

 

Table LP1.  Fluid inclusion data for two samples of Lockport Dolomite from USGS core Grand 
Island-2 recovered at Niagara Falls, New York. 
 

A. Data from matrix dolomite. 
  
Population Fluorescence 

Color 
Th hc (°C) Th aq (°C) Tm aq (°C) Salinity (wt %) 

A white 96–113 (3)    
B white 80 (1)    
C white 97 (1)    
D   144–157 (2) N/A N/A 
E   127 (1) -10.0 13.9 
F   128–143 (3) -17.3 to -17.5 20.5–20.6 
G   123 (1) -24.3 25.2 
H   135 (1) -22.7 24.3 
I   135 (1) -26.2 26.7 
J   143–150 (3) -18.2 to -22.4 21.1–23.9 
K   143–145 (2) N/A N/A 
L   160 (1) N/A N/A 

 
B. Data from planar-c dolomite. 
 

Population Fluorescence 
Color 

Th hc (°C) Th aq (°C) Tm aq (°C) Salinity (wt %) 

A white 78–84 (3)    
B white 123–128 (2)    
D white 82 (1)    
E white 103–108 (2)    
C   119–134 (3) -19.0 to -19.6 21.7–22.1 
F   119 (1) N/A N/A 
G   125 (1) N/A N/A 
H   149 (1) -17.2 20.4 
I   144–150 (4) -22.7 to -23.7 24.3–25.0 
J   140–145 (2) N/A N/A 

 
Th = temperature of homogenization; hc = hydrocarbon inclusions; aq = aqueous inclusions; Tm = final melting 
temperature; number in parentheses is the number of inclusions measured; N/A = not available. 
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Figure LP6A.  Photomicrograph of thin section in ultraviolet light.  Petroleum fluid inclusions in 
planar-c cement in the Lockport Dolomite cored at Niagara Falls, New York. 
 

 
 
Figure LP6B.  Photomicrograph of thin section with plain light.  Aqueous fluid inclusions in planar-
c dolomite cement in the Lockport Dolomite cored at Niagara Falls, New York. 
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The Lockport Dolomite contains a bevy of additional late diagenetic minerals (Figures LP7A–LP7I).  

Besides the aforementioned fluorite, the rocks typically include the following pore-filling mineral 
assemblage: 

 
• Galena; 
• Quartz; 
• Cuprite and malachite; 
• Calcite; 
• Anhydrite and gypsum; 
• Pyrite; and 
• Pyrobitumen (associated with thermochemical sulfate reduction). 

 

 
 
Figure LP7A.  SEM (BSE) image of late diagenetic dolomite and calcite cements fill vug in the 
Lockport Dolomite. 
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Figure LP7B.  EDS analysis of calcite cement shown in Figure LP7A.  
 

 
Figure LP7C.  Photomicrograph of thin section of anhydrite and pyrite cements filling vug in the 
Lockport Dolomite.  Crossed nicols.  Bottom margin of the photomicrograph is 2.75 mm in length. 
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Figure LP7D.  SEM (BSE) photomicrograph of anhydrite and pyrite cements filling vug in the 
Lockport Dolomite.  This is the same sample shown in Figure LP7C. 
 

 
Figure LP7E.  EDS analysis of anhydrite cement shown in Figures LP7C and LP7D.  
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Figure LP7F.  Core (left) and thin section (right) views of dolomite, anhydrite, and pyrite cements 
filling vug in the Lockport Dolomite.  The thin section view is in UV light revealing the presence of 
hydrocarbon fluid inclusions in the anhydrite cement. 
 

 
 

Figure LP7G.  Photomicrograph of thin section using UV fluorescence showing anhydrite and 
pyrite cements filling vug in the Lockport Dolomite.  Note the bright hydrocarbon (HC) fluid 
inclusion within the anhydrite cement.  Bottom margin of the photomicrograph is 2.75 mm in 
length. 
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Figure LP7H.  Photomicrograph of thin section of authigenic quartz filling vug in the Lockport 
Dolomite.  Crossed  nicols.  Bottom margin of the photomicrograph is 2.75 mm in length. 
 
 

 
 
Figure LP7I.  Photomicrograph of thin section of fluorite crystals filling vug in the Lockport 
Dolomite, Baker well core, 5465.5 ft (1,666 m) depth, Mercer County, Pennsylvania.  Plane 
polarized light.  Bottom margin of the photomicrograph is 2.75 mm in length. 
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5.0 POROSITY, PERMEABILITY, AND RESERVOIR CHARACTERISTICS 
 
Reported minimum and maximum porosities in the Lockport Dolomite in the Appalachian basin are 2.0 

to 24.0 percent, respectively, with average values ranging from 4.0 to 14.0 percent (Noger and others, 
1996).  We measured core porosities of 1.5 to 9.0 percent during this investigation, with permeabilities of 
0.0004 to 920 md to air (Klinkenberg permeabilities of 0.0001 to 0.920 md) (Table LP2).  The latter value 
is a horizontal fracture permeability measured in core from the Johnson #1 well in the Kilgore pool, 
Mercer County, Pennsylvania.  Vertical permeability in the same sample is 0.88 md.  

 

Table LP2. Porosity and permeability measurements from Lockport Dolomite cores in 
Pennsylvania and Ohio. 
 

Well 
(Name/State) 

Depth 
(ft) 

Porosity Type Porosity 
(%) 

Permeability 
(air) 
(md) 

Permeability 
(Klinkenberg) 

(md) 
Johnson #1/PA 5614 vug, moldic 9.6 0.9 2.3 
Johnson #1/PA 5614 intercrystalline 3.4 0.88 <0.1 
Ocel #1/OH 5422 vug 7.8 53.5 not measured 
Ocel #1/OH 5422 vug, moldic 8.0 0.298 0.202 
Ocel #1/OH 5436 vug, channel 5.4 13.0 nm 
Ocel #1/OH 5436 vug 5.4 0.012 0.0046 
Ocel #1/OH 5460 intercrystalline 1.5 0.0001 <0.0001 
Ocel #1/OH 5468 intercrystalline 1.9 0.0065 not measured 
Ocel #1/OH 5468 intercrystalline 2.0 0.0004 0.0001 

 
 

Porous and permeable intervals in the Lockport Dolomite are largely restricted to thicker [>1.5 ft 
(>0.45 m)] zones in the biohermal and biostromal lithofacies and to skeletal shoals in Kentucky.  Using 
the carbonate porosity classification of Choquette and Pray (1970), we recognize ten types of porosity in 
the Lockport Dolomite:  

 
• Fabric selective porosity: 

1. Moldic 
2. Interparticle 
3. Intercrystalline 
4. Growth framework 
5. Fenestral 

• Not fabric selective: 
6. Vug 
7. Channel 
8. Fracture 

• Fabric selective or not: 
9. Shrinkage 
10. Breccia 
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Burial dolomitization obliterated most of the original syngenetic and eogenetic pore textures in the 
Lockport Dolomite.  The porosity present in the rocks today formed mostly through mesogenetic 
processes.  Significant porosity in the Lockport is restricted to vuggy and moldic zones, although channel 
porosity which develops along stylolites can be important.  Interparticle and growth-framework pores 
may locally contribute to storage capacity in the reservoirs.  Figure LP8 shows examples of porosity from 
the Lockport Dolomite. 

 

 
 
Figure LP8.  Vuggy and intercrystalline porosity in the Lockport Dolomite.  The core sample shown 
on the left shows two large vugs.  One is open and lined with calcite and dolomite cement. The other 
vug is completely filled with calcite, dolomite, and gypsum cement.  The thin section 
photomicrograph presented on the upper right shows planar-c and nonplanar (saddle) dolomite 
and chert partially filling a large vug.  The SEM (BSE) photograph on the lower right shows 
nonplanar-c dolomite filling a small vug.   

 
The porous moldic and vuggy dolomite also has low intercrystalline void space; thus the Lockport 

Dolomite is characterized by a dual porosity-permeability distribution.  Petrophysical data from a core 
recovered in the Johnson #1 well in Mercer County, Pennsylvania, illustrate the character of this dual 
porosity-permeability system.  Relatively dense crystalline dolomite, the matrix dolomite (Figure LP5A), 
has intercrystalline porosity on the order of 1.4 to 3.4 percent, and permeability that is usually less than 
0.1 md (Table LP3).  Vertical fractures may slightly enhance this permeability; we observed a vertical 
fracture permeability of 0.88 md in the matrix dolomite in the Johnson #1 well core from Kilgore pool in 
Mercer County, Pennsylvania (Table LP3).  Vuggy and moldic zones in the Lockport Dolomite have a 
porosity on the order of 9.6 percent with permeabilities of 50.6 md (horizontal) and less than 0.10 md 
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(vertical) (Table LP3).  Capillary pressure curves of the moldic and vuggy dolomite reflect the 
desaturation of these voids (Figure LP9).  The broad transition zone on this curve represents mercury 
closure over surface irregularities on the pore walls.  Pore throat sorting in the sample is 1.5.  Irreducible 
saturations in the vuggy and moldic interval average seven to nine percent at water pressures of 97 to 284 
psi (669 to 1,958 kPa).  

 
Table LP3. Permeabilities to various fluids in the Lockport Dolomite, Johnson #1 well, Kilgore 
pool, Mercer County, Pennsylvania, 5,610 ft depth.  
 
 

FLUID 
VUGGY POROSITY INTERCRYSTALLINE POROSITY 

Horizontal k (md) Vertical k (md) Horizontal k (md) Vertical k (md) 
initial reversed initial reversed initial reversed initial reversed 

Nitrogen 0.920  – <0.10 – <0.10 – 0.88 – 
Kerosene 2.33  – <0.10 – <0.10 – <0.10 – 

Brine 50.6  51.4  <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 
Water 16.5  51.9  <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 

 
 
 

 
 

Figure LP9.  Capillary pressure curve of vuggy Lockport Dolomite recovered from the Johnson #1 
well, Kilgore pool, Mercer County, Pennsylvania. 
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The Lockport Dolomite exhibits remarkable reservoir heterogeneity within this dual porosity-

permeability system (Figure LP10).  We analyzed sidewall cores from four distinct zones in the Lockport 
in the Great Lakes Energy Ocel # 1 well in Carroll County, Ohio.  The sample recovered from a depth of 
5,422 ft (1,653 m) has the highest porosity and permeability observed in the well—7.8 percent and 53.5 
md (to air), respectively (Table LP2).  This permeability exists between interconnected molds and vugs 
(Figure LP11).  Where vugs are isolated in the same sample (Figures LP11A and LP11B), permeability is 
only 0.298 md to air (0.202 Klinkenberg) (Table LP2).  This sidewall core penetrated and recovered 
matrix dolomite and dolomite cement from a relatively large, partially cemented and filled vug.  This 
cement consists of polymodal, decimicron- to centimicron-sized planar-e to planar-s dolomite (Figures 
LP12A and LP12B).  

 
Figure LP10.  Porosity versus permeability for the four samples of Lockport Dolomite from the 
Ocel #1 well, Carroll County, Ohio. 
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Table LP4.  X-ray diffraction results for sidewall core samples of the Lockport Dolomite from the 
Ocel #1 well, Carroll County, Ohio.  Values reported are percentages of the total sample 
composition. 
 

Sample CLAYS CARBONATES 

Depth (ft) Chlorite Kaolinite Illite Smectite Calcite1 Dol/Ank Siderite 

5422.0 Tr 0 2 0 0 84 Tr 

5436.0 Tr 0 1 0 0 97 Tr 

5460.0 Tr 0 2 0 0 96 Tr 

5468.0 Tr 0 1 0 0 98 Tr 

AVERAGE Tr 0 1 0 0 94 Tr 

 

Sample TOTALS 

Depth (ft) Quartz K-spar Plag. Pyrite Clays Carb. Other 

5422.0 13 0 0 1 2 84 14 

5436.0 1 0 0 1 1 97 2 

5460.0 1 0 0 1 2 96 2 

5468.0 Tr 0 0 1 1 98 1 

AVERAGE 4 0 0 1 1 94 5 

 
 

 
 
Figure LP11A.  Photomicrograph of thin section of moldic and vuggy porosity in the Lockport 
Dolomite, Ocel #1 well, Carroll County, Ohio, 5,422 ft (1,653 m) depth.  Pane polarized light.   
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Figure LP11B.  Photomicrograph of thin section showing higher magnification view of isolated 
vuggy porosity in the Lockport Dolomite, Ocel #1 well, Carroll County, Ohio, 5,422 ft (1653 m) 
depth.  Plane polarized light.   
 

 
 

Figure LP12A.  SEM (BSE) view of isolated vuggy porosity in the Lockport Dolomite, Ocel #1 well, 
Carroll County, Ohio, 5,422 ft (1,653 m) depth.   
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Figure LP12B.  EDS analysis of tight matrix dolomite in the Lockport in the Ocel #1 well, Carroll 
County, Ohio, 5,422 ft (1,653 m) depth. 
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The mercury (Hg) injection capillary pressure data for this sample of Lockport Dolomite indicate 

moderate pore-throat sorting (2.2) and reservoir grade (13) (Figure LP13).  Pore-throat radii range in size 
from 0.0018 to 11.1 microns, but are skewed towards the larger sizes, between 1.08 and 11.1 microns 
(Figure LP14).  Figure LP15 shows the Equivalent Gas-Water capillary pressure and the Leverett J-
function for this sample.  

 

 
Figure LP13.  Mercury injection capillary pressure curve for the Lockport Dolomite in the Ocel #1 
well, Carroll County, Ohio, 5,422 ft (1,653 m) depth. 
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Figure LP14.  Pore-throat radii measurements for the Lockport Dolomite in the Ocel #1 well, 
Carroll County, Ohio, 5,422 ft (1,653 m) depth.  

 

 
Figure LP15.  Equivalent Gas-Water capillary pressure (left) and Leverett J-function for the 
Lockport Dolomite in the Ocel #1 well, Carroll County, Ohio, 5,422 ft (1,653 m) depth.  
 

The sample recovered from a depth of 5,436 ft (1,657 m) in the Ocel #1 well has moderate porosity and 
permeability, 5.4 percent and 13 md (air), respectively (Figure LP16 and Table LP2).  The dual porosity-
permeability system so typical of Lockport reservoirs is still apparent; permeability within the 
intercrystalline space of the matrix dolomite is only 0.012 md to air (0.0046 Klinkenberg).  Matrix 
dolomite consists of unimodal, decimicron-sized planar-s dolomite, and vugs are largely filled with 
polymodal, decimicron-sized planar-c and nonplanar (saddle) dolomite (Figures LP16A–LP16C and 
LP17). 
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Figure LP16A.  Photomicrograph of thin section showing reduced vuggy porosity in the Lockport 
Dolomite, Ocel #1 well, Carroll County, Ohio, 5,436 ft (1,657 m) depth.  Plane polarized light.  
 

 
 

Figure LP16B.  Photomicrograph of thin section showing higher magnification view of reduced 
vuggy porosity in the Lockport Dolomite, Ocel #1 well, Carroll County, Ohio, 5,436 ft (1,657 m) 
depth.  Note stylolite and solution-seam residue. Some of the dolomite was dissolved during 
chemical compaction.  Plane polarized light. 
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Figure LP16C.  SEM (BSE) photo of the same sample shown in Figures LP16A and LP16B.   
 

Figure LP17.  EDS analysis of planar-c dolomite that partially fills vuggy porosity in the Lockport 
Dolomite, Ocel #1 well, Carroll County, Ohio, 5,436 ft (1,657 m) depth. 
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The Hg injection capillary pressure curve indicates poor pore throat sorting (10) (Figure LP18).  Pore-
throat radii are quite broadly distributed between 0.0018 and 11.1 microns, just like the shallower sample 
from a depth of 5,422 ft (1,653 m), but this distribution is not nearly as skewed (Figure LP19).  Figure 
LP20 shows the Equivalent Gas-Water capillary pressure and the Leverett J-function for the sample from 
5,436 ft (1,657 m). 

 

 
Figure LP18.  Mercury injection capillary pressure curve for the Lockport Dolomite sample from 
5,436 ft (1,657 m) depth in the Ocel #1 well, Carroll County, Ohio. 
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Figure LP19.  Measurement of pore-throat radii from Hg saturation capillary pressure data for 
Lockport Dolomite sample from 5,436 ft (1,657 m) depth in the Ocel #1 well, Carroll County, Ohio. 

 

 
Figure LP20.  Equivalent Gas-Water capillary pressure and the Leverett J-function for Lockport 
Dolomite sample from 5,436 ft (1,657 m) depth in the Ocel #1 well, Carroll County, Ohio. 

 
Two more samples which we analyzed from the Ocel #1 well are tight, with low porosity (1.5 to 2.0 

percent) and permeability (<0.0001 md Klinkenberg; Table LP2).  Localized channel porosity in the 
sample from a depth of 5,468 ft (1,667 m; Figure LP21) has some enhanced permeability (0.0065 md to 
air), but reservoir quality is quite poor.  The sample consists of centimicron-sized, polymodal planar-s to 
planar-a (transitional) matrix dolomite with solution seams and stylolites developed along the boundary of 
an apparent lithofacies contact (Figure LP21).  Isolated, localized channel porosity developed along the 
stylolites where planar-c cement and nonplanar (saddle) dolomite partially fill the void.  Total porosity is 
only 1.9 percent.  The capillary pressure curve (Figure LP22) shows that pore-throat sorting is fair (2.2).  
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Pore-throat radii range from 0.0018 to 0.752 microns (Figure LP23).  Figure LP24 shows the equivalent 
gas-water capillary pressure and the Leverett J-function for this sample.  The tight dolomite sample from 
a depth of 5,460 ft (1,664 m) consists of centimicron-sized, nonplanar-a dolomite (Figure LP25).  
Porosity is 1.4 percent, and permeability is 0.0001 md (Table LP2). 

 

 
Figure LP21.  Photomicrograph of thin section showing centimicron-sized, polymodal planar-s to 
planar-a (transitional) matrix dolomite from 5,468 ft (1,667 m) depth in the Ocel #1 well, Carroll 
County, Ohio.  Note the more argillaceous nature and slightly smaller crystal size of the matrix 
dolomite in the bottom half of the photomicrograph compared to the cleaner and slightly coarser 
matrix dolomite at the top of the picture.  The latter dolomite also contains ooid and fossil grain 
ghosts. Chemical compaction occurred at the contact between two lithofacies resulting in solution 
seams and stylolites.  Channel porosity developed along stylolites and was partially filled by 
dolomite cement.  Plane polarized light.   
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Figure LP22.  Mercury injection capillary pressure curve for the Lockport Dolomite sample from 
5,468 ft (1,667 m) depth in the Ocel #1 well, Carroll County, Ohio. 

 

 
Figure LP23.  Measurement of pore-throat radii from Hg saturation capillary pressure data for 
Lockport Dolomite sample from 5,468 ft (1,667 m) depth in the Ocel #1 well, Carroll County, Ohio. 
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Figure LP24.  Equivalent Gas-Water capillary pressure and the Leverett J-function for Lockport 
Dolomite sample from 5,468 ft (1,667 m) depth in the Ocel #1 well, Carroll County, Ohio. 
 
 

 
 

Figure LP25.  Photomicrograph of thin section (left) and SEM (BSE) image (right) of 
centimicron-sized, nonplanar-a dolomite, Ocel #1 well, Carroll County, Ohio, 5,469 ft (1,667 m) 
depth. 
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Table LP5.  Summary of acid solubility test results for sidewall core samples of the Lockport 
Dolomite from the Ocel #1 well, Carroll County, Ohio.  Tests were performed at ambient 
temperature. 

 
A. Treatment with 15% HCl 

 
Sample Depth Acid Solubility Observations  

(ft) (percent)   
   

5422.0 93.2 Strong Reaction 
   

5436.0 97.4 Strong Reaction 
   

5460.0 97.5 Strong Reaction 
   

5468.0 96.7 Strong Reaction 
   

 
B. Treatment with 20% HCl 

 
Sample Depth Acid Solubility Observations  

(ft) (percent)   
   

5422.0 93.7 Strong Reaction 
   

5436.0 97.6 Strong Reaction 
   

5460.0 98.3 Strong Reaction 
   

5468.0 97.7 Strong Reaction 
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APPENDIX B 
PETROGRAPHY AND PETROPHYSICS OF THE KEEFER SANDSTONE 

 

1.0 SAMPLES AND METHODS 
 
The Keefer Sandstone consists of very fine to coarse-grained sublitharenite and quartz arenites 

deposited in littoral to shallow marine environments.  These sandstones are cemented by quartz, 
anhydrite, gypsum, calcite, and dolomite.  Porosity ranges from 1 to 20 percent but averages only 5 
percent.  Void types include primary and secondary intergranular porosity and open fractures.  Examples 
of lithology types and diagenetic features are presented in the photographs below.  This appendix 
concludes with a brief geophysical log evaluation of the unit. 

   
Thin sections of core and a geophysical log suite from the United Fuel Gas Osborne No. 8100T well in 

Roane County, West Virginia, were used to characterize this reservoir as a potential sequestration target 
(Figure KS1).  No porosity and permeability data were available for the Keefer Sandstone for this study. 

 
Figure KS1.  Map showing the location of United Fuel Gas Osborne No. 8100T well from which 
thin sections and geophysical log suite were obtained and used in the evaluation of the Keefer 
Sandstone.  



B-2 
 

 

2.0 DIAGENESIS 
 
Our petrographic analysis revealed a diagenetic sequence related to both porosity occlusion and 

creation in these rocks.  This sequence is presented below: 
 

Compaction 
 

Compaction is an early diagenetic process that reduces the original intergranular porosity in the Keefer 
Sandstone.  Evidence of compaction includes concavo-convex grain contacts, redistribution of 
argillaceous material, and deformed argillaceous rock fragments (Figure KS2). 

 

 

Figure KS2.  Photomicrograph of thin section revealing compaction of an argillaceous rock 
fragment that results in pseudomatrix (P) in this quartz wacke.  Dissolution and replacement of the 
pseudomatrix is observed.  Plane polarized light. 
 



B-3 
 

Cementation 
 

Cementation occurred relatively early in the diagenetic sequence.  Early cements include authigenic 
clay minerals and quartz overgrowths (Figure KS3). 

 

 

Figure KS3.  Photomicrograph of thin section showing authigenic clay coating a feldspar (F) grain; 
yellow arrows point to clay.  Crossed nicols. 

 

Dissolution and Microfractures 
 

Porosity is created by the dissolution of both carbonate material and unstable constituent grains.  
Microfractures also contribute to the void spaces in this unit (Figures KS4 and KS5). 
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Figure KS4.  Photomicrograph of thin section showing dissolution of carbonate material that 
created vuggy porosity.  The vug (V) is partially filled with dolomite cement.  Plane polarized light. 

 

 

Figure KS5.  Photomicrograph of thin section showing microfractures (yellow arrows) that crosscut 
detrital quartz (Q) and calcite cement (C).  Crossed nicols. 
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Late-stage cementation is the last diagenetic process observed in these rocks, and it reduces primary 
intergranular porosity and some of the earlier porosity created by dissolution (Figure KS6).  Dolomite and 
calcite cements are observed.  Calcite cements have both poikilotopic and drusy morphologies.   
 

 

Figure KS6.  This rock is composed entirely of dolomite (D) and calcite (C) cements.  Tight 
intercrystalline porosity occurs between cement grains.  Thin section, plane polarized light. 

 
3.0 POROSITY DEVELOPMENT 

 
Only secondary porosity, developed by dissolution of constituent grains and cement, is observed in the 

Keefer Sandstone.  Fractures make minor contributions to the void space in this sandstone, but we did not 
include detailed fracture analysis in our study.  Microfractures, observed in thin section, are present 
throughout the unit.  Examples of porosity types are presented below. 

 

Pressure Solution 
 
Evidence of pressure solution is rare in the Keefer Sandstone, but it is observed in some of the quartz 

arenites. The following photomicrographs show stylolites (yellow arrows) and associated dissolution in 
the argillaceous layers of the sandstones (Figures KS7 and KS8). 
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Figure KS7.  Photomicrograph of thin section, Keefer Sandstone, Roane County, West Virginia, 
3,506 ft (1068.6 m) depth.  Plane polarized light. 

 
 

 

Figure KS8.  Photomicrograph of thin section, Keefer Sandstone, Roane County, West Virginia, 
3,518 ft (1072.3 m) depth.  Plane polarized light. 

 

Fracturing 
 
Open microfractures create minor porosity in the Keefer Sandstone (Figures KS9 and KS10).  Early 

fractures are filled with calcite, dolomite, and quartz cements. Later fractures crosscut these cements.  
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Fractures in argillaceous layers are associated with secondary dissolution.  Horizontal and vertical 
fractures are indicated by yellow arrows in the figures below.   

 

Figure KS9.  Photomicrograph of thin section, Keefer Sandstone, Roane County, West Virginia, 
3,514 ft (1071.1 m) depth.  Plane polarized light. 

 

 
 

Figure KS10.  Photomicrograph of thin section, Keefer Sandstone, Roane County, West Virginia, 
3,518 ft (1072.3 m) depth.  Plane polarized light. 
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4.0 DISSOLUTION OF DETRITAL SEDIMENT 

 
Dissolution of the original sediment created porosity in this sandstone (Figures KS11 and KS12). 

 

 
 

Figure KS11.  Photomicrograph of thin section showing dissolution of rock fragment (yellow 
arrow), Keefer Sandstone, Roane County, West Virginia, 3,520 ft (1,073 m) depth.  Plane polarized 
light. 

 
 

 
 

Figure KS12.  Photomicrograph of thin section showing remnants of argillaceous material 
preventing precipitation of later cement (yellow arrows) , Keefer Sandstone, Roane County, West 
Virginia, 3,506 ft (1,068.6 m) depth.  Plane polarized light. 
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5.0 DISSOLUTION OF AUTHIGENIC CEMENT 
 
The most substantial porosity observed in the Keefer Sandstone occurs where calcite cement has 

dissolved to create vugs (Figures KS13 and KS14).  The vugs contain some very fine euhedral to 
subhedral dolomite crystals.  Dolomitization is the final diagenetic process observed in these rocks.   

 
 
 

Figure KS13.  Photomicrograph of thin section, Keefer Sandstone, Roane County, West Virginia, 
3,520 ft (1,073 m) depth.  The light color section of the photomicrograph (designated by ‘P’) is the 
porosity created by dissolution. The yellow arrow show dolomite crystals partially filling this void 
space.  Plane polarized light. 
 

P 
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Figure KS14.  Photomicrograph of thin section, Keefer Sandstone, Roane County, West Virginia, 
3,506 ft (1,068.6 m) depth.  The light color section of the photomicrograph (designated by ‘P’) is the 
porosity created by dissolution. The yellow arrow show dolomite crystals partially filling this void 
space.  Plane polarized light.   
 
 
6.0 PETROPHYSICAL EVALUATION 

 
An evaluation of geophysical logs from the United Fuel Gas No. 9509-T well [is the well number 9509-

1 or 9509-T?], was made to determine porosity and water saturation of the Keefer Sandstone in Roane 
County, West Virginia.  Porosity in this interval is 2.2 percent, and water saturation is 95 percent. 

P
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Figure KS15.  Portion of geophysical log for United Fuel Gas No. 9509-T (API Number 
4709901549), Roane County, West Virginia, used to calculate water saturation and porosity in the 
Keefer Sandstone.   

 

ft 



APPENDIX C 
PETROGRAPHY AND PETROPHYSICS OF THE BASS ISLANDS DOLOMITE 

 
1.0 SAMPLES AND METHODS 

 
A limited number of thin sections of the Bass Islands Dolomite from the Summit Storage field, located 

in Erie County, Pennsylvania (Figure BID1), were available for evaluation.  For the Goodwill No. 1 well, 
the Bass Islands ranges from a peloidal grainstone to an intraclastic grainstone with minor dolomitization 
observed as planer-e and planer-s crystals.  Carbonate cement, intraclasts, and peloids have all been 
partially dolomitized, and dolomitization is not fabric selective.  These rocks are tightly cemented, and 
there is no evidence of fracturing to create secondary porosity in the rocks.  A selection of available thin 
sections below illustrates the lithologic and diagenetic characteristics of these rocks (Figures BID2–
BID7). 

 

 
 

Figure BID1.  Map showing the location of oil and gas fields producing from the Bass 
Islands Trend and the location of wells used in this study for reservoir evaluation. 
 

 



 

 
Figure BID2.  Photomicrograph of thin section showing fine planar-s and planar-e 
dolomite crystals (D) replacing original material in this intraclastic grainstone.  
Dolomitization is not fabric selective. Plane polarized light. 

 
 

 
Figure BID3.  Photomicrograph of thin section showing poikilotopic (P) and isopachus-rim 
(I) calcite cements fill all intergranular space in this intraclastic grainstone.  Plane 
polarized light.  

D 
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Figure BID4.  Photomicrograph of thin section.  This peloidal grainstone is clearly 
laminated.  Intergranular space in the upper layer (1) is primarily micrite.  The lower layer 
(2) contains abundant calcite spar.  Plane polarized light. 
 
 

 
Figure BID5.  Photomicrograph of thin section.  All primary and secondary porosities have 
been completely filled with coarse, equant calcite cement in this peloidal grainstone.  Plane 
polarized light. 

1 
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Figure BID6.  Photomicrograph of thin section showing fine, planer-e dolomite crystals (D) 
replacing both original intraclasts and coarse calcite cement.  Plane polarized light. 

 
 

 
Figure BID7.  Photomicrograph of thin section.  The irregular size and shape of these 
intraclasts suggest that some were skeletal grains that have been highly micritized.  
Isopachus-rim (I) cements and equant (E) calcite cement are present.  Plane polarized light. 

 

I 
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2.0 PETROPHYSICAL EVALUATION 
 
Preliminary petrophysical studies of the Bass Islands Dolomite rely heavily on geophysical log 

interpretation.  A comprehensive geophysical log suite from the Macedonia pool, Erie County, 
Pennsylvania, reveals important reservoir characteristics. The producing interval ,2,680 to 2,762 ft (819 to 
842 m) in depth, in the Lantz No. 4 well (Figure BID1) includes the Lower Devonian Bois Blanc and 
Manlius formations and the Upper Silurian Bass Islands Dolomite.    

   

 
 
Figure BID8.  Geophysical log suite from the Lantz No. 4 well, Erie County, Pennsylvania, 
used for calculating reservoir characteristics. Depth in feet. 

 
 

The reservoir characteristics calculated from the geophysical log suite (Figure BID8) are presented in 
Table BID1. 

 
Table BID1.  Reservoir parameters and interpretation derived from geophysical logs. 

 

 

Reservoir Parameters Interpretation 

Bulk Volume Water 
(BVW) 

Upper pay interval Very low:  0.01 Vuggy and moldic porosity 

Lower pay interval Variable:  0.01-0.025 
Vuggy and/or moldic and 
intercrystalline porosity 

Water Saturation 

Low value 10% 

Lowest values associated with 
the Bass Islands Dolomite 

High value 10% 

Pay interval average 
10% 
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APPENDIX D 
PETROGRAPHY AND PETROPHYSICS OF THE ORISKANY SANDSTONE 

 
1.0 SAMPLES AND METHODS 

 
We examined and described 10 cores of the Oriskany sandstone from the study area (Figure 

ORSK1) and collected a total of 132 samples for detailed analyses (Table 1). These analyses 
included thin section examination, SEM petrology using secondary (SE) and backscattered (BSE) 
electron modes, energy dispersive spectroscopy (EDS), cathodoluminescence (CL), selected 
conventional core analyses, and selected special core analyses. 

 
Figure ORSK1.  Map showing the locations of the ten cores sampled for this study.  
Cores for which core analyses were performed are shown in orange.   

 

Thin sections were prepared at Weatherford Laboratories. All thin sections were stained for 
calcite (Alizarin Red S) and potassium feldspar (sodium cobaltinitrite). All thin sections were 
prepared using blue-stained epoxy which was introduced into the sample before cutting and 
polishing to facilitate observations of porosity and pore textures. We used a Leica DML 
polarizing microscope equipped with a Leica DFC camera for all transmitted light microscopy.  

 
We examined selected unembedded and unpolished samples on a Hitachi S-2600N variable 

pressure scanning electron microscope (SEM) operating with a pressure of 10 Pascals using the 
backscattered electron detection imaging system at 20 kV and a working distance of 15 mm. The 
elemental composition of these samples was determined using Quartz Imaging System’s Quartz 
XOne energy-dispersive X-ray spectroscopy (EDS) package which includes an e2v Sirius 
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10/UTW/SEM detector having a 10 mm2 crystal and an ultra thin polymer window. We used the 
same SEM, operating in high-vacuum mode at 20 kV and a working distance of 16.3 mm when 
conducting CL analyses using a Gatan ChromaCL detector and Digital Micrograph software.  

 
We classified the sandstones using the scheme of Pettijohn, Potter, and Siever (1987, Figure 5-

1), which is modified from Dott (1964, Figure 3). We used the sandstone porosity classification 
of Schmidt and McDonald (1979, Table 1), as well as their specific criteria for recognizing 
secondary sandstone porosity (Schmidt and McDonald, 1979, Figure 7). We also utilized the 
porosity classification of Luo and Machel (1995) to describe pore sizes in the sandstones.  

 
Conventional and special core analyses were performed at Weatherford Laboratories in 

Houston, Texas. All of the data generated from these analyses are presented in Attachment ORSK 
and discussed below. 

 
2.0 SEDIMENTOLOGICAL BACKGROUND 

 
The Oriskany sandstone in the Appalachian basin contains a variety of lithofacies which 

correspond to different depositional facies that accumulated in a wave/tide-dominated deltaic 
system and shallow marine shelf system (Basan and others, 1980). These lithofacies are: 1) 
conglomerate; 2) silica-cemented, fine- to coarse-grained sandstone; 3) calcite-cemented, very 
fine- to medium-grained sandstone; 4) sandy quartzose limestone; and 5) argillaceous shale 
(Basan and others, 1980).  The conglomerate lithofacies corresponds to delta front and shallow 
marine bar sand depositional facies. These were deposited mostly in eastern Pennsylvania, eastern 
West Virginia, and Virginia. Although the Oriskany sandstone contains very few characteristics 
indicative of deltaic sedimentation, some kind of deltaic input is necessary in order to account for 
the volume of clastic sediment present in the formation in the basin (Basan and others, 1980). 
Reworking of sediment on the marine shelf probably masked deltaic sedimentation signatures. 

  
The silica-cemented, fine- to coarse-grained sandstone lithofacies was deposited throughout the 

Appalachian basin as shallow marine bar sands and delta front sands. This lithofacies was also 
deposited as shoreface and beach sediments in western Pennsylvania, Ohio, and New York. The 
principal portions of the beach deposits formed in a semicircular pattern from New York, around 
the western basin margin to the southern part of the basin (Basan and others, 1980, p. 90). East of 
this region, as well as west of the Rome Trough, this Oriskany lithofacies accumulated in an 
upper shoreface complex that formed in front of the beaches.   

 
The calcite-cemented, very fine- to medium-grained sandstone lithofacies was deposited in the 

lower part of the upper shoreface and in the middle shoreface in western Pennsylvania, western 
West Virginia, Ohio, and New York.  

 
The sandy quartzose limestone lithofacies was deposited in the lower shoreface of eastern New 

York and across Pennsylvania.  
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Finally, the argillaceous shale lithofacies was deposited as offshore muds in eastern New York 
and northeastern Pennsylvania.   

 
3.0 TEXTURE AND FABRIC 

 
The Oriskany sandstones we examined range in size from very fine-grained to very coarse-

grained (Table 1).  The sandstones are poorly sorted to well sorted (phi standard deviations of 1.7 
to 0.35). The detrital quartz grains are sub-rounded to rounded and exhibit variable sphericity. 
Grain contacts in the samples we examined are mostly long or concavo-convex, although a small 
number of point contacts and floating grains appear along most thin section traverses. The latter 
appear within patches of calcite cement. Sutured grain boundaries occur in some of the 
Pennsylvania samples.       

 
4.0 COMPOSITION 

 
All of the Oriskany sandstones we examined are quartz arenites, i.e., rocks containing no more 

than five percent of either feldspar or rock fragments, and with less than 15 percent matrix 
(Pettijohn and others, 1987). Some of the sandstones contain more than 50 percent carbonate, 
present as calcite cement and fossil allochems, and are classified as sandy limestones. 

 
Most quartz grains are monocrystalline and exhibit undulose extinction under crossed nicols. 

Three to five percent of the quartz grains are polycrystalline. Most quartz grains have abundant 
small vacuoles and mineral inclusions. All of these characteristics suggest a probable 
metamorphic and/or hydrothermal source terrain. The minor feldspars present in the sandstones 
are microcline, orthoclase, and uncommon plagioclase. Most of the feldspars are altered in 
varying degrees to chlorite, illite, and smectite. The lithic grains in the Oriskany sandstone 
include schistose and volcanic rock fragments, chert, and dolomite. Accessory minerals include 
trace amounts of tourmaline, epidote, and zircon.  

 
Calcite and quartz are the principal cements in the Oriskany sandstones (Figure ORSK2). Other 

minor cements include dolomite, ankerite, siderite, illite, chlorite, smectite, hematite, tourmaline, 
and feldspar. Glauconite and pyrite are common authigenic components of the sandstones. 
Chalcedony commonly replaces fossil grains and calcite cement in the sandstones.          
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Figure ORSK2. Thin section photomicrograph of the Oriskany sandstone cemented 
by syntaxial quartz overgrowths and calcite. Ohio well 2876, 3,300.5 ft (1,006 m). 
Porosity in this sample is 2.9 percent. Permeability to air is 0.074 md. Klinkenberg 
permeability is 0.041 md. Plane polarized light. 

 
5.0 DIAGENESIS AND EPIGENESIS 

 
The Oriskany sandstone in the Appalachian basin was lithified by various authigenic cements. 

Syntaxial quartz overgrowths and intergranular calcite are the most important of these cements 
(Figure ORSK2), but the sandstones also contain authigenic clay minerals, feldspar, dolomite, 
ankerite, siderite, chert, pyrite, and tourmaline. Mechanical and chemical compaction played 
important roles in reducing porosity and lithifying the sandstones. Bitumen lines and coats most 
void space in the Oriskany sandstone throughout the basin. Tectonic fractures which formed in 
the Oriskany sandstones during their burial and uplift history and were partially- to completely-
filled by epigenetic quartz and ferroan calcite.  

 
Syntaxial quartz overgrowths developed in optical continuity with detrital quartz substrates 

(authigenic quartz grew preferentially along the c-axis of the original grain) and grew into the 
original void spaces of the sandstones significantly reducing porosity (Figures OR3 and OR4).  
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Figure ORSK3. Higher magnification thin section photomicrograph of the Oriskany 
sandstone from Ohio core 2876 (see Figure ORSK2) showing the optical details of syntaxial 
quartz overgrowth cement in plane polarized light.  Faint so-called dust rims (actually 
mineral or fluid inclusions) mark the boundary of the detrital quartz and cement. The 
overgrowths formed in optical continuity with the underlying quartz grains. 
 

 

Figure ORSK4. SEM (SE) photomicrograph of well-developed euhedral quartz 
overgrowths (O) in the Oriskany sandstone on Ohio core 2876. Also note the thin 
illite clay coatings (I) lining the reduced intergranular pore space and the authigenic 
quartz overgrowths, indicating that the illite formed after the quartz overgrowths. 
Calcite cement (C) is visible in the upper right corner of the photomicrograph.  
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In thin section, mineral and fluid inclusions denote the boundaries of the detrital quartz and 
overgrowth cement. Energy dispersive spectroscopy confirms the chemical composition of the 
quartz overgrowth cement in the sandstones (Figure ORSK5).   

 

 

Figure ORSK5. EDS analysis of euhedral quartz overgrowth in the Oriskany 
sandstone. The cross in the SEM (BSE) photo shows the location of the EDS spectral 
analysis, which confirms the composition of the quartz cement. Note the minor 
concentrations of copper (Cu) and calcium (Ca) within the quartz (Si) overgrowth. 

 
Calcite is the most volumetrically significant cement in the Oriskany sandstone, ranging from 

as little as four percent of the bulk volume of the rocks to 50 percent of the sandstone. Oriskany 
rocks with more than 50 percent calcite are classified as sandy limestones.  The calcite cement in 
the Oriskany sandstone exhibits three principal habits: 1) sparite which forms fibrous to drusy 
cement fringes on fossil grains or occurs as syntaxial overgrowths on echinoderm fragments; 2) 
large poikilotopic crystals enclosing numerous detrital grains; and 3) micron-sized to 
centimicron-sized crystals infilling isolated pores (Figures OR6 – OR13).  
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Figure ORSK6. Mostly calcite-cemented Oriskany sandstone in the Pennsylvania 
Sipe #1 core, 8, 848 ft (2,697 m).  The sample contains 50 percent detrital sand and 
50 percent calcite. The latter occurs as fossil allochems and cement.  The calcite 
cement occurs as sparite, which forms fibrous to drusy cement fringes on fossil 
grains (1), as large poikilotopic crystals enclosing numerous detrital grains (2), as 
syntaxial overgrowths on echinoderm fragments (SO), and as crystals infilling pores 
(3).   
 
 

 
 

Figure ORSK7. Oriskany sandstone, Ohio core 2876, 3, 305 ft (1,008 m). The 
sandstone is well-lithified quartz arenite with almost equal amounts of quartz 
overgrowth cement and calcite cement.  The latter occurs as sparite, which forms 
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fibrous to drusy cement fringes on fossil grains, a fabric typical of sea floor 
cementation during marine diagenesis.  

 

Figure ORSK8. Micron-sized to centimicron-sized calcite crystals infilling isolated 
pores in the Oriskany sandstone in the Pennsylvania Sipe #1 well core, 8,839 ft 
(2,694  m).  
 

 

 

Figure ORSK9. Pennsylvania Sipe #1 well core, 8,851 ft (2,698 m).  Minor quartz 
overgrowth cementation was followed by major lithification by poikilotopic calcite 
cement.  Note the corroded quartz. 
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Figure ORSK10. SEM (SE) photomicrograph of poikilotopic calcite cement in the 
same sample shown in Figure ORSK9.  

The calcite corrodes and partially replaces detrital grains as well as secondary silica cement. 
Pyrite occurs as common inclusions within the poikilotopic calcite crystals (Figures OR11 and 
OR12B), suggesting diagenesis under reducing conditions in the presence of organic matter 
(Krauskopf and Bird, 1995).  

 

 

Figure ORSK11A. Pyrite inclusions in calcite cement, Pennsylvania Sipe #1 well 
core. Also note where calcite cement corrodes quartz. 
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Figure ORSK11B. SEM (BSE) photomicrograph of poikilotopic calcite crystals (C) 
enclosing detrital quartz grains (Q) in the Oriskany sandstone.  Authigenic pyrite 
(P) crystals are enclosed in the calcite. Pennsylvania Heyn well core, 6,848 ft (2,087 
m).  

 

 

Figure ORSK12A. EDS analysis of the poikilotopic calcite crystals (C) enclosing 
detrital quartz grains (Q) in the Oriskany sandstone shown in Figure ORSK11.  



D-11 
 

 

Figure ORSK12B. EDS analysis showing composition of pyrite crystals within the 
poikilotopic calcite cement in the Oriskany sandstone in Figure ORSK11.  

 

Figure ORSK13. SEM (SE) image with compositional mapping from 
cathodoluminescence analysis of the Oriskany sandstone, Ohio core 2914, 3,330 ft 
(1,015 m). The image was collected using a long dwell time (5,000 microseconds per 
pixel) and a high resolution. Green emission in the quartz and red emission is in the 
calcite. Note the remnants of quartz overgrowth cement floating within the later 
precipitated calcite cement (arrows).  
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The Oriskany sandstone contains between two and five percent authigenic clay minerals, 
including illite, chlorite, and mixed- chlorite/smectite (corrensite).  In addition, Basan and others 
(1980) reported authigenic kaolinite in samples they examined.  Illite occurs as thin fibrous clay 
coatings lining both detrital grains and authigenic quartz crystals in the sandstones (Figures OR4 
and OR 14).  Chlorite also coats both detrital grains and authigenic cement crystals, and occurs as 
rosettes and clusters of disc-like crystals (Figure ORSK14).  Chlorite replaces detrital feldspar 
grains in the sandstones (Figure ORSK15).  Corrensite occurs in some samples as stacked clay 
platelets (Figure ORSK16).  

 

 

Figure ORSK14. SEM (SE) image of clay minerals and quartz overgrowth cement 
in the Sipe #1 well. Authigenic illite (I) and chlorite (Chl) lightly coat the abundant 
quartz overgrowth cement in the sample and further reduce the original 
intergranular porosity in the sandstone. 
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Figure ORSK15. Authigenic chlorite partially replaces microcline feldspar in the 
Oriskany sandstone, Pennsylvania Sipe well core, 8,884 ft (2,708 m). 
 

 
Figure ORSK16. Authigenic corrensite in the Oriskany sandstone. Major elements 
are Si, Fe, K, Al, Mg.  
 

Dolomite occurs sporadically in the Oriskany sandstone of the Appalachian basin, but it can be 
significant comprising up to 20 percent of the bulk rock composition (Basan and others, 1980) 
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(Figure ORSK17). The greatest concentration of dolomite in the sandstones occurs in samples 
showing extensive carbonate cementation.    

 

 

Figure ORSK17A. Dolomite cement in the Oriskany sandstone, Ohio core 3583, 
4,164 ft (1,269 m).  
 

 

Figure ORSK17B. Higher magnification view of dolomite fabric in the Oriskany 
sandstone, Ohio core 3583, 4,164 ft (1,269 m). The rock consists of detrital quartz 
(Q), calcite cement (C), and monocrystalline, planar-e to planar-s dolomite, which 
replaced the earlier-formed calcite cement.  
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Epigenetic minerals in the Oriskany sandstones precipitated in tectonic fractures associated 
with anticlinal folds in the following paragenetic sequence: 1) quartz; 2) ferroan dolomite; 3) 
siderite; 4) ferroan calcite; 5) quartz; and 6) ferroan calcite (Basilone, 1984).  These epigenetic 
minerals line and fill both vertical fractures and fractures that lie parallel to dipping bedding 
planes.  Figures OR 18 and 19 show examples of epigenetic quartz and calcite, respectively. 
Using fluid inclusion analyses, Basilone showed that these fractures were opened in the Oriskany 
of southwestern Pennsylvania at burial depths approaching 22,000 ft (6,076 m) and remained 
open throughout an extended period of petroleum migration and uplift.    

    

 

Figure ORSK18A. Authigenic chert replaces calcite cement and parts of a 
brachiopod fossil in the Pennsylvania Sipe #1 well.  
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Figure ORSK18B. SEM (BSE) photomicrograph of epigenetic quartz (EQ) filling. a 
sub-vertical tectonic fracture in the Pennsylvania Heyn #1 well, 6,848.5 ft (2,087 m).  
DQ – detrital quartz, C – calcite cement. 

 

 

Figure ORSK19. Thin section photomicrograph of calcite filling a vertical fracture 
in the Oriskany sandstone in the Pennsylvania Heyn #1 well, 6,848 ft (2,087 m).  See 
also Figures OR20 and OR21.  
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Figure ORSK20. SEM (BSE) photomicrograph showing the same calcite cement as 
shown in Figure ORSK19 filling a vertical fracture in the Oriskany sandstone in the 
Pennsylvania Heyn #1 well [6,847 ft (2,087 m)]. 

 

Figure ORSK21. EDS analysis of the epigenetic calcite that fills a tectonic fracture, 
as shown in Figures ORSK19 and ORSK20.  
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6.0 POROSITY, PERMEABILITY, AND RESERVOIR CHARACTERISTICS 
 
The Oriskany is a “tight sandstone” across the Appalachian basin.  It is characterized by low 

matrix permeability, usually in the microdarcy range (< 1 millidarcy) with isolated sweet spots in 
the low millidarcy (md) range.  Porosity ranges from less than 0.5 percent to as high as 15 
percent, but generally is low, typically 4.0 to 6.0 percent (Basan and others, 1980; Flaherty, 1996; 
Harper and Patchen, 1996; Patchen and Harper, 1996; this study).  These specific permeability 
and porosity criteria define the Oriskany sandstones as tight (Burnie and others, 2008; Coleman, 
2008).  As described in detail above, the original porosity and permeability of the sandstones 
were reduced by both mechanical and chemical compaction and by extensive silica and calcite 
cementation.  Some secondary porosity was created by dissolution of carbonate cement and, to a 
lesser degree, silica cement and labile detrital grains.  Dolomitization of carbonate cement locally 
enhances porosity in the sandstones, too (Figure ORSK17).  Fractures enhance both porosity and 
permeability in some areas and are necessary for gas deliverability in most Oriskany petroleum 
reservoirs (Sanders, 1982).  Carbonate dissolution enhanced porosity and permeability to a 
remarkable degree in the Oriskany outcrop belt, but this weathering phenomenon does not extend 
into the deep subsurface.   

 
Two of the cores we studied serve as useful end members of “typical” Oriskany sandstone in 

the Appalachian basin (i. e., sandstones with low permeability and porosities between 4.0 and 6.0 
percent).  The sandstone in the Ohio 2914 core has the highest permeability and most favorable 
reservoir characteristics encountered during our laboratory work on this project.  Petrographic 
observations in several other Ohio Oriskany cores compliment those made in the 2914 core.  The 
sandstone in the Heyn well in southwestern Pennsylvania has the lowest matrix permeability and 
least favorable reservoir characteristics that we measured.  It is instructive to discuss the 
petrophysical details of these particular rocks in order to illustrate the reservoir characteristics 
that can be anticipated in most of the Oriskany sandstone encountered in the basin.   
 
6.1 Ohio 2914 Core 
 

The Ohio 2914 core was recovered from an El Paso Natural Gas Company well in Smith 
Township, Mahoning, County, Ohio.  The Oriskany was encountered between 3,317 (1,011 m) 
and 3,337 ft (1,017 m) in the well. The sandstones occur as both coarsening upward and fining 
upward parasequences interbedded with marine limestones.  We collected seven samples of 
Oriskany sandstone from between 3,325 ft (1,013 m) and 3,337 ft (1,017 m) in this core (Table 
1).  The sandstones consist of medium- to coarse-grained, moderately sorted (0.5 to 0.9 phi 
standard deviation) calcareous quartz arenite. Measured grain densities of the rocks are 2.64 to 
2.65 g/cm3.  About 12 percent of the grains exhibit point or tangential contacts where primary 
intergranular porosity is partially preserved (Figures OR22 and OR23).  Most grain contacts, 
however, are long and concavo-convex indicating minor pressure solution (Adams, 1964).  
Cement is mostly quartz overgrowths and calcite (Figures OR22 - OR26) with minor amounts of 
authigenic chlorite, illite, and pyrite.  Bitumen partially coats grain and pore surfaces.   
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Figure ORSK22. Thin section photomicrograph of Oriskany quartz arenite from 
the Ohio 2914 well core, 3,332.6 ft (1,016 m). Plane polarized light. QO denotes 
quartz overgrowths. CaCO3 denotes calcite cement. Visible porosity, seen as blue 
epoxy, is approximately six to seven percent. 

 

Figure ORSK23. SEM (SE) photomicrograph of Oriskany quartz arenite from the 
Ohio 2914 well core, 3,332.6 ft (1,016 m). Quartz overgrowths (QO) are abundant 
throughout the sandstone.  
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Figure ORSK24. Higher magnification SEM (SE) photomicrograph of Oriskany 
quartz arenite from the Ohio 2914 well core, 3,332.6 ft (1016 m), showing well 
developed euhedral quartz overgrowths in optical continuity with detrital cores. 
Also note the depressions which are former grain contacts formed by pressure 
solution during compaction (arrows).  

 

 

Figure ORSK25. Calcite cement in the OH 2914 core postdates quartz overgrowths. 
Both cements reduced the original intergranular porosity in the sandstone. Also 
note where calcite cement corroded both the quartz overgrowths and detrital grains 
(black arrows). The visible porosity (blue epoxy) is due to calcite dissolution.  
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Figure ORSK26. SEM (SE) image with compositional mapping from 
cathodoluminescence analysis of the Oriskany sandstone, Ohio core 2914, 3,330 ft 
(1,015 m). The image was collected using a long dwell time (5,000 microseconds per 
pixel) and a high resolution. Green emission in the quartz and red emission is in the 
calcite. The visible porosity in the sandstone is due to calcite dissolution. 

Thin section and SEM analysis revel the total porosity in the Oriskany sandstones in this core is 
a hybrid of intergranular, oversized, moldic, and intra-constituent void textures (Schmidt and 
McDonald, 1979) (Figures OR27 to OR30).  Intergranular pores in the rocks are both reduced and 
enlarged.  The original intergranular pores were reduced after deposition during burial through 
compaction and cementation.  

 
 
 
 
 



D-22 
 

 

Figure ORSK27. Pore textures in the Oriskany sandstone in the Ohio 2914 core, 
3,306 ft (1,008 m). The total porosity in this sample (6.0 percent) is a hybrid of 
intergranular (I), oversized (O), moldic (M), and intraconstituent (IC) void fabrics, 
as defined by Schmidt and McDonald, 1979). Intergranular porosity is a 
combination of reduced intergranular voids (RI) and enlarged intergranular voids 
(EI).   

 

Figure ORSK28. Higher magnification photomicrograph of the thin section shown 
in Figure ORSK27 reveals details of reduced intergranular (RI) and enlarged 
intergranular (EI) pores in the Oriskany sandstone, Ohio 2914 core, 3,306 ft (1,008 
m).  The original porosity was reduced by quartz overgrowth cementation (Q) 
followed by calcite cementation (C). Calcite dissolution yielded the enlarged 
intergranular porosity along with minor intraconstituent porosity (IC). 
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Figure ORSK29. Moldic and oversized pores in the Oriskany sandstone in Ohio 
core 2914, 3,332.6 ft (1,016 m). SEM (SE) image. 

 

 

Figure ORSK30. Moldic pore in the Oriskany sandstone in Ohio core 2914, 3,332.6 
ft (1,016 m). SEM (SE) image. 

 
Both mechanical and chemical compaction acted to reduce the original depositional porosity 
which was probably about 30 to 40 percent (Davies, 1982; Pettijohn and others, 1987).  Evidence 
of chemical compaction in the sandstones includes the predominance of long and concavo-convex 
grain contacts, the presence of sinuous insoluble residues along the former and abundant oval 
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depressions fringed by clay on the surface of detrital grains (Welton, 1984; Pettijohn and others, 
1987) (Figure ORSK24).  Euhedral quartz overgrowths are the principal cement (20 percent of 
the bulk mineral composition) and significantly reduced the porosity of the sandstone.  
Intergranular calcite cement makes up five percent of the rock, but was more abundant before 
dissolution and secondary porosity development: most open voids contain corroded remnants of 
calcite cement.  Reduced intergranular voids in the sandstones are small mesopores (Luo and 
Machel, 1995) averaging only 59 μm in diameter.   

 
Enlarged intergranular pores in the Oriskany sandstone in the Ohio 2914 core formed through 

enlargement of previously reduced intergranular space, principally by dissolution of calcite 
cement. Enlarged pores range from large micropores (8 μm) within the calcite cement to large 
mesopores 0.18 mm in diameter.  The enlargement of the intergranular space occurred through 
dissolution of intergranular calcite cement and partial dissolution of framework grains at the 
margins of the pores. Pore boundaries are irregular to concave and adjacent grains are corroded. 

 
Oversized pores exceed the diameters of adjacent grains by a factor of at least 1:2 (Schmidt and 

McDonald, 1979) and occur as large mesopores averaging 0.8 mm in diameter. These voids are 
fabric-selective and formed through dissolution of carbonate that had earlier replaced framework 
grains and through dissolution of carbonate cement.  

 
Moldic and intraconstituent void textures contribute only minor amounts of porosity to the 

sandstones.  Moldic pores formed through selective dissolution of feldspars and carbonate grains 
and cements. Moldic pores make up an average of 1 percent of the total porosity of the rocks. 
Intraconstituent voids occur as small micropores within labile framework grains (feldspar and 
carbonate allochems), within calcite cement, and within clay minerals.  
 

Measured porosity in the sandstones ranges from 4.2 to 6.2 percent with an average value of 5.2 
percent. Permeability to air ranges from 1.22 to 1.51 md (average = 1.37 md). Klinkenberg 
permeability ranges from 0.925 to 1.08 md and averages 1.0 md.  

 
The mercury (Hg) injection capillary pressure data for two samples of this core yield Hg versus 

injection pressure curves that are typical of tight gas sandstones (Burnie and others, 2008). Figure 
ORSK31 shows plots of injection pressure in psi versus Hg saturation expressed as fraction of the 
pore space. These curves are useful for calculating several important reservoir parameters, 
including pore-throat sorting and reservoir grade (Jennings, 1987).  
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Figure ORSK31. Mercury injection capillary pressure for two analyses run on the 
Oriskany sandstone from the Ohio 2914 core, 3,332.6 ft (1,016 m). 

 

Pore-throat sorting (PTS) is a number that measures the sorting of pore throats within the rock 
sample. PTS provides a measure of pore geometry. It is measured by applying a numerical value 
to the slope of the plateau of the capillary pressure curve: 

 
PTS = (3rd quartile injection pressure ÷ 1st quartile injection pressure)1/2, 

where the first and third quartile injection pressures are taken directly from the capillary pressure 
curve as the 25 and 75 percent Hg saturation pressures adjusted for irreducible saturation 
(Jennings, 1987, p. 1199).  PTS for these samples is 1.87 and 2.7.  These values reflect the slope 
of the plateau of the capillary pressure curve shown in Figure ORSK31 and suggest moderate 
heterogeneity in the size of the pore throats.  
 

Reservoir grade is the percentage of linear area integrated under the capillary pressure curve; it 
provides a relative number to the size of the pore throats (Jennings, 1987).  Reservoir grade 
ranges from 22 to 25, indicating relatively small to moderate pore throat sizes.   
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The actual pore throat radius is calculated from the Hg saturation data as shown in Figure 
ORSK32. The median pore throat radius in the Oriskany sandstone in the 2914 core ranges from 
2.22 to 4.30 μm (Attachment ORSK).  

 
 

 

 

 

 

 

 

 

 

 

 

Figure ORSK32. Pore throat radii for two analyses run on the Oriskany sandstone 
from the Ohio 2914 core, 3,332.6 ft (1,016 m). 

Figure ORSK33 shows the broad distribution of pore throat radii for the sandstone samples 
from 3,332.6 ft (1,016 m), as calculated from the Hg saturation (0.0018 μm to 10.1 μm for sample 
1 and 0.0018 μm to 7.70 μm for sample 1V in Figure ORSK33). Figure ORSK34 shows an SEM 
image of the largest pore throats observed in the sandstones.  Although permeability is the 
optimum parameter to consider when estimating petroleum production, pore-throat size is the 
preferred length scale when considering gas percolation because it controls the differential 
pressure required to saturate the pore space (Nelson, 2009, p. 339).  
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Figure ORSK33. Distribution of pore throat radii in two samples of the Oriskany 
sandstone from the Ohio 2914 core, 3,332.6 ft (1,016 m). 

 

Figure ORSK34. SEM (SE) image of pore throat measuring approximately 20 
microns in diameter. This is largest pore throat size observed in the Oriskany 
sandstone in the Ohio 2914 core samples. 
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Figures OR35 and OR36 show the Equivalent Gas-Water capillary pressure and Leverett-J 
function curves for these Oriskany sandstone samples from 3,332.6 ft (1,016 m) in the Ohio 2914 
core.  The Equivalent Gas-Water capillary pressure curve in Figure ORSK35 is representative of 
actual reservoir fluids (see Varva and others, 1992, for details about how to convert Hg capillary 
data to reservoir fluid systems).  The fluid saturations, expressed as a fraction of the pore space at 
200 psi equivalent gas-water capillary pressure, range from 0.041 to 0.059.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure ORSK35. Equivalent gas-water capillary pressure curves for two analyses 
run on the Oriskany sandstone from the Ohio 2914 core, 3,332.6 ft (1,016 m). 

 
For modeling and correlation purposes the capillary pressure can be described by a 

dimensionless function of water saturation, the so-called Leverett-J function. The Leverett J-
function is defined as:   

 
J (Sw) = pc(Sw) (k/ø)½ ÷ σ cos θ 
 

where Sw is the water saturation measured as a fraction, pc is the capillary pressure, k is the 
permeability, ø is the porosity, σ is the surface tension, and θ is the contact angle.  The J-
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function allows us to normalize different capillary pressure curves generated in the 
laboratory to a single curve based on the assumption that the porous medium can be 
modeled as a bundle of unconnected capillaries. The J-curve shown in Figure ORSK36 
can be used, albeit cautiously, to represent typical Oriskany sandstone in the absence of 
other data.  
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure ORSK36. Leverett J function versus wetting phase saturation for two 
analyses run on the Oriskany sandstone from the Ohio 2914 core, 3,332.6 ft (1,016 
m). 

It should prove useful for future CO2 storage reservoir simulation studies.  Saadatpoor and 
others (2007), for example, argue that long-term trapping of CO2 in geologic reservoirs is 
controlled by capillary forces.  They showed how heterogeneity in capillary pressure influences 
the subsurface behavior of a buoyant CO2 plume and utilized a Leverett J-function to model 
capillary pressure in both low- and high-permeability sequestration targets.  They determined that 
the spatial distribution of capillary pressure is a dominant control on the preferential subsurface 
flow paths of CO2.  
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6.2 Heyn Well 
 

The Heyn well core was recovered from North Summit field, Fayette County, Pennsylvania. 
The Oriskany sandstone was cored between 6,842 ft (2,085 m) and 6,850 ft (2,088 m). The 
Oriskany is a coarsening upwards calcareous sandstone interval in this core. The sandstone 
contains vertical fractures almost completely filled by epigenetic calcite. We collected eight 
samples for thin section, SEM, and EDS analyses, and had standard core analysis done on two 
samples from the coarsest zone in the sandstone interval.  

The Oriskany sandstone in the Heyn well has the most unfavorable reservoir characteristics we 
observed in the basin (Figures OR37 to OR39 and Attachment ORSK).  Measured porosity is 0.8 
to 1.0 percent.  Measured permeability to air is 0.0012 to 0.0032 md. Klinkenberg permeability is 
0.0002 to 0.0008 md.  Cross plotted neutron-density porosity measures 6 percent over a 2-ft 
(0.61-m) interval in the Oriskany in the Heyn well between 6,846 ft (2,086.6 m) and 6,847 ft 
(2,087 m). We presume this is fracture porosity.  Fractures in the portion of the core that we 
examined, however, are filled by calcite.  

 

 

Figure ORSK37. Medium-grained quartz arenite cemented by quartz overgrowths 
and extensive calcite in the Pennsylvania Heyn well.  
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Figure ORSK38. SEM (BSE) photomicrograph of the same Oriskany sandstone 
sample shown in Figure ORSK37. Dark detrital grains are quartz, the gray cement 
is calcite, and the small white crystals are authigenic pyrite. Measured porosity in 
the sandstone is only 0.8 percent and measured permeability to air is 0.0012 md. 
Klinkenberg permeability is 0.0002 md. 

 

 

Figure ORSK39. Epigenetic calcite completely fills a vertical fracture in the 
Oriskany sandstone in the Heyn well core.  
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