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EXECUTIVE SUMMARY 

A preliminary assessment of Appalachian basin natural gas reservoirs designated as 
"tight sands" by the Federal Energy Regulatory Commission (FERC) suggests that greater 
than 90% of the "tight sand" resource occurs within two groups of genetically-related units; 1) 
the Lower Silurian Medina interval, and 2) the Upper Devonian-Lower Mississippian Acadian 
clastic wedge. These intervals were targeted for detailed study with the goal of producing 
geologic reservoir characterization data sets compatible with the Tight Gas Analysis System 
(TGAS: ICF Resources, Inc.) reservoir simulator. The first phase of the study, completed in 
September, 1991, addressed the Medina reservoirs. The second phase, concerned with the 
Acadian clastic wedge, was completed in October, 1992. This report is a combined and 
updated version of the reports submitted in association with those efforts. 

The Medina interval consists of numerous interfingering fluvial/deltaic sandstones that 
produce oil and natural gas along an arcuate belt that stretches from eastern Kentucky to 
western New Yoik. Geophysical well logs from 433 wells were examined in order to 
determine the geologic characteristics of six sepaiate reservoir-bearing intervals. The Acadian 
clastic wedge is a thick, highly-lenticular package of interfingering fluvial-deltaic sandstones, 
siltstones, and shales. Geologic analyses of more than 800 wells resulted in a 
geologic/engineering characterization of seven separate stratigraphic intervals. 

For both study areas, well log and other data were analyzed to determine regional 
reservoir' distribution, reservoir thickness, lithology, porosity, water saturation, pressure and 
temperature. These data were mapped, evaluated, and compiled into various TGAS data sets 
that reflect estimates of original gas-in-place. remaining reserves, and "tight" reserves. The 
maps and data produced represent the fust basin-wide geologic characterization for either 
interval. This report outlines the methods and assumptions used in creating the TGAS data 
input, and provides basic geologic perspective on the gas-bearing sandstones of the Medina 
interval and the Acadian clastic wedge. 
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INTRODUCTION 

In 1978, the Federal Energy Regulatory Commission (FERC) instituted a program of 
price supports for natural gas produced from low-permeability reservoirs ("tight fonnations": 
see 18 CFR 271.701 and related legislations). FERC's goal was to provide an incentive for 
the continued development of reservoirs that were uneconomic producers due to low market 
prices, poor flow rates, and the necessity of costly well stimulation procedures. 

Tliroughout the early 1980's, Appalachian Basin operators and state geologic surveys 
filed successful petitions requesting "tight formation" status for 17 separate reservoirs (or 
packages of related reservoirs) in seven states. Efforts to accurately assess the resource base 
of these fonnations have been greatly hindered by a lack of modern, accurate, and complete 
geologic and production data. Consequently, the most recent estimate of the unconventional 
gas resource of the Appalachian basm relied largely on extrapolation of historical finding 
rates normalized for changes in the level of industry activity (NPC, 1992). The NPC study 
indicated that up to 19 trillion cubic feet of gas (Tcfg) can be recovered from "new plays" 
and over 5 Tcfg from "old plays" with advanced teclmologies. The United States Department 
of Energy (US DOE) is currently re-assessing the resource potential of FERC-designated 
"tight fonnations" in the Appalachian Basin using a quantitative approach based on the direct 
collection mid analysis of reservoir data. In support of this effort, EG&G was tasked to 
conduct detailed geologic investigations of the most significant Appalachian "tight gas sands" 
with the goal of constructing geologic data sets compatible with the Tight Gas Analysis 
System (TGAS; ICF Resources, Inc.) reservoir simulator. 

In order to identify which reservoirs to study, EG&G conducted a preliminary 
assessment of the resource potential of all FERC-designated "tight fonnations" in the 
Appalachian basin. These estimates were based on reservoir data gathered from the original 
FERC petitions, and suggested that six reservoirs comprise over 90% of the total estimated 
"tight gas" resource. The basis and meaning of the rankings is fully described in Appendix 1. 

TABLE 1-1: PRELIMINARY RANKING OF FERC-DESIGNATED "TIGHT GAS" 
RESERVOIRS IN THE APPALACHIAN BASIN (Estimates are of original, potential 
reservoir volume, not gas-in-place) 

Rank Reservoir Estimate % of Total 

1. Medina interval 
2. "Bradford" sandstones 
3. Beiea Sandstone 
4. "Injun/Squaw" sandstones 
5. "Weir" sandstones 
6. "Venango" sandstones 

154 Tcf 
39 
38 
31 
27 
24 

44.9 % 
11.2 
11.0 
8.9 
7.7 
6.8 

All other Appalachian Basin 
"tight gas sandstone" reservoirs: 33 9.5 
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Based on these estimates, a two-year, two-phase, project outline was devised. The Medina 
interval was selected for hivestigation as the fust phase of the project and is the subject of 
Part One of this report. The remaining five sands tone- be aring intervals, all part of the Upper 
Devonian/Lower Mississippian Acadian clastic wedge, are described in Part Two. 

This repoit describes the preparation of TGAS input files intended to reflect 01 iginal 
gas-in-place, approximate remaining gas-in-place, and estimated "tight gas" reserves for low-
permeability reservoirs of the Medina interval and Acadian clastic wedge. The two parts of 
the repoit follow a common outline: a brief discussion of the regional geology is presented in 
Section I; Section II describes the delineation of the area to be studied, the type of data used, 
and the methods of correlation and mapping; Section III outlines the procedures for 
determining the reservoir characteristics, and the method by which these data were translated 
into TGAS data files; and Section IV discusses the general data quality and reliability. 
Appendices provide additional infomiation as follows: 1) the methodology for the 
preliminary ranking that resulted in the selection of the Medina interval and Acadian clastic 
wedge; 2) the relevance of FERC's criteria and designations to this study; 3) an inventory of 
the data purchased or generated during the course of this research; and 4) a comparison of 
permeabilities derived from down-hole transient pressure testing and the results of this study. 
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PART ONE 

APPALACHIAN BASIN LOW-PERMEABIUTY SANDSTONE 
RESERVOIR CHARACTERIZATIONS: 

THE MEDINA SANDSTONES 

by 

Ray Boswell 
David Matchen 

Origmally submitted September 1991 
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I. REGIONAL GEOLOGY OF THE MEDINA GROUP 

Stratigrapliic Terminology 

The Lower Silurian clastic wedge of the Appalacliian basin is a thin, widespread unit 
that can be directly correlated in well logs from southern West Vuginia and eastern Kentucky 
to western New York and southern Ontario. In Ohio and Ontario, these rocks are assigned to 
the Cataract Fonnation of the Albion Group (Knight, 1969; Beards, 1967). In New York and 
Pennsylvania, these units are included within the Medina Group (Lauglirey, 1984; see Figure 
I-J). Internally, the interval consists of basal, transgressive, marine sediments (Whirlpool 
Sandstone, Manitoulin Dolomite mid Cabot Head Shale) overlain by a regressive, sandstone-
rich, fluvial-deltaic wedge (Grimsby Sandstone). 

The Cataract/Medina oil and gas reservoirs are widely known as the "Clinton sands". 
The name "Clinton" was originally coined in 1887 by well-drillers in central Ohio who 
mistakenly correlated productive Lower Siluiian sandstones with the Middle Silurian Clinton 
Group that crops out along the Niagara Escarpment of western New York (Janssens, 1985). 
By the time the correct correlation with the Lower Silurian Medina Group became evident, 
the name "Clinton" was firmly entrenched throughout eastern Ohio. However, because this 
repoit is concerned with the reservoir basin-wide, the tenn "Clinton" will not be used. The 
preferred infonnal terminology is "Medina interval", with "Whirlpool" (basal) and "Grimsby" 
(upper) divisions, as is the custom throughout New York and Pennsylvania. Representative 
stratigraphic cross-sections are provided in Figures 1-2 and 1-3. 

Geologic History 

The Medina interval records the last phase of clastic deposition associated with the 
predominantly Ordovician Taconic orogeny (Rodgers, 1971). Stacking of orogenic tiirust 
sheets in the New York-Pennsylvania area created both the sourcelands for Late Ordovician-
Early Silurian sediments and the basin within which those sediments were deposited. 

During the late Ordovician, terrestrial red shales of the Juniata Fonnation and 
Queenston Shale (the "Queenston delta") spread westward over Martinsburg Fonnation marine 
shales as the basin filled. Subsequent early Silurian sea-level rise drowned 
the Queenston delta plain (Dennison and Head, 1975), reworking the uppermost Queenston 
strata to produce a tliin, irregular, sheet of coalesced marine sand bars now known as the 
Whirlpool Sandstone. Continued deepening of the sea resulted iu the deposition of marble 
shelf siitstones and shales of the Cabot Head Shale with carbonates of the Manitoulm 
Dolomite accumulating further offshore. 

Resumption of progradation produced the steady advance of sands tone-rich, fluvialiy-
dombiated deltaic lobes of the Grbnsby Sandstone Tongue. Grimsby sedunents were 
delivered to a shorelme with northeast-southwest trend by numerous river systems that built 
laterally-coalescbig, fluvial-deltaic aprons that alternated between fluvial and marme 
dombiance (Knight, 1969; Marthii, 1971; Overbey and Henninger, 1971). Along the shore, 
sand deposition was dombiated by distributary channel fills and mouth bars (Keltch and 
others, 1985) creating a complex amalgamation of supedmposed, lenticular, sandstones. 
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West 

FIGURE 1-2 West-to-east stratigraphic cross-section through the Lower Silurian of central 
Ohio showing the six sandstone intervals mapped in this study. Black coloration indicates 
sandstone. 
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FIGURE 1-3 North-to-south stratigraphic cross-section through the Lower Silurian section of 
northwestern Pennsylvania. The section in the soudienimost well represents the Tuscaiora 
Formation. 
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On the broad coastal plain to the east of the Medina deltas, coarse-grained sand that 
would later consolidate into the Tuscarora Formation accumulated in laterally-migrating 
fluvial environments. The eastward (and down-dip) pinchout of the Cabot Head Shale marks 
the lateral facies transition from Medina Group to Tuscarora Fonnation. A reconstruction of 
the regional geography of the Appalachian Basin during deposition of the Medina reservoirs 
is provided as Figure 1-4. 

Lack of clastic sediment combined with cessation of subsidence, both related to the 
erosional lowering of the Taconic mountains, halted the progradation of the Medina deltas. 
Uppemiost Medina sediments indicate a mud-rich shore dominated by tidal processes 
(Laugbrey, 1984). Marine transgression of the Medina delta plain was completed by Middle 
Silurian time, resulting h\ the deposition of marine shales and carbonates of the Clinton 
Group, the Dayton and Rochester formations, and the overlying Silurian-Devonian 
("Corniferous") Guelph-Lockport Dolomite. This tectonic ally-quiescent carbonate shelf 
predominated throughout the central and southern Appalachian region until the onset of the 
Devonian Acadian orogeny. 

Oil and Gas Production 

Medina interval reservoirs produce hydrocarbon in mi arcuate belt that extends from 
eastern Kentucky to southern Ontario and western New York. Production is from 
stratigraphic traps associated with the up-dip pinchout of sandstone upon the western margin 
of the basin (Figure 1-5). Locally, production is affected most strongly by the occurrence of 
natural fracture systems. Other factors affecting productivity are structural elevation, internal 
permeability variations, and erratic changes in reservoir fluid content. Economic production 
is typically found at depths ranging from 3,000 to 5,000 feet. Pay thickness, porosity, 
permeability, and water saturation vary considerably: typical values reported in the literature 
for these parameters are 20 to 50 feet, 4 to 6 percent, 0.1 to 10 millidarcies, and 30 to 50 
percent, respectively. 

Medina wells are routinely "hydro-traced'' regardless of the presence or absence of any 
natural flow. Average ultimate recovery for 11,000 wells studied in Ohio is approximately 75 
million cubic feet of gas (Mmcfg) and 2,000 barrels of oil (Cumberiidge and McCullough, 
1985). Wells to the north and west may be somewhat better: 154 Mmcf for 29 wells in 
Pennsylvania (Pees and Burgchardt, 1985), and 140 Mmcf for 100 wells in western New York 
(Copley, 1980). Initial production rates also vary greatly, averaging 1836 thousand cubic feet 
of gas per day (Mcfd) with a maximum of 7728 Mcfd for 197 wells in northwestern 
Pennsylvania (Pees, 1983), and 20 to 900 Mcfd for 408 wells reported from Guernsey 
County, Ohio (Keltch and others, 1987). Medina gas production follows a rapid hyperbolic 
decline with well over half of the total production occurring in the first three-to-five years 
(Keltch and others, 1985; Laughrey and Harper, 1984). Well lives of 15 or 20 years are not 
uncommon. 

One well-known statistic legarding Medina production is the 95% "success ratio". 
However, this statistic simply means that 95% of all wells targeted for the Medina are 
completed for production. Unfortunately, it is likely that many of these wells do not 
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FIGURE 1-4 Regional paleogeography of the Medina deltaic complex during the deposition 
of the "Medina 5" sandstone. 
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FIGURE 1-5 Regional occurrence of the "Clinton-Medina" stratigraphic trap (diagonal-line 
pattern) superimposed on a sub-sea stmctnre map on the top of die Grimsby interval. 
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produce enough hydrocarbon to cover the cost of diilling and financing and are, therefore, not 
"successful" in any practical definition of the term. 

Total cumulative production from the Medina interval is not well known. Petroleum 
Information's (PI) Well History Control System (WHCS) contains approxunately 50,000 wells 
that were reported as having been initially completed for production in the Medina interval. 
Assuming an average lifetime production per well-of from 100 to 120 Mmcf for 50,000 wells 
would yield a rough estimate of 5 to 6 trillion cubic feet of gas (Tcfg) produced. Similarly, a 
chart published by Janssens (1985) showed a total of 3.9 Tcfg cumulative for the state of 
Ohio from ad leservoirs (predominantly the "Clinton") from 1906-1975. Rough estimation of 
the contribution from other reservoirs, extrapolation to the present, and addition of estimated 
contributions from New York and Pennsylvania, could similarly suggest approximately 6 Tcfg 
produced. 
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H. GEOLOGIC INVESTIGATION 

The geologic investigation of Medina Group reservoirs consists of data acquisition, 
correlation, and sandstone isolith mapping. The purpose of the geologic investigation is to 
provide a general framework for interpreting the reservoir data collected in the succeeding 
reservoir characterization. 

Data Acquisition 

Geophysical well logs are the primary data for this research. The complete post-1980 
well log inventory of a major well-log supplier (Columbus Microfilm, Inc.) was purchased for 
46 counties withm the productive area of the Medina Group. Forty-four widely-spaced wells 
from outside the productive area were purchased on an individual basis. The data received 
was more than adequate for this research in both quality and quantity. A total of 433 well 
log suites were selected for use in the study (Figure 1-6). 

Correlation 

The goal of well log correlation is to assess the lateral continuity and vertical 
connectivity of the various Medina reservoirs. A network of 20 cross-sections utilizing more 
than 200 well logs was cons true ted. Average well spacing for the cross-sections is 
approximately 7 miles. The intersections of these cross-sections fonn loops around which 
correlations are closed. 

The correlations indicate Uiat six discrete intervals, averaging roughly 30 feet in 
thickness, can confidently be delineated. These intervals are herein called "Medina 1", 
"Medina 2", "Medina 3", "Medina 4", "Medina 5", and "Wliirlpool" sandstones (please refer 
to Figures 1-2 and 1-3). For mapping purposes, a seventh unit encompassing the five Medina 
sandstones, and called "Grunsby Interval" was recognized. 

The detailed dissection of the reservoir has botli advantages and disadvantages. On 
the negative side, the possiblity of coaelation error increases as the tliickness of the correlated 
Interval decreases. The risk of significant errors of this type are reduced by careful 
correlation of tightly-spaced wells. Conversely, the differentiation of separate reservoirs 
improves the reservoir characterization by removing the error and ambiquity that results from 
averaging of reservoir parameters between numerous units that differ in location, geometry, 
and lithology. Furthermore, because the lenticularity of the sandstones makes it clear that the 
en the interval does produce as a single reservoir, simulations conducted on a data set 
encompassing the entire interval would not accurately portray reservoir behavoir. 

Mapping 

The geometry and depositional setting of specific Medina reservoirs is determined 
based on regional sandstone isolith maps of intervals recognized on the cross-sections. Prior 
knowledge of the flu vial-deltaic origin of the sandstones allows for the subjective contouring 
of the data and improves the extrapolation of mapped trends into areas of sparse data. 
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FIGURE 1-6 Distribution of well log data used in the characterization of the Medina Gioup 
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Medina Group Sandstone Distribution Pattems 

Whirlpool Sandstone: The Whitipool sandstone occurs in two distinct lobes; one 
located in southeastern Ohio (occasionally lefeued to by oil and gas operatois in that atea as 
the "Medina sand" (Maslowski, 1985)), and another centeied in northwestern Pennsylvania 
and New York (Figure 1-7). Both lobes appear to have been sourced from the southeast, 
although connection of the northern lobe to sources to the north is possible. The geneial 
tiend of the shoreline duiing Whiilpool time was northeast-southwest. 

The major embayment of the shoreline between the two lobes ("Canton embayment" 
of Knight, 1969) is possibly related to a relatively higher rate of subsidence that produced a 
cioss-stiike topographic low that acted to maintainthe sea-bottom below the depth at which 
waves could rework the sediment. In the succeeding progradtional ("Grimsby") phase, this 
same atea became a preferential location for large, fluvial-deltaic lobes ("Ravenna delta" of 
Knight, 1969). 

Moie detailed mapping of the Whirlpool's northern lobe by Pees (1986) revealed both 
shore-iioimal (dip-trending) and shoie-paiallel (strike-trending) sandstone build-ups. Pees 
mterpieted these features as shelfal tidal channels and offshoie bariier bars, respectively. 

Grimsby Interval: Gtimsby sandstone isolith maps typically show two distinct modes 
of sandstone distiibution (Figure 1-8). To the east occurs the main sandstone body distiibuted 
as disciete lobes (or build-ups) evenly spaced along strike. Tliickness trends within these 
units are otiented east-west, suggesting deposition in river or deltaic distributaries. To the 
west lies one or moie sandstone belts with dominant north-south trend. These belts trend 
roughly patallel to depositional strike suggesting the hifluence of wave processes in a shelf or 
shoieline setting. 

Tiie fluvial-deltaic lobes maiked by the dip-trending sandstone build-ups are spaced 
approximately 40 to 50 miles apart (see Figure 1-9). Minor lateral shifts in position are 
evident between successive intervals. The central tluee lobes are typically dominant, peihaps 
attiacted to the structural Jow discussed above. The distribution of interpreted deltaic lobes 
suggests that approximately seven distinct deltaic systems co-existed on die Medina coastal 
plain (see Figure 1-4). 

Many of the strike-trending sandstone units occupy a common position located hi 
cential Carioll County, eastern Portage County and southern Ashtabula County, Ohio (Figure 
1-9). The vertical stacking of these units has been attiibuted to the localization of sand 
deposition withm a subsiding area downthrown of major strike-trending basement faults 
(Coogan, 1991). 

Isolith maps of individual Medina sandstones reveal patterns similar to the Grimsby 
interval isopach. Figure 1-9 shows the "Medina 4" isolith map as an example; other sand 
isolith maps are aichived as described in Appendix 3. These intervals, although relatively 
thin, leptesent hitervals of time in which depositional environments may have shifted 
consideiably. An example of this can be seen in Figure 1-9, where two paiallel, but 
sepaiated, strike-tiending sandstone belts occur in eastern Ohio. These two units probably 
repiesent successive positions of the "Medina 4" shoreline. 
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FIGURE 1-7 Net sandstone isolith map of the Whirlpool Sandstone. 
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FIGURE 1-8 Net sandstone isolith map of the Grunsby interval. 
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FIGURE 1-9 Net sandstone isolith map of the Medina 4 interval. 
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IV. RESERVOIR CHARACTERIZATION 

The reservoir characterization phase of the study consisted of the delineation of 
reservoir extent, determination of reservoir parameters, analysis of well logs, and the 
manipulation of these data into a foimat compatible with the TGAS program. 

Delineation of reservoir extent 

It was recognized early in this project that the boundary of the "Clinton tight 
formation" as recognized by FERC is not geologically reliable. Reasons for this conclusion 
are presented m Appendix 2. Consequently, the entire geographic range of the reservoir was 
evaluated. The area was divided into two parts; the productive area is that proven by wells, 
Hie prospective aiea has not been adequately tested. 

The productive area of the Medina reservoir (Figure 1-10) was determined by 
outlining on a base map the area pioved by more than 48,000 wells completed for production 
in the Medina interval. This is slightly more than 21,000 square miles. The up-dip (western 
ami northern) limit is largely controlled by the westward pinchout of the Medina sandstones, 
disappearance of the sandstones beneath Lake Erie, or exposure along the Niagara 
Escaipment. The productive aiea of southern Ontario, Canada, (Sanford, 1968) was not 
evaluated in this study. 

The prospective area (Figure 1-10) consists of the down-dip extension of the reservoir 
eastward and southward of the productive aiea. Presently, the down-dip limit of production is 
controlled by the high cost of drilling and completing wells below roughly 6,000 feet 
measured depth. However, tiie down-dip limit of the reservoirs is not well known. It is 
generally believed that thick pay columns exist at high reservoir pressures below 6,000 feet. 
If so, these reservoirs could be drilled economically given significantly higher gas prices or 
improved teclinology (Maslowski, 1985). Therefore, it was determined to set the eastern limit 
of the prospective area at the estimated pinch-out of the Cabot Head Shale (transition from 
Medina Group to Tuscarora Foimation) based on two ideas: 1) the Cabot Head Shale is 
widely considered to be the primary source of hydrocatbon trapped in the Medina interval, 
and therefore any reservoir rock to the east of the pinchout would be physically separated and 
down-dip from the source of hydrocarbon; and 2) reservoir porosity and permeability are 
thought to approach nil near the Medina/Tuscarora facies transition due to the decreasing -
abundance of interstitial clays (the absence of clays may be a primary factor in promoting 
the growth of secondary silica cements that are responsible for the obliteration of porosity in 
the Tuscarora). As defined, the prospective aiea is roughly 4,000 square miles in size. 
Additional aiea that could be called prospective, but that was not evaluated in this research, 
lies beneath Lake Erie. 

The area of known storage fields within the Medina reservoirs was subtracted from the 
total ptoductive area. However, because of the scale of this study, it was not considered 
feasible to subtract out areas of state parks, cities or other features that may exclude 
development drilling. 
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FIGURE 1-10 Location of the productive and prospective areas of the Medina reservoirs. 
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Log Analysis 

Well Log Selection: A vast inventory of well logs on microfiche allowed for the 
selection of a large percentage of high-quality logs from recently-dr 11 led wells. 
Approximately 1 well per 60 square miles of productive area (a total of 389 wells) was 
selected (see Figure 1-6). Log suites were preferentially selected that contained the 
follow big: 1) a complete penetration of the interval (drilled and logged into the Queenston 
Shale or lower); 2) a gamma-ray log for correlation; 3) a computed well-log with logging 
parameters specified; 4) an induction log for quality control of computed logs or 
determination of water saturation in lieu of computed logs; and 5) density and/or neutron logs 
for similar quality checks or calculations of porosity. 

Computed Well Logs: A huge number of computed well logs and log analysis data 
sheets were included in the selected well log suites. These analyses are typically run by the 
logging company at the well site using standard industry formulas with important assumed 
logging parameters noted. Many of the analyses reported porosity and water saturation at 1-
or 2-foot increments. This level of detail could not be matched for a large number of logs 
without expenditures of time and manpower unavailable for this project. Moreover, given the 
presence of this data in pre-computed form, re-calculation would have been redundant. 
Induction, porosity and correlation logs from wells with computed logs were visually checked 
for general log quality, hole size, and consistency of assumed logging parameters. Computed 
logs that incorporated unrealistic logging parameters were not used. 

Logging Parameters: The three most important logging parameters that are typically 
assumed are fonnation water resistivity, rock matrix density, and fluid density. Although 
these values can be measured in core, such practice is uncommon in the Appalachian Basin. 

Formation water resistivity (Rw) was set by the logging engineer at 0.035 ohm-m 
(corresponding to 200,000 ppm NaCl at 100 F) in the vast majority of wells examined. In 
Pennsylvania, however, a significant number of wells were logged with Rw set at 0.04 or 
0.05, reflecting lower fonnation salinties (120,000-170,000 ppm NaCl). Without independent 
infonnation on formation salinities in these areas, the given values were accepted. Formation 
temperature, which can also affect Rw, does not change appreciably across the study area. 

Rock matrix density was commonly set at 2.68 g/cc. This density is higher than that 
typically assumed for quartz sand (2.65 g/cc), but not as high as the 2.76 g/cc reported from 
analysis of Medina sediments in two cores retrieved from Crawford County, Pennsylvania by 
Laughrey (1984). Because 2.68 g/cc is clearly die industry standard, it was decided to accept 
this number. Fluid density was routinely set at 1.1 g/cc. 

Calculation of Reservoir Parameters: In cases where computed logs were not 
available, reservoir parameters were calculated from density, resistivity, and gamma-ray logs. 
Approximately 50 wells were analyzed in this manner. The method of the log analysis is 
detailed below: 
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1. Detennine lithology of discrete sandstone units (volume and distribution of shale) from 
gamma-ray log as follows: 

Vshale = ( G R log " GRshale> ' <GRshale " GRclean sand> 

2. Detennine average porosity of each sandsonte from density and/or neutron porosity 
logs making sure that the hole is engaged (no large washouts). The formula for 
density porosity is as follows: 

^len = (Pmatrix " f>log) j (Pmatrix ' PflujkP 

Density porosity is corrected for volume of shale as follows: 

♦coir = *den " Vshale((^>shale) 

Matrix (PniatJjv) md fluid (pfiyy) densities are assumed values, and bulk density 
(pj ) is read from the bulk density log. Many log suites provide a density porosity 
curve that solves this equation. <Lu«ie is read from the density porosity log. 
Neutron porosity is calculated hi a srmilar way. 

3. Detennine average water saturation (Sw) of each pay zone from deep induction log 
readings in both the sandstone (Rt) and hi the surrounding shale (R^iiaie)« All 
hydrocarbons were assumed to be gas. Sw was calculated using the following 
equation incorporating volume-of-shale corrections: 

Sw = (0.4Rw/*eff
2j[((5*eff

2/RtRw) + (V s h a l e
2 /R< s h a l e

2 )} 0 - 5 - (V s h a l e / R t ^ ) ] 

Net Pay: A zone was taken to contain produceable hydrocaibon ("pay") where volume 
of shale was less than 50%, porosity exceeded 4.0%, and the sum of oil (if reported) and 
water saturation was less than 60%. Production data was not available to allow these pay 
"cut-offs" to be tested versus well productivity. The values given represent the investigator's 
best estimations of likely cut-off values. 

Permeability: Penneabilities were calculated using the Coates formula that expresses 
permeability in terms of porosity and water saturation (Schlumberger, 1989): 

KCoa,es = 7<Weff
2)tU - Sw)/Sw] 

In theory, at any given porosity, the amount of water that can not be expelled from the 
fonnation ("irreducible water saturation") will increase as pemieability decreases (Wyllie and 
Rose, 1950; Tunur, 1968). However, several assumptions and limitations related to the use of 
an empirical permeability formula should be mentioned. First, the formula incorporates only 
water saturation and porosity; peihaps the main determinant of in situ fonnation permeability 
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in the Medina - natural fracturing - is not accounted for. Secondly, the equations are known 
to become less accurate at low porosities and are generally deiived from moie "conventional" 
reseivok conditions. Thirdly, the fomiulas are calibrated for a medium gravity oil and should 
be conected for gas. Unfortunately, the correction incotporates "height above the free water 
level": since no free-water level is kuown for the Medina, no correction could be applied. If 
such a collection could be applied, it would be tend to increase calculated penneability for 
those units at shallower depths. Lastly, empirical fomiulas assume that the fonnation is at 
it reducible water saturation. This is difficult to determine from well logs, and it is known 
that some Medina wells produce associated water. However, since (here is no practical 
method to determine if a unit is at irreducible water saturation, and since the majority of 
Medina gas wells report little or no water (although the difference between what is reported 
and what truly happens can be significant), it is hoped that error aiising from this problem is 
small. 

Given all these limitations to the use of empirical fomiulas, it seems appropriate to 
discuss alternative methods of determination of permeability. Clearly, down-hole pressure 
testing is the most accurate method to determine in situ pemieability. However, the 
availability of such data is limited to 28 wells (five in Ohio, 21 liighly clustered welJs m 
Pennsylvania, and thxee in New York) that were tested in support of FERC filings. This data 
is insufficient for the needs of this study. Interestingly, comparison with empirical data 
derived from the same areas suggests that pressure test values are often much less tban those 
derived from the equations for wells hi the same area (see Appendix 4). This difference is 
largely attributable to the unreliability of the fomiulas. However, because pressure tests 
generally return just one value per well, it is difficult to know what part of the interval was 
tested or to separately evaluate the different mapped Medina reservoirs. Nonetheless, based 
on the pressure-test information that is available, an argument can be made that 0.1 md 
(FERC criteria for "tightness") derived from a pressure test corresponds with 0.2 md or 0.3 
md computed from an equation. 

Tests nm on cores retrieved from the borehole provide another method of estimating 
in situ penneability. However, suiprisingly few core reports were available upon visits to the 
Ohio mid Pennsylvania state geologic surveys. Those that were found were typically from 
extraordinarily good wells with permeabilities of 1-10 millidarcies commonly reported. This 
data was also considered irrelevant to this study. 

A final method of estimating penneability is the use of time series production data to 
mimic a pressure-drawdown test. Type cuives ("Fetkovitch curves") can be fitted to 
specially-constructed production decline cuives to estimate permeability. However, this 
method presumes an ample supply of accurate and detailed production data. Such data has 
never been available for the Medina reservoirs. 

Therefore, although empirical fomiulas may not provide correct values for 
permeability for any given Medina reservok, it is believed that the use of an empirical 
formula was the only way to determine the regional variation in penneability within the 
Medina interval that was consistent with the types and amounts of data typically available for 
Appalachian basin wells. Data that relates the calculated pemieabilities to measured 
permeabilities from well-bore pressure tests is provided in Appendix 4. 
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Medina Sandstone Reservok Characteristics 

The average porosity, pemieability, and water saturation within the pay zones of each 
interval were determined and plotted on base maps. It is important to note that the maps 
show the characteristics of the pay zones only, and not the averages for the entke interval. 
For example, the "porosity of pay" for a unit might be given as 6.8% for 20 feet of pay, 
whereas the average porosity for the interval might be 4.2% for 45 feet of sandstone. 
Selected maps are presented; the remainder of the maps are archived as described in 
Appendix 3. 

Porosity: Porosity of the Medina reservoks averages roughly 6.8 percent (see Figure 
1-11). The porosity generaljy decreases to the east, and is interpreted to pass below 4.0 
percent at the transition from Medina to Tuscarora. Typically, the highest porosities are 
found within the westernmost strike-trending sandstone belts. Porosities reaching 12.0% are 
not uncommon in these areas. Occurrences of high porosities (generally not greater than 
9.0%) in the main sandstone bodies are largely restricted to the axes and western tenninations 
of the dip-trending units. In general, porosity is somewhat higher and more variable to the 
south (Ohio) than to the north. 

Water Saturation: Water saturation throughout the Medina Group averages 
approximately 42 percent (see Figure 1-12). Water saturation generally decreases from west 
to east and is slightly lower in thicker sands. Also, water saturation tends to increase to the 
south. 

Net Pay: Average pay thickness in the Medina Group is rouglily 40 feet. Pay 
increases from west to east and is greater and less variable to the north (Pennsylvania and 
New York) than to the south. As expected, the net pay map closely mimics the net sand map 
(see Figures 1-13 and 1-14). 

Permeability: Roughly half to two-thirds of each interval is characterized by 
consistent and low permeabilities of 0.3 md or less as determined from the Coates formula. 
Areas of much higher Coates permeability are sporadically distributed throughout. There is a 
marked change in contour spacing for values greater than 0.3 md: values larger than this 
number are typically much larger, commonly over 1 md (see Figure 1-15). 

Compilation of TGAS Data Sets 

Well specific porosity, net pay, and water saturation data were translated into TGAS 
data sets by overlaying a rectangular grid containing 389 cells on maps of these parameters. 
Average values for each paramater, as well as the aiea of pay within each grid cell, were 
visually estimated. The 389-cell grid was a by-product of an attempt to automate the process 
through use of the Silicon Graphics workstation. Unfortunately, this effort failed as a result 
of the machine's inability to incorporate geologic insight into its gridding and mapping 
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FIGURE l-ll Aveiage porosity of pay zones within the Giimsby interval. Interval-specific 
porosity maps are archived as described in Appendix 3. 
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FIGURE 1-12 Average gas sanitation of pay zones within the Grhnsby mterval. Interval-
specific water saturation maps are archived as described in Appendix 3. 
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FIGURE 1-13 Net pay isolith of the Grimsby interval. Interval-specific net pay maps are 
archived as described in Appendix 3. 
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FIGURE 1-14 Net pay isolith of the Whirlpool Sandstone. Interval-specific net pay maps 
are tuchived as described hi Appendix 3. 
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FIGURE 1-15 Coates permeability map of the Grhnsby inteival. Interval -specific 
permeability maps are archived as described in Appendix 3. 
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routines. However, the use of a large number of grid cells provided greater ease and 
accuracy in the visual averaging process. 

To accomodate restrictions within TGAS, data sets were condensed so that none 
contained more than 250 grid cells with pay. This was done by adding the aiea and acre-
footage of pay in adjacent cells. Total acre-footage was divided by area to give average pay 
thickness. Weighted averages (weighted by acre-footage of pay in each cell) of porosity and 
water saturation were calculated, and permeabiliy re-calculated using the Coates fonnula. 

Separate TGAS data sets representing the "Grimsby Interval", each of the five 
individual Medina sandstones and the Whirlpool sandstone were constructed. Six versions of 
each data set were created that are intended to reflect the following: 1) original gas-hi-place; 
2) remaining gas-in-place with depleted reserves accounted for through estimated pressure 
reduction; 3) remaining gas-in-place with depletion estimated by reduction in reservok area; 
and 4, 5, and 6) remaining gas-in-place within "tight" zones as determined by penneability 
cut-offs of 0.3, 0.2, aud 0.1 md. Each data set contains 23 variables (columns) referenced to 
up to 250 grid cells (rows). Factois relevant to the determination of each variable are 
discussed hi detail below: 

Column 1: State Code: The two-digit API code for the state in which the grid cell 
occurs (Kentucky=16; New York=31; Ohio=34; Pennsylvania=37; West Virginia=47). 

Column 2: Basin Code: All grid cells occur within the Appalachian Basin, indicated 
with a "1" . 

Column 3: Grid Cell Code: Grid cells are numbered from 1 to 250. These grid cell 
numbers are refejenced tlirough the TGAS Titles Files to alphanumeric grid cell labels that do 
not vary between data sets. 

Column 4: Formation Code: Because of the large size of the data sets, each data set 
contains just one "fonnation", referenced as follows; "1" = "Grhnsby Interval", "2" = "Medhia 
1", "3" = "Medina 2", "4" = "Medina 3", "5" = "Medina 4", "6" = "Medina 5"; "%" = 
Whirlpool Sandstone. 

Column 5: Depth: The measured depth, in feet, from land surface to the top of the 
given unit at the center of the grid ceil. 

Column 6: Pressure: Pressure data retrieved from WHCS proved spotty and erratic 
when mapped. This variation was attributed to the fact that some of the reported wells may 
have encountered reduced pressures due to prior reservok depletion. Review of the highest 
values showed that a down-hole pressure gradient of 0.326 lb/ft gives an accurate esthnate of 
original reservok pressure. The estimated vkgin formation pressure is given in column 6. 

For those data sets where estimated current formation pressure was given, the virgin 
pressure (Pv) was reduced by a factor related to the estimated percent depletion (D) of that 
grid cell as follows: Pressure = (4U0D)+(Pv(l-D)). The rationale is that a typical 
abandonment pressure for the Clinton reservok is approximately 400 psi. If a grid cell was 
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deemed to be 60 % depleted, then aveiage pjessure remaining within a grid cell wilh vhgin 
piessme of 1500 psi would be (400)(0.60) + (1500)(0.40) or 840 psi. 

The peicentage of depletion is a visual estimate based on the number of wells 
completed in the Medina within each giid cell relative to the number that could be drilled at a 
spacing of 100 acres (Pennsylvania and New Yoik) or 80 acres (Ohio). 

Column 7: Temperature: Formation tempei atuie is estimated using a down-hole 
tempeiatuie giadient of 0.0123 °F/foot and a typical neat-surface tempeialuie of 50 degiees. 

Column 8: Condensate Yield: In lieu of specific data on tins paiameter, the default 
value of 0 was enteied. 

Column 9: Formation Geometry: TGAS allows foi differentiation between blanket 
("I") and lenticular ("2") ieservohs. Medhia reservoks are higliiy lenticular on all scales. 

Column 10: Appraisal Type: Grid ceils which contain actual well log data in support 
of the TGAS input values are "appraised" ("1"). Grid cells which contain no or poor data 
contiol, and are evaluated laigely on the extension of mapped trends from appraised areas are 
"exh apolated" ("2"). All giid cells hi the productive area are "appiaised": those hi the 
piospective aiea are "extrapolated", 

Column 11: Number of Permeability Grades: TGAS allows for different segments of 
the leservoh within a grid cell to be distinguished based on significant veitical vatiations in 
penneability. This option is useful if the reservok is very tiiick and contains laige variations 
hi leservoh quality. However, the Medina reservoh has been divided into small segments, 
each avei aging less than 20 feet in pay thickness, dierefore making it possible to aveiage 
permeability over the interval and necessitating only one penneability grade. 

Column 12: Dummy. 

Column 13: Area: The area of the grid cell that contakis gas pay. Because the zero 
pay line hiteisects many grid cells, tins number is, on occasion, less than the grid size of 57 
oi 114 squtue miles. Area is also leduced by the occurrence of gas storage fields. However, 
areas of pay that occur beneath state parks, municipal ateas, and lakes, (other than Lake Erie) 
aie not excluded. In the data sets designed to account fot past production through aiea 
reduction, the area value is multiplied by the estimated depletion percentage to yield 
jenuiining aiea. 

Column 14: Permeability: Permeability is calculated using the Coates fonnula 
(Sclilumbeigei. 1989) that leiates water saturation and poiosity to penneability. 

Column 15: Porosity: Porosity is determined from computed logs or calculated 
dhectly fiom density and/or neutron logs. Porosity ranges upwaids fiom 4.0%; units with 
porosities below 4.0% were consideied nonproductive. 
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Column 16: Water Saturation: Water saturation is determined from computed logs or 
diiectly calculated from induction logs. Maxhnum allowed water saturation is 60%; units with 
water saturation greater than 60% were considered nonproductive. Oil saturations reported on 
computed logs were added to reported water saturations and were not allowed to contribute to 
the productivity of the unit. 

Column 17: Net Pay: Pay is the thickness of the clean sand that has porosity greater 
than 4.0% and water saturation less than 60.0%. 

Column 18: Drainage Area: The assumed values of drainage area are 100 acres for 
the "gassy" portion of the Medina (New Yoik and Pennsylvania); and 80 acres for Ohio. 
These numbers are based on observed and reported well spacings hi mature fields. 

Column 19: Decline Constant: The value is set at the default of "0". 

Column 20: Pay Dispersion Coefficient: The value is used to indicate if the pay is 
unequally dispersed tluougbout the pay interval. Because the intervals described hi these data 
sets are small and based on iithologically-homogenenous units, this is probably not the case; 
therefore a value of "1" indicating even dispersion was entered. 

Column 21: Lens Shape: This parameter allows Jength-to-width ratios for lenticular* 
sands to be included hi the analysis. Because Medhia heterogeneities occur at a scale far 
smaller than the spacing of the data, no specific data were not available for estimating this 
value; therefore, the default of "1" is entered. 

Columns 22 and 23: Dummies. 

The TGAS Data Sets 

Fotty-two TGAS data sets were constructed. Those datasets suffixed by an "o" (Cixo, 
C2xo, C3xo, C4xo, C5xo, CFxo, and C8xo) utilize original fonnation pressures and the full 
reseivok extent. The reserves calculated for these data are designed to reflect original gas-in-
place. Data sets suffixed by an "a" are identical to the "o" data sets with the exception that 
the reservok area has been reduced by a factor designed to account for reservok depletion. 
Similarly, those data sets suffixed with a "p" are identical to the "o" data with the exception 
that reservoirs pressures have been reduced. These two data sets provide alternative methods 
of subtracting past production. The reduced aiea data sets will show a greater depletion than 
the corresponding reduced pressure data. For example, a grid cell estimated at 50% depleted 
would show exactly half the reseivok area hi the "a" data set as compared to the original data 
set; however, the cell would show less than half pressure depletion as it is assumed that 
depleted reservoks maintain a pressure of 400 psi. 

Three data sets per interval are suffixed with "k". These are subsets of the "a" data 
sets, and are intended to reflect remaining, "tight" reserves. Data sets suffixed with "kOi" 
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include only those grid cells with calculated penneabilities of less than 0.1 md. Data sets 
"k02" and "k03,r include all cells with less than 0.2 and 0.3 md respectively. These values 
were selected to give tliree alternative calculations of the "tight gas resource": 0.1 md 
corresponds to the FERC regulation; 0.3 md marks a significant break hi the spacing of 
contour intervals on the penneability maps; and 0.2 is provided as an intermediate. 
(However, because the entke expanse of the Medhia reservok throughout eastern Ohio, 
Pennsylvania and New York has already been designated "tight" (hi the legal sense of the 
tenn), the relevance of detennining that subset which is "truly tight" is somewhat academic. 
Especially given the fact that this detennhiation is based on the use of an admittedly-
hiadequate empkical formula.) 

The "Grhnsby Inteival" data sets (identified with an "F" in place of a lobe number) 
were created by the mathematical addition/averaging of the five Medina sandstone data sets. 
To do this, the total pay (in acre-feet: net pay times area) was summed for the five lobes. 
Grimsby Interval pay area was set at 100 square miles, and net pay calculated to preserve the 
correct total of acre-feet. Porosity and water saturation were determined by weighted 
averages of the five porosity and water saturation values with the weiglithig factor being acre-
feet of pay hi that lobe. Penneability was then recalculated using the Coates fonnula. 

Data sets reflecting the reserve potential of the Whklpool Sandstone are identified by 
an "8" hi the space for lobe number. These data were not incorporated into the Grhnsby 
Interval ("F") data sets. 

33 



DISCUSSION OF DATA QUALITY 

The quality of the TGAS data sets in characterizing the Medhia reservoks is 
dependent on the accuracy of the input data and the reasonableness of the assumptions and 
methods used hi manipulating these data. 

Input Data 

Computed logs: The input data were derived in large part from the recording of 
information provided on pre-computed logs or well analysis data sheets. It is unlikely that 
these analyses inherently incorporate more error than would recalculation of reseivok 
parameters from logs. The basic advantages of computed logs are 1) they are calculated on 
closely spaced intervals; 2) they are calculated from digital data and are not read from paper 
copies; 3) the logging parameters are set by professional logghig engineers with working 
knowledge of the local variations hi fonnation water resistivity, etc.; 4) it is not always 
necessary to have a complete log suite in order to obtain porosity and water saturation data; 
and 5) the use of pre-computed data allows for the collection of a much larger data base. 
The disadvantage is that, on occassion, logghig parameters are not noted, or full log suites not 
available to allow for the verification of general log quality. In these cases, this data was not 
used unless no other mformation was available. 

Treatment of oil saturations: Oil saturations were not computed. All hydrocarbons 
present hi the reservok were assumed to be gas. In addition, condensate yield is assumed to 
be zero. In New York and Pennsylvania, this is not a problem. However, in Ohio, the 
assumptions could lead to significant error h\ and near the two major oil-bearing zones. Use 
of computed logs helped to correct this problem by allowing for the addition of oil saturation 
to water saturation (TGAS asks for water saturations and not gas saturations). Although it is 
understood that the oil present in the reservok would contribute to gas production at the 
surface, there was no reasonable method available to esthnate this effect. It can be noted that 
FERC regulations place a strict five barrel-per-day limit on oil production; therefore, by 
treating oil as if it were water, these oil-bearing reservoks were laigely excluded from this 
"tight gas sand" data set. 

Separation into six intervals: The accuracy of the well data was increased by the fact 
that average porosity, permeability and water saturation were calculated over six 10-30 foot 
intervals, instead of over the entke 20-80 feet pay. This added accuracy was a result of the 
detailed correlations. 

Delineation of the prospective area: A key assumption in this research affecting the 
reseivok characterization hivolves the recognition and characterization of the prospective area. 
It is possible that less or more prospective area exists. The lack of well log data tlirough this 
zone made it hnpossible to quantify with accuracy either the limits or the characteristics of 
the reseivok hi this area. A generally opthnisitic approach was taken, based mainly on the 
fact that no water-wet Medina was located. 
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Data Manipulation 

The well-specific reservok data was manipulated at two steps hi the process of 
creating the TGAS data set: contouring and grid-cell averaging. In addition, the data sets that 
reflect estimated remaining reserves were modified by use of esthnated abandonment pressure 
and depletion percentage values. 

Contouring: All contouring was done by hand. Hand contouring provides for the 
inclusion of geologic bias (preferred trends and geometries) that results hi greater geologic 
lealrsm. The contouring of porosity, permeability, and water saturation was guided by the 
attempt to make these maps reflect as much as possible the trends interpreted on the net 
sandstone isopach map. 

Visual grid cell averaging: The data were again manipulated by the visual averaging 
of contours witliin grid cells. Attempts to computerize this process failed because of the 
inability of the computer to utilize the geologic maps created hi the previous steps. Given the 
number of cells (389) no significant error should have been introduced at this step. 

Estimation of depletion percentage: The raw data reflects original reseivok 
conditions, and uncorrected, would provide original gas-hi-place volumes. Because remahung 
gas-in-place estimates are desired, it was necessary to devise some method, consistent with 
the TGAS program, to account for past production. Two alternative attempts were made; the 
fiist by reducing the reservok area in each grid cell, and the second by reducing the reseivok 
pressure in each grid cell. The reduction of both parameters was based on the number of 
wells previously completed within the grid cell relative to the number that could be (killed hi 
the grid ceil at a 100 acre spachig. This was a completely visual process. Improvement of 
the depletion percentages might be possible by actual counthig of wells and measurement of 
well spachigs; however, given that such a map would contain 48,000 wells, this added 
accuracy would probably not justify the extra work. 

It is not clear which method of accounting for past production is superior. The 
pressure reduction method implies that some producible gas remains hi the depJeted areas 
because abandonment pressure was set at 400 psi and TGAS allows production to much lower 
pressures. The area reduction method implies that no producible gas exists within 100 acres 
of any previously produced well site. 

Abandonment pressure: For the purpose of reducing pressure in the remaining gas-in-
place data sets ("p" data sets), an abandonment pressure of 400 psi was assumed. This value 
best applies to fields hi Ohio, and may be too high for fields elsewhere. 
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I. REGIONAL GEOLOGY OF THE ACADIAN CLASTIC WEDGE 

Geologic Setting 

The Middle and Upper Devonian Acadian orogeny recorded the accretion of the 
Avalon terraue onto the eastern margin of the North American continent during the early 
stages of the assembly of Pangea (Williams and Hatcher, 1982). The orogeny produced an 
elongate belt of folded and thrusted mountains that extended from maritime Canada to 
Alabama. Tectonic loading within the otogenic belt rejuvenated subsidence within the 
adjacent Appalachian bashi. Throughout the Upper Devonian, sediment eroded from the 
eastern flanks of the Acadian mountains was delivered westward to a shoreline with 
northeast-southwest trend (Barrel!, 1912; Willard, 1933). As the subsiding bashi filled, the 
sea was displaced westward by an intermittently advancing coastal plain (Dennison, 1985; 
Boswell and Donaldson, 1988). By the latest Devonian, erostonal lowering of the mountains 
allowed widespread transgression of the sea. The thick fluvial-deltaic sequence produced 
during this period is known as the Catskill delta complex (Woodrow and Sevon, 1985). 

A major sea-level drop hi the latest Devonian shifted shorelines more than 100 miles 
westward. The Catskill shelf was sub aerially exposed, and narrow, west-trending, fluvial 
channels were incised hito it. A thin shoreline sandstone deposit and associated marine 
deposits accumulated. Subsequent rise hi sea level drowned the newly-emergent coastal plain, 
and the sea once again extended beyond the eastern margin of the study aiea. The thin 
fluvial-deltaic sequence fonned during this cycle of sea-level fall and rise comprises the 
Bedford-Berea delta (Pepper and others, 1954; Bjerstedt and Kammer, 1988). 

Renewed tec ton ism hi the Lower Mississippi an renewed progradation of flu vial-deltaic 
environments throughout the Appalachian Bashi (Ettensolin, 1985). These events are recorded 
in the clastic deposits of the Price-Borden deltaic complex and the overriding terrestrial 
deposits of the Maccrady, Burgoon, and Pocono formations (Bjerstedt and Kammer, 1988). 

The general location of the "tight gas" reservoks associated with the Catskill, Bedford-
Berea, and Price-Borden delta complexes is shown in Figure 2-1. The generalized 
stratigraphy and interpreted depositionai systems for die Acadian clastic wedge is illustrated 
hi Figure 2-2. 

Petroleum Occurrence 

Oil and natural gas have been produced from Acadian clastic wedge sandstones since 
the first oil was pumped from the Drake well hi Titusville, Pennsylvania, hi 1859. By 1950, 
thousands of fields had been discovered and depleted. The thick sequence of 
inter bedded sandstones, siltstones, and shales produced by the migration of fluvial-deltaic 
environments over a period of 20 million years produced thousands of oil and gas-bearing 
lenticular leservohs, often vertically stacked by the dozen. Today, production is 
predominantly gas. In recent years, cumulative production for all wells hi West Virginia has 
been approximately 180 billion cubic feet of gas and 2 million barrels of oil per year 
(Klehisclimidt, 1991, 1992). Average initial production tests (post-stimulation) from recent 
wells drilled hi West Vkghiia range from 500 to 1000 thousand cubic feet of gas (mcfg) per 
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FIGURE 2-1 Location of majoi low-penneability sandstones in the Acadian clastic wedge. 
Hoiizontal line pattern = Devonian "Catskill Delta"; diagonal line pattern = Mississippian 
"Piice-Rockwell" delta, hatchured line = Devonian or Mississippian "Bedford-Berea" delta. 
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FIGURE 2-2 Diagrammatic cross-section hi nortliem West Vkghiia outlinhig the lithologies 
and uiterpreted depositional systems within the Acadian clastic wedge. Capital letters refer 
to fonnal stratigraphy tennhiology specific to West Vkghiia (from Boswell, 1988). 
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day (Kleinshmidt, 1992). Exploratory wells for Acadian clastic wedge reservoks ate 
uncommon, hi 1990 and 1991, only one new exploiatory success was reported hi West 
Vhgiuia or Pennsylvania from Acadian clastic wedge stiata (Kleinschmidt, 1991, 1992; 
Harper, 1991, 1992). Nonetheless, nearly a thousand development wells are drilled each yeai 
hito Acadian wedge reservoirs, and significant leserves aie likely to remain. 

Oil and natural gas aie pioduced fiom a variety of Acadian clastic wedge sandstone 
lithofacies (Dennison, 1971) including: 1) fine-grained, turbiditic sandstones; 2) shelf storm 
deposits, usually siltstones oi fine-giairied sandstones; 3) marginal-marine sandstones; and 4) 
fluvial sandstones. 

Tuibidite sandstone leservoks are the most common taigets of recent drilling activity. 
They me the deepest and most lenticulat leservoks diriled within the Acadian clastic wedge. 
In geneial, the leservoks aie thin-bedded, shale-rich, and have moderate to low porosities. 
They have become the most popular targets: however, because they have not been as 
extensively developed and do not suffer from the widespread regional depletion that 
chaiacteiizes the shallower sandstone leservohs. In leceut years, approximately 60% of all 
wells chilled hi West Virginia have been completed hi units with apparent turbiditic origin 
such as the piolific Benson sandstone of the north-cential part of the state (Kleinschmidt, 
1991, 1992). Other significant turbidite reservoirs occur below the Benson, hicludmg the Elk, 
Sycamoie, and Alexander sandstones. 

Reservoks formed hi shoreline envhomiients typically have porosities in excess of 
what would be expected for a "tight" reservoir. Good reservok chaiacteristics, a tendency to 
pioduce oil instead of gas, and lelatively shallow depths lesulted hi the early exploitation of 
many shoielhie sandstone reservoks, especially those hi the Catskkl delta complex (Gordou, 
Venango, Fifth, and others; Harper and Laughrey, 1987). Howevei. Berea and Price-Borden 
shoreline and associated sandstones remain favorite targets for infill drilling. Currently, 20% 
of wells drilled hi West Virginia are targeted for shoielhie sandstones of the Big Injun, 
Squaw, Weir, and Beiea (KJeinschmidt, 1991, 1992). 

Shelf storm deposits and othei shallow marine sandstone reservoirs occur tluroughout 
the bashi. Cunently the target of roughly 9% of all wells drilled in West Vkginia, shelf 
sandstone leservoks such as the Balltown, Speechley, Bradford, and western and southern 
facres of the Gordon sandstone continue to be important natuial gas producers (Kleinschmidt, 
1991, 1992). In Ohio, shallow shelf sandstones of the Bejea have pioduced an esthnated 900 
billion cubic feet (bcf) of gas. Reservoirs within the shelf sandstone facies of the Berea aie 
pioductive thioughout eastern Kentucky, southern West Vkginia, and westernmost Vkghiia. 

Fluvial sandstone reservoirs aie not common within the Acadian clastic wedge. Only 
two thin sequences of terrestrial deposits are pieserved within the subsurface of the bashi. 
The first includes the Gay-Fink and Cabin Creek channel trends of Berea age in West 
Vhghiia. Both of these reservoirs are now used for gas storage. The second includes channel 
sandstones within the red shale facies of the Hampshke and Catskill fonnations along the 
eastern margin of the bashi. 

Pioduction data is notoiiously scarce Much past production data does not exist at all; 
many cuueut production figures aie useless and umeliable because of the habit of wholesale 
commingling of production from the numeious reservoks, and the uncertain correlation and 
naming of reseivohs (AONGRC, 1992). 
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Stratigrapliic Framework 

Lithofacies of the Acadian clastic wedge commonly occur as simple, strike-trending 
belts that can be followed over large distances without substantial change hi iithoiogy. Many 
of these lithofacies, known widely by names such as "Pocono", "Catskill", "Chemung", and 
"Pottage", were described and assigned fonnational status during the infancy of North 
American geology, in the period before the nature and significance of time-transgressive rock 
units were appreciated (Caster, 1934). Consequently, a bewildering array of formal, 
supposediy-foimal, and informal names are used. 

The Acadian clastic wedge consists of the thick sequence of Upper Devonian and 
Lower Mississippian elastics bounded below by the Middle Devonian Oriskany/Ridgeley 
Sandstone and equivalents and above by Middle Mississippian Greenbrier Limestone, Mauch 
Chunk Fomiation, or Upper Pennsylvanian Pottsville Fonnation. The clastic wedge is divided 
into three distinct reservoir-bearing deltaic complexes: the Upper Devonian Catskill delta, the 
Devoniau/Mississippian Bedfoid-Berea delta, and the Lower Mississippian Price-Borden delta. 
Each delta complex consists of a package of predominantly regressive units. Progradation 
was intermhtantly interrupted by short-lived transgressions that segregated each delta complex 
hito a number of discrete sandstone bundles that correspond to the well known "chiller's 
sands" (Benson, Speecliley, Gordon, etc.). Less common, larger-scale transgressions are 
responsible for producing regional shale units that form the boundaries between the three 
delta complexes. 

For the purposes of this study, the Acadian clastic wedge is divided into seven 
stratigrapliic intervals. These intervals were further subdivided into 20 sub-intervals for 
mapping purposes. Table 2-1 shows these relationships. 

TABLE 2-1: Relationship of the seven TGAS intervals and twenty mapped sub-intervals to 
tliree fluvial-deltaic complexes of the Acadian clastic wedge 

Delta complex TGAS Interval Mapped sub-intervals 

Price-Bordeu Big Itijuu Upper Big Injun, Lower Big Injun 

Squaw Upper Squaw, Lower Squaw 

Weir Upper Weir, Lower Weir 

Bedford-Berea Berea Berea 

Catskill Venaugo Ftfly-foot, Gordon, Fourth-Fifth, Bayard-Elizabeth, 
Warreu 

Bradford Speechtey, Upper BalHown, Lower Balllown, Upper 
Bradford, Lower Bradford-RUey 

Benson Upper Benson, Lower Benson, Alexander 

41 



U. GEOLOGIC INVESTIGATION 

The geologic investigation of Acadian clastic wedge reservoks consists of data 
acquisition, well log correlation, sandstone isolith mapping, and geologic interpretation. The 
purposes of this part of the study are as follows: 1) to determhie how the thick Acadian 
clastic wedge should be compartmentalized into units contahihig reservoirs of similar age and 
characteristics; and 2) to provide a geologic framework for the extrapolation of data collected 
hi the succeeding reservok characterization from areas of good data to areas of poor data. 

Data Acquisition 

The goal of this research was to provide data sets that could be used to characterize 
the resource potential of selected "tight", gas-bearing, sandstones under various economic and 
technologic scenarios. Therefore, it is essential to clearly understand which reservoks are to 
be included as "tight gas sands" and which are to be excluded. 

Throughout the early 1980's, various state surveys, with the assistance of the oil and 
gas industry, filed petitions for "tight" fonnation status for various stratigrapliic and 
geographic portions of the Acadian clastic wedge. The majority of these petitions were 
approved by FERC and the resultant boundary ostensibly outlines the "tight gas resource". 
However, review of the petitions suggests that those designations are controlled as much by 
political boundaries and the nature of the petition-filing procedure as by the regional geology 
of the reservoks. It is likely that many reservoks which could not have independently 
achieved "tight" status were accepted by vktue of their occurrence within a sequence 
dominated by units with "tight" characteristics. It is also likely that very many reservoks 
which aie clearly tight are not Included in the designated areas by the happenstance of the 
filing/approval procedure. A good example of this is the abrupt, and unlikely, termination of 
the Upper Devonian "tight gas resource" as recognized by FERC at the West Vkginia-
Pennsylvania border. Accordingly, this report is not restricted to just the FERC-designated 
areas; instead, the entirety of the Acadian clastic wedge natural gas potential is characterized. 
This area encompasses over two-thirds of the Appalachian structural basin. More than 20,000 
geophysical well logs from the expanded study area are part of METC's in-house inventory. 
Numerous well logs from Kentucky and Vkghiia were made available to the investigators by 
the geologists at the offices of Columbia Natural Resources hi Charleston, West Vkghiia. 
From these sources, approximately 800 well logs were selected (Figure 2-3). 

In aie as of good data availability, log suites were selected that possessed the folio whig 
attributes: 1) complete penetration of the interval, 2) a gamma-ray log for correlation, 3) an 
induction log for determination of water saturation, and 4) a density and/or neutron log for 
detennination of porosity. Logs were selected to provide the highest quality, most recent 
vhitage data with an even geographic coverage. Large parts of the study area contain very 
poor data quality and density. Typically, these aie as were developed before 1950 and have 
seen little drilling activity since. 
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FIGURE 2-3 Geographic distribution of data used in the geologic and reservoir 
chaiacterizations of the Acadian clastic wedge. 
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No attempt was made to include a well log from every known natural gas field. 
Instead, time limitations necessitated that the reservoirs be evaluated on a more regional basis. 
A randomly selected list of geographically-dispersed wells should provide an unbiased 
statistical representation of the reservoir, including representative propoilions of good and bad 
wells. 

The data set for Catskill delta complex reservoirs includes approximately 300 wells. 
Of these, 244 penetrate the Benson interval. Approximately 120 contain full log suites. The 
Berea data set includes over 700 wells, 350 are full log suites. The Price-Borden data sets 
contain approximately 600 wells each, 300 with full log suites. The average data density is 
approximately 1 well per 60 square miles of potential reservoir area. A discussion of the data 
quality is presented h\ Section IV. 

Correlation 

The goal of the stratigraphic analysis is to subdivide the geologic section into intervals 
that correspond to separate, correlative, and identifiable, reservoir packages. Detailed 
subdivision of the reservoir is especially necessary in this case, where a wide variety of 
reservoir types occur throughout a thick sequence across an extremely large area. Sandstone 
thicknesses within the intervals are mapped to provide a basis for the interpretation and 
extrapolation of geologic trends. 

The first step in the stratigraphic analysis is to construct cross-sections to determine 
the correlation of the various reservoir-bearing intervals. A network of rouglily 25 cross-
sections utilizing more than 250 well logs was constructed. The intersections of these cross-
sections formed loops around which correlations were closed. 

Tlie stratigraphic names used in this report coincide closely with those most commonly 
used by industry. The only significant difference is that the name Big Injun, which is 
commonly assigned to tlie first sands penetrated below die Big Lime regardless of 
stratigraphic position, is used more restrictively here. Many reservoirs reported to produce 
from the Big Injun fall within the Squaw or Weir interval as used in this report. A 
correlation of the drillers' names and mapped intervals is presented in Table 2-2. 

Mapping 

The goal of the geologic mapping phase of tlie study is to detemiine the regional 
geometry of reservoir facies so that trends in thickness, porosity, water saturation, and 
permeability can be extrapolated from areas of high data density to areas of low data density. 

Sandstone isoiith maps were generated for each of the seven larger intervals as well as 
for the 20 sub-intervals. To determine sandstone thickness, each well used in tlie study was 
baselined using (he 50% gamma-ray cut-off. The 50% line is determined by recording the 
maximum and minimum consistent gamma-ray readings tlirough the zone of interest. This 
range is bisected, and all units displaying gamma-ray values less than the median value are 
designated as sandstones (Figure 2-4). Total net sand was recorded, plotted on base maps, 
and contoured to reveal the pattern of sandstone distribution. Contouring was done by hand, 
so that geologic knowledge and insight could be used to increase die realism of the mapping 
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in aieas of spaise data. Tlie style of contoming was based on the interpteted depositional 
systems foi each interval as gained from fust-hand knowledge or fiom the geologic literature. 
The lesulting sandstone isolith maps reflect the intejpieted ancient sand dispersal pattern. 
These maps are aichived as described in Appendix 3. 

Table 2-2: Correlation of commonly-used drillers names to TGAS data sets. Note that 
driller's Big Injun can occur within three separate stratigraphic intervals. 

TGAS 
Intel val 

BIG INJUN 

SQUAW 

WEIR 

BEREA 

VENANGO 

BRADFORD 

BENSON 

STRATIGRAPHIC FORMATION 
Common Driller's Name 

POCONO FM., PRICE EM, BLACK HAND CNGJL. 
Big Injun 

POCONO FM., PRICE FM. 
Big Injun, Squaw 

POCONO FM., PRICE FM. 
Big Iujun, Squaw, Weir, Upper 30-foot 

BEREA SS.t 
Berea, Corry, Murraysvilie 

VENANGO FM. 
Gantz, Cussewago, Venango, Boulder, 100-ft., 50-ft., 30-ft., Nineveh, 
Suee. Gordon, Fourth, Fifth, Bayard, Shira, Elizabeth, Warren. Sweel 
Richard, Knox 

BRADFORD GR., GREENLAND GAP FM. 
Speediley, Bedford 1st, Glade, Tiona, Clarendon. Balllown. Cherry 
Grove, Toana, Bradford, Harrisburg, Sliefiield, Silverviile, Kaiie, 
Lewis Run 

ELK GR., BRALLJD3R FM. 
Riley, Benson, Sartwell, Haskiil, 1st Elk, Humphrey, Alexander 

Deposystem Interpretations 

Benson Interval: During Benson time, the shoreline of the Catskill delta complex was 
located along the curient Devonian outcrop belt on the eastern margin of the basin (Figure 2-
5). In northern West Virginia, pioducing zones within the Benson Interval, such as the 
"Benson" and "Alexander" sandstones, aie concentrated 50 to 70 miles seaward of the 
inteipteted paleoshoieiine zone. Published descriptions of Benson coies and well logs 
(Cheema, 1977; Helm, 1991) suggest tuibidite to distal shelf deposition on the floor of the 
Catskill sea. The lithology is very fine-grained, locally channelized, and tliin-bedded 
sandstone or siltstone. In north-central Pennsylvania, oil production is common from age-
equivalent porous and permeable shoreline sandstones. 
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FIGURB 2-4 Gamma-ray well log illustrating the determination of reservoir-quality 
sandstone thickness using the clean sandstone and shale base-line method with 50% cut-off 
(modified from BosweU, 1988). 

46 



FIGURB 2-5 Net sandstone isolith map of the Benson interval. 
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Bradford interval: The sandstone isolith map of the Bradford interval indicates greater 
sandstone thickness and further westward progradation of the shoreline as compared with the 
Benson interval (Figure 2-6). Reservoirs are located 20 to 60 mUes offshore from the 
interpreted shoreline zone (BosweU and others, 1987). Units in the productive areas include 
shelf, shelf-slope, and basinal facies in West Virginia and Pennsylvania (Figure 2-7). 
Shoreline facies of various Bradford sandstones produce throughout north-central 
Pennsylvania. 

Venango interval: Tlie sandstone distribution pattern within the Venango interval 
indicates that the paleoshoreline had shifted far basinward. Shoreline sandstones occur in a 
thick, wide belt stretching from northwestern Pennsylvania to central West Virginia (Figure 2-
8). The sands were deposited along a wave-dominated coast marked by a smaU number of 
large, laterally-coalescing deltaic systems (BosweU and Donaldson, 1988). Production from 
this interval Is from the shoreline sands, shelf sUtstones (Washington County, Ohio, and 
southern West Virginia), and possibly from fluvial channel sands as well (Taylor County, 
West Virginia, for example). 

Berea interval: Sandstones within the Bedford-Berea delta complex occur as east-west 
trending fluvial channels in central and southern West Virginia, a thin shoreline sequence 
with north-south trend in western West Virginia, and a thick sequence of shelf sandstones in 
eastern Kentucky (Figure 2-9). The north-south trending sandstone unit of Ohio, interpreted 
by Pepper and others (1954) as the "Red Bedford" delta, an amalgam of fluvial channels 
marking a pronounced bird-foot delta, may alternatively be viewed as a northward extension 
of the West Virginia shoreline system (Lewis, 1988; Coogan, 1992). Thick sandstone lobes 
along the eastern margin of the basin record post-Berea shorelines. Production in the Berea 
interval is from the fluvial channels, and shoreline and shelf sandstone sequences. 

Weir interval: The Weir interval records the initial progradation of the Price-Borden 
deJta (Figure 2-10). Shoreline sands occur to the east and north. Thick fluvial-deltaic 
sequences are preserved in Pennsylvania. A narrow belt of marine shelf sandstones trends 
northwest-southeast tluough West Vuginia (BosweU and JeweU, 1988; Bjerstedt and Kammer, 
1988). Production from the "Weir" interval is from both the older marine sandstones and the 
offshore portions of the younger shoreline sandstones. 

Squaw and Big Injun intervals: The sandstone isolith mops of these intervals reveal 
two fluvial-deltaic systems distributing sediment into the subsiding basin of southern West 
Virginia and eastern Kentucky (Figure 2-11). The first, often referred to as the "Virginia-
Carolina" delta (Pepper and others, 1954), flowed westward across southern West Virginia 
and soutl\western Vuginia. The second, attributed to the Ontario River system, delivered 
sediment south from Ohio. Production from the Squaw and Big Injun intervals is largely 
controlled by diagenetic effects where fluvial and deltaic sandstones subcrop against the basal 
Greenbrier Limestone unconformity. Additional minor production occurs in offshore marine 
sandstones. 
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FIGURE 2-6 Sandstone isolith map of the Bradford interval. 
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FIGURE 2-7 Interpreted regional geography of the Appalachian basbi during deposition of 
the; A) Benson interval, B) Bradford interval, C) Venango interval, D) Wen* mterval 
(modified from BosweU, 1988). 

50 



FIGURE 2-8 Sandstone isolith map of the Venango interval. 
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FIGURE 2-9 Sandstone isolith map of the Berea interval. 
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FIGURE 2-10 Sandstone isolith map of the Weir interval. 
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KENTUCKY 

FIGURE 2-11 Sandstone isolith map of the Squaw interval. This interval contains much of 
what is called Big injun. 
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III. RESERVOIR CHARACTERIZATION 

The reservoir characterization consists of the analysis of selected well logs, weight-
averaging of calculated reservoir data into groups corresponding to the TGAS data sets, and 
mapping and extrapolation of reservoir parameters. 

Log Analysis 

The goal of the log analysis phase of the project is to determine the basic reservoir 
parameters that are requhed by the TGAS modeling package. When complete log suites were 
available, logs were examined to deteimiue the volume of shale, water saturation, porosity, 
and pay zone thickness within each interval of the Acadian clastic wedge. The log analysis 
procedure is as follows: I) establish logging parameters, 2) record well log data, and 3) 
calculate reservoir parameters. 

Logging parameters: The computer program used to calculate reservoir characteristics 
from log data developed during work on the Medina interval reservoirs (see Part One) was 
rewritten to allow for user manipulation of assumed logging parameters. For calculation of 
water saturation, the cementation exponent, m, was set at 2.15 and the cementation factor, a, 
was set at 0.62. These are standard values for consolidated sandstone reservoirs. For 
calculation of porosity, rock matrix density was set at 2.68 g/cc; fluid density was set at 1.1 
g/cc. These are the most common values recorded for these parameters on computed logs 
contained in our data set. For calculation of formation temperature, average surface 
temperature was set at 50° F. 

Types of recorded data: Four categories of log data were recorded: 1) data applicable 
to the entire well, 2) logging parameters that have the potential to vary with depth, 3) data 
specific to each individual unit, and 4) data specific to each lens within a unit. 

Data applicable to die entire weU include total depth, bottom hole pressure, bottom 
hole temperature, elevation, and location. 

Parameters that vary with depth include fonnation water resistivity, gamma-ray values 
of 100% clean sandstone and 100% shale, shale density, neutron porosity, density porosity, 
and shale resistivity. Formation water resistivity was set at 0.035 ohm/m for the shaUow 
portion of some weUs, particularly Berea weUs in Ohio. However, for the majority of the 
wells, a constant value of 0.05 olun/m was used. Given the narrow range in fonnation 
temperatures within a specific data set (typicaUy 20° F) the natural variation in Rw is less 
than 0.01 ohmAn, corresponding to approximately 0.04% variation in water saturation. 
Gamma-ray, porosity, and density values of shale vary slighdy in some weUs due to changes 
in log scales, shale mineralogy, and effects related to casing. These values are read directly 
from the log. The revised log imalysis progiam allowed for these variables to be reset for the 
Mississippian, Venango, Bradford, and Benson intervals. 

For each formation, the top in measured depth and the number of discrete lenses with 
reservoir potential were recorded. For each lens, the thickness of 50% clean sandstone and 
the thickness of potential reservoir were recorded. The 50% clean sandstone thickness was 
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plotted and conlouied, and used to interpret geologic trends. The potential teservoir thickness 
is the thickness of unit displaying some poiosity and/or resistivity. Tlie distinction between 
sandstone and potential reservoir thickness was made for this pjoject when it was determined 
that many of the CatskUl reservoirs, particularly those of tuibidite and shelf origin, contained 
significant amounts of pay in units that do not qualify as sandstones using the gamma-ray 
base-line method because of their* thin-bedded, fine-grained lithologies. For intervals that 
contained potential reservoir, log values for gamma-ray, resistivity and bulk density (or 
porosity when avaUable) were recorded. At least one separate line of data (m many cases two 
or more lines of data representing discrete sandstone lenses) was recorded for each sub-
interval within the seven larger TGAS intervals. This level of detail was necessary in order 
to leduce the en or caused by visual averaging of log values over numerous lenses within a 
formation. The log analysis program was run using the same geneial formulas described in 
Part One of this report. Volume of shale, poiosity, water saturation, permeabdity, and pay 
thickness were calculated for each lens. 

Calculation of reservoir data: Volume of shale is based on the gamma-ray reading of 
the lens relative to preset values of 100% sandstone and 100% shale. This percentage is then 
used, along with the preset resistivity and density/porosity of shale, to compensate for the 
effects of shale on the resistivity and porosity readings for the reservoir. 

Porosity is based on either bulk density, density porosity, or neutron porosity logs. 
Because the inaccujacy of the neutron porosity log increases with shale content, neutron 
values were not used except in cases where no other porosity data were available and the 
volume of shale was close to zero. Density porosity logs were only used where the matrix 
density used in computing the curve was noted and equal to 2.68 g/cc. The bulk density 
curve was used for the majoiity of weUs. 

Water saturation was calculated using the resisitivity log. Water saturation was 
corrected for the effects of shale using the shale volume and the preset shale resistivity. 

Permeability is the most difficult reserovir parameter to measure. A complete 
discussion of the problems related to permeability measurement with regard to Appalachian 
Basin reservoirs was presented in the repoit on Part One of this report. To estimate relative 
peimeabUity, the outputs of tluee separate (but similar) empirically-derived formulas that 
relate permeability to water saturation and poiosity were averaged together. An alternative 
data set was produced that assummed aU permeabdities in the basin to be 0.1 md. 

Each lens of potential reservoir was classified as pay, "wet" or "tight". Pay lenses 
contained porosity in excess of 4% and water saturation less than 60%. Lenses were labeled 
"wet" where water saturation exceeded 60%. Lenses were called "tight" when porosities were 
below 4%. 

Weighted averaging of reservoir parameters 

The outputs of the well log analysis program for each lens were combined to produce 
total feet of clean sand, total pay thickness, and weighted averages for porosity, water 
saturation, and permeabdity. The weight given to each lens was equal to its pay thickness. 
Cumulative totals were produced first for all 20 sub-intervals and stored. These data can be 
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used to make specific TGAS data sets if desired (foi example, Uppei or Lowei Big Injun, 
Goidon, 01 Upper Balltown). These 20 data sets weie then simUaily weight-averaged into the 
seven inteivais that are the subject of this icport. 

Mapping and extrapolation of reservoir parameters 

Foi each interval, maps of porosity, water saturation, and pay thickness were created 
and contouied. The purpose of these maps is to allow for the appiaisal of questionable data 
and the extrapolation of tiends into areas of no data. 

Each well on the pay thickness map is annotated as either confirmed pay (all logs 
necessaiy to assess leservoh weie available), no reservoir, wet leservoir, tight leservoir, or 
unconfirmed pay (porosity and/oi satuiation data missing). These data weie compared to die 
sandstone isolith map aud a pioduction map to allow interpietation of the extent of producible 
leservoir. Once the natuie of the unconfirmed pay was resolved, the data were contoured to 
pioduce a net pay map. Tlie boundaries of the pay zone aie annotated as wet, tight, or no 
leservoir. Porosity and watei saturation maps weie also produced. These maps aUowed the 
chaiacteiizalion of aieas where data were missing. It is important to note that these maps 
lepiesent a legional characterization of the reservoir and aie not accutate at local scales. 
These maps are ai chived as desciibed in Appendix 3. 

Summary of the reservoir characteristics 

The average calculated reservoii chaiacteristics of the seven mapped intervals are 
piesented in Table 2-3. 

TABLE 2-3 Average reservoir characteristics of pay zones within the Acadian clastic wedge. 
Coates permeabilities provided in parentheses. 

Interval 

Big Injun 
Squaw 
Weir 
Berea 
Venango 
Bradford 
Benson 

Wells(w/ pay) 
(#) 

379 (56) 
573 (124) 
714 (J48) 
719 (206) 
290 (250) 
281 (245) 
244 (166) 

Depth 
(ft) 

1400 
2171 
2074 
2109 
1596 
2248 
3424 

Press 
(psi) 

291 
463 
434 
429 
575 
793 

1118 

Temp 
<°F) 

68 
76 
75 
73 
76 
83 
98 

Por 
(%) 

11.1 
10.3 
9.3 

11.1 
8.6 
9.2 
8.0 

Sw 
(%) 

0.28 
0.31 
0.33 
0.25 
0.35 
0.32 
0.33 

Penn 
(md) 

0.1 (21) 
0.1 (24) 
0.1 (15) 
0.1 (29) 
0.1 (9) 
0.1 (15) 
0.1 (8) 

Pay 
(ft.) 

18 
24 
21 
15 
37 
44 
19 
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IV. DATA QUALITY 

The overall quality of the TGAS data sets is detennined by the accuracy of data 
collected and the validity of the methods and assumptions used to manipulate the data into a 
final product. 

Input Data 

Log availabiUty and quaUty: High-quality logs from recently-driUed wells were 
preferentially selected. However, large areas, mostly in the older frelds, are not weU sampled. 
Many of the larger oil and gas fields h\ the Venango and Bradford fonnations were 
discovered and depleted before 1950; consequently, high-quality log data were unavaUable. 
The same is true for portions of the Berea production trend. Because a high percentage of 
these areas produce oil, and are therefore excluded from the study, this lack of data should 
have little adverse effect on the output data sets. 

Unlike the preceeding characterization of the Medina reservoirs, very few computed 
weU logs or log analysis sheets were avaUable. The vast majority of the data is calculated 
directly from well logs. 

Correlation: The accuracy of the reservoir characterizations were enhanced by the fact 
that parameters were calculated and averaged for multiple lenses in multiple intervals within 
each data set. This added accuracy was the result of detaded correlation. In addition, the 
detailed data (before being averaged into the seven present TGAS data sets) has been 
archived and can be transformed into TGAS data sets upon request. These internals average 
approximately 200 feet in thickness and correspond closely to weU-known reservoir packages 
such as the Gordon, RUey, or Fifty-foot. 

Correlations were straightforward throughout much of die study area. Nonetheless, 
several specific correlation problems were encountered. Fust, the top of the Lower 
Mississippian hi central Ohio was difficult to detennine; however, because little or no 
production potential was uncovered in that area above the Berea Sandstone, any correlation 
errors should not affect the data sets. Second, the Pottsvdie sandstones erode thiough the Big 
Injun and Squaw intervals in eastern Ohio and, in many instances, Ue at the same 
stratigraphic level as those sands (Majchszak, 1984). The only clear method of distinguishmg 
the two was that PottsvUle sands removed the Greenbrier Limestone ("Big Lime"), whereas 
the Greenbrier was still present above Price-Borden sands. This distinction was problematic 
hi areas where the limestone was thin or absent due to depositional pinchout. Last, the 
correlation of CatskUl delta intervals hi northern Pennsylvania and New York was difficult 
because the marker beds of the overlying Berea and Price-Borden mterval had already 
cropped out and were missing. 

Delineation of prospective area: As described earlier, the entire extent of the 
reservoir-bearing facies of each interval was examined. These areas are much larger than 
those areas designated as "tight" by FERC: once FERC boundaries were discarded, virtually 
the entire Appalachian Basin was included in. the study. This increased study area ensures 
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that the entirely of the "tight" resource is included. Alternate versions of the data sets that 
exclude grid ceils with abnormally high porosity and permeabdity are provided. 

Data Manipulation 

Shale corrections: Virtually all the Catskill delta reservoirs, and many of the Price-
Borden and Berea delta reservoirs contain significant volumes of shale. Therefore, all 
formulas used to calculate reservoir parameters included corrections for effects related to 
shale content. This correction in creases the accuracy of the calculations. 

Assignment of logging parameters: There are certain parameters that occur in the 
common well log analysis equations that can not be detennined from log data typically 
available for Appalachian basin weUs. These parameters (including matrix density, fluid 
density, fonnation water resistivity, and the Archie equation constants) must be determined 
from measurement or experimentation on a limited number of core or fluid samples, then 
applied regionally. For this reason, they are often termed "assumed logging parameters". 
Sclilumberger's training manual entitled "Appalachian Basin Interpretation" and reference to 
pre-computed well log analysis sheets that are appended to a limited number of well logs, 
provided typical values for these parameters as used by Appalachian basin weU log engineers 
and geologists. 

Selection of porosity logs: Pre-computed porosity logs were not used unless die rock 
matrix density used in the calculation was noted. Similarly, neutron density logs were not 
used for shaley reservoirs due to the adverse effect shale has on the neutron reading. For 
most reservoirs, porosity was directly calculated from bulk density, with appropriate 
corrections for shale. Also, the accuracy of porosity logs depends on good contact between 
the tool and the formation. Therefore, the caliper log was checked to ensure that density 
values were not recorded from washouts. 

Mapping: Not every well had a complete log suite. Missing data for these wells had 
to be extrapolated from nearby data. This extrapolation was not done arbitrarily, but was 
based on extension of geologic trends revealed on the sandstone isolith maps. Porosity, pay, 
and water saturation were each plotted and contoured to conform with the geologic model. 
These maps were then used to guide the extrapolation of missing data. 

Mapping also provided a good means for catching bad data. Bad data are unrealistic 
values that cause anomalous "buU's-eye" highs or lows on the maps. Sources of bad data 
include data entry errors, errors caused by inconect base-lining of gamma-ray logs, and errors 
caused by unmarked log scale changes. 

Transforation to grid ceUs: A major step in reservoir characterization is the transfer 
of data from well logs to grid cells in an input data base. TypicaUy, this has been done one 
of two ways. In one common method, the geoscientist draws regular grid cells over a base 
map, then searches for the best data point within that ceil. Unfortunately, data is often not 
evenly-distributed; hi many cases a cell will contain only poor data, data near the margin of 
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iUc cell, or no data at all. Alternatively, the investigator can collect the best data, then 
overlay a tegular network of grid cells on tlie selected data, hi this method (the one used m 
Part One of this study), many grid cells can contain multiple data points, indicating wasted 
effort, whereas others contain off-center data or no data. Either method involves the 
following sequence of steps: 1) collect data, 2) make maps, 3) overlay grid cell network, 4) 
visually average the contour values for each ceil (there may be hundreds of ceUs), and 5) 
manuaUy enter the data m a spreadsheet. These last two steps are labor-intensive and error-
prone and can only be avoided by alio whig a computer to do the projections. However, 
computer projections of weU data into grid cells does not factor in the geology, trends, or 
"gram" of an area, and gives a false sense of accuracy to data that is simply extrapolated. 

The fact that the TGAS program sums totals for ceUs, and does not require cells of 
equal size or regular shape, provided an opportunity to improve this procedure. This solution 
involved the conception and creation of a simple computer program that draws irregular grid 
cells and directly translates weU data to grid cell data, thereby avoiding the visual averaging 
and data entry steps. The cells completely fill the area, and are drawn such that there is one 
well per cell and Uiat well is located near the center of the cell. Therefore, you get many 
small cells in areas of good data, and fewer, larger ceUs in areas of spaise data. Tliis process 
produces superior data hi that: 1) the final data more accurately reflects the distribution of 
quality original data; 2) no grid cells contain completely extrapolated data; 3) the data for 
each cell is located near the cell center; 4) the error and uncertainty of visual averaging of 
contours into grid ceUs is avoided; and 5) tune and money are saved. 

Estimation of rKjrmeabUity: It is unfortunate that such an important reservoir 
parameter is so difficult to measure. Because detaUed production data, core analyses, and 
pressure-drawdown test data are not widely and readily avadable, permeabilities must be 
estimated based on empirical formulas or simply set at a default value. Tlie inaccuracies of 
the formulas are manifest: they are admittedly inaccurate for low-penneability and shale-rich 
reservoirs, and they are constructed for use with oil reservoirs, and the correction for gas, 
which involves measuring "height above free water" is meaningless in a regional reservoir 
context. 

Comparison of results between data obtained from empirical formulas and real data for 
the Medina interval reported in Part One of this report hidicated that a permeabdity of 0.3 md 
from the Coates fomvula was roughly equivalent to 0.1 md from a core or reservoir pressure-
drawdown test. Similar peimeabUity data is not avadable in sufficient quantity for the subject 
reservoirs to be meaningful. The majority of petitions were based on demonstration of low 
open-flow potentials; those data that were presented in support of Price-Pocono reservoirs hi 
West Virginia indicate permeabilities ranging from less than 0.1 md to over 10 md. 

Corrections for past production: Geologic weU log data typically reveal reservoir 
conditions that approach those hi the virgin reservoir. Tliis is because well drillers actively 
avoid those areas already depleted by earlier drilling. Consequendy, analyses of uncorrected 
weU log data will produce optimistic estimates of reservoir conditions in developed areas. 
The more mature the field, the greater the disparity between conditions as revealed by the 
newer logs and the regional reservoir condition. However, reservoir simulators like TGAS 
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requiie input data reflecting anient leservoir conditions. Therefore, for mature areas, 
collections must be made to the input data set that compensate for the effects of past 
pioduction 

Certainly, there is no basin hi the world that is more mature than the Appalachian 
basin. Tlie fhst oil was produced from Venango sandstones; the first gas was produced fiom 
the Devonian Shale. The following list shows the age distribution of Venango and Bradford 
oh and gas field discoveries hi Pemisylvania based on 1982 data. 

Table 2-4: Age distribution of Acadian clastic wedge reservoirs hi Pennsylvania (from Oil and 
Gas Fields Map of Pennsylvania; Harper, Lytic, and Laughrey, 1982). 

Total number of fields: 526 (100%) 
Fields discoveied before 1900: 290 (55%) 
Fields discovered J 900-1960: 185 (35%) 
Fields discoveied 1960-present: 51 (10%) 

Ovei half of the Pennsylvania oil and gas fields hi die target reservoirs were 
discoveied befoie the turn of the century; 90% were discovered before 1960. Consequently, 
whole segments of the basin have never been logged witli modern logging equipment whde in 
their* original state and original conditions hi those aieas aie not well known. Fuithennoie, 
production data for these fields do not exist. These problems create enormous difficulties hi 
producing data sets that accurately reflect either orighial or remaining gas-in-place. 

Estimating original gas-in-place (OGIP): For the purposes of the study, it is assumed 
that the weU data available aie indicative of orighial conditions. Where data weie unavaUable 
for aieas of old fields, parameters were extrapolated from the nearest quality data with the 
result that some of the grid ceUs in areas of old fields are very large. Areas historically 
productive of oh are excluded. Therefore, the uncorrected data sets best represent OGIP. 

Estimating remaining gas-in-place (GIP): Several important reservoir parameters, such 
as pay thickness, undeveloped reservoir area, and reservoir pressure may deterioiate with the 
development of the leservoir. Because the selection of new well locations is biased towards 
aieas that wiU not leveal these effects, corrections to one, two, or aU three of these 
parameters are necessary to produce a data set that reflects the legronal reservoir condition. 

Pressure leduction was one method used in the Medina study (see Part One). This 
method was thought to be appropriate hi that case because the reservoirs produced by 
ptessuie depletion without real reductions hi leservoir extent or thickness. However, it is 
known that Mississippian and Devonian reservoirs produce by both water drive (which tends 
to pieserve reservoir pressure whUe reducing reservoir volume) and pressure depletion. 
Theiefore, the GIP correction selected for this study is based on reduction of reservoir 
volume. This collection is accomplished by ieducing the undeveloped area assigned to the 
gi id cell. 
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Once it is decided how to make the correction, the question becomes how big a 
correction to make (note: because historical production data are not available, the correction 
cannot be calibrated so as to produce GIP estimates hi line with that determined by 
subtracting production data from OGIP estimates). Many of the old fields in the study area 
have shown absolutely no activity hi recent years. Most of these older, abandoned fields, 
some now used for storage, are hi the shoreline sandstone facies of the Venango, Berea, and 
Big Injun intervals. Tliese aieas are assumed to be almost entirely depleted. Tliere are other 
areas where fields are not as old and infill (hilling continues. These fields are common in 
areas producing largely fiom the lenticular shoreline sandstones of the Bradford Interval, and 
the shelf and tuibidite facies of aU intervals. Tliese fields are considered to be mostly 
developed, but with remaining producible reserves. Because of the limitations of the data, 
these relationships are only perceived and cannot be documented. Nonetheless, based on this 
logic, it was decided to reduce reservoir volume hi areas of old fields within the shoreline 
sandstone facies of the Venango reservoirs by 95%. The undeveloped areas of old fields hi 
the shoreline and nearshore facies of the Berea, Weir, Squaw, Big Injun, Bradford and 
Benson intervals aie reduced by 80%. Reservoir volume in the developed fields within the 
shelf and tuibidite sdtstone facies of aU intervals is reduced by 50% (Figure 2-12). Tlie 
distribution of fields was detennined by reference to maps of oil and gas fields pubUshed by 
the Ohio, Kentucky, West Virginia, and Pennsylvania state geologic surveys. 

Tire TGAS Data Sets 

The accuracy of the output data was checked as follows: 1) all data sets are run on 
the TGAS model to ensure, first, that they wUl run, and second; that the output is not 
urueasonable; 2) each TGAS data set is scanned to discover any data that is outside 
acceptable bounds (negative porosities, water saturations over 1, etc.); 3) a hard copy of each 
data set is printed mid random wells are handchecked against the original data. 

Separate TGAS data sets have been produced that reflect orighial, remaining, low-
permeabdity, very low-permeability, and FBRC-recognized reserves hi the Veruuigo, Bradford, 
Benson, Berea, Weir, Squaw, and Big Iujun intervals of the Acadian clastic wedge. Data sets 
containing data for remaining reserves are suffixed with an "r". Methods and assumptions 
used hi estimating remaining reserves are discussed hi later sections of this report. Data sets 
for remaining low-peimeability reserves were created by deleting aU grid ceUs for which 
calculated permeabilities exceeded 1.0 md. Tliese names for these data 
sets end with a "t". Data sets whose names are suffixed with an "x" include only those grid 
cells with calculated permeabUities below 0.3 md. Tliese data are intended to represent only 
the lowest-permeability zones. Data sets suffixed with an "f" include only diose grid ceUs 
that fall within area designated as tight m the subject formation by FERC. 

Each TGAS data set contains 23 columns of data, each assigned to a particular grid 
cell. The organization of the data sets is as follows: 

Column 1: State Code: The two-digit API code for the state in which the grid occurs 
(Kentucky=16, New York=31, Ohio=34, Pennsylvania=37, Virginia=45, and West 
Virginia=47). 
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FIGURE 2-12 Couection factors used in estunating remahiing gas-in-pluce for the Bradford 
interval. Bradford zones are esthnated to be 80% and 50% depleted hi the hidicated areas. 
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Column 2: Basin Code: All grid cells occur within the Appalachian Basin, denoted 
by "1" . 

Column 3: Grid Cell Code: Sequentially numbered. 

Column 4: Fonnation Code: Each data set describes just one formation, referenced as 
follows: Big Injun = 1, Squaw = 2, Weir = 3, Berea = 4, Venango = 5, Bradford = 6, and 
Benson = 7. 

Column 5: Depth: Measured depth at the top of the interval. 

Column 6: Pressure: Pressure calculated from reported bottom-hole pressure or 
esthnated using local pressure gradients at the approximate mid-point of the interval. 

Column 7: Temperature: Formation temperature calculated from reported bottom-hole 
temperature or esthnated using local pies sure gradients at the approximate mid-point of the 
interval. 

Column 8: Condensate Yield: In Ueu of specific data on this parameter, the default 
value of "O" was entered. 

Column 9: Formation Geometry: TGAS provides for reservoirs to be assigned as 
lenticular ("2") if it is likely that the reservoir is not continuous throughout the area of the 
grid cell. AU units within the Acadian clastic wedge are highly lenticular on the local scale, 
therefore a value of "2" is entered hi aU cases. 

Column 10: Appraisal Type: Grid ceUs corresponding to wells for which a fuU suite 
of logs was used are considered appraised ("1"). Others, for which porosity and/or water 
saturation was esthnated using contoured maps, are considered extrapolated ("2"). 

Column 11: Number of Permeability Grades: PermeabUities within the intervals are 
consistent and weight-averaged over the number of lenses present in the interval. Tlierefore, 
only 1 pemieabUity grade is present per grid ceU. 

Column 12: Dummy. 

Column 13: Area: The area, in square mUes, around the well that is interpreted to 
contain pay. In the data sets designed to account for past production, area is reduced by an 
esthnated depletion percentage (see next section) to yield esthnated remaining effective 
reservoir area. 

Column 14: Permeability: Permeabdity is esthnated using tlie Coates formula 
(Scldumberger, 1989) that relates water saturation mid porosity to pemieabUity. Tlie 
drawbacks to this method are described hi the foUowhig section. 
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Column 15: Porosity: Average porosity of pay zones within the interval as calculated 
from well logs or interpreted from the porosity map. 

Column 16: Water Saturation: Average percentage of water, saturation as calculated 
from well logs or inteipreted from the water saturation map. 

Column 17: Net Pay: Tlie average thickness of the reservoir witiiin the grid cell that 
has porosity hi excess of 4% and water saturation less than 60%. 

Column 18: Drainage Area: The assumed drahiage area of 100 acres is based on 
observed spacings of weUs hi mature fields. 

Column 19: Decfine Constant: Tliis value is set at the default of "0". 

Column 20: Pay Dispersion Coefficient: This quantity is used to describe the relative 
distribution of pay tliroughout an interval. Because most of the data for this report is actual 
well data, and not regional projections, actual pay distibution is known and reflected hi the 
various data sets. Therefore, pay dispersion is assumed to be even ("1"). 

Column 21: Lens Shape: This value is an length-to-width ratio for lenticular 
reservoirs. Because the units are aU fluvial-deltaic in nature, they are most likely elongate. 
Estimated length to width ratios are as follows: 3:1 for fluvial channel reservoirs and for 
tuibidite reservoirs, 2:1 for shoreline sandstones, and 1:1 for shelf sandstone/sUtstone 
reservoirs. 

Columns 22 and 23: Durnmies. 

Discussion of formation "tightness" 

Based on the data collected during the course of this work, the actual "tightness" of 
Acadhui clastic wedge reservoirs might be caUed into question. Because FERC has already 
designated each fonnation as "tight" hi most of their respective productive areas, this question 
is largely academic: the reservoirs are "tight" hi the legal sense of the tenn, regardless of their 
actual geology. Nonetheless, the porosity, esthnated penneabUity, and water saturation of 
reservoirs observed in well logs are not everywhere consistent with the designation as a tight 
reservoir. Notably, porosities and empitcally-derived pemieabUities aie higher than in the 
Medina Group reservohs. There are several possible reasons for this. First, it is likely that 
pemieabUities hi most reservoirs are well below that calculated by empirical formulas due to 
the effects of pore clogging shale. Second, it is possible that many of the reservoir are best 
described as "conventional" and could not meet FERC criteria for "tight"; however, this is 
difficult to assess because of the inapplicability of FERC guidelines to Appalachian Basin 
weUs (see Appendix 2). Nonetheless, the production data provided by the various petitioners 
to FERC indicate that only 2 to 5% of aU weUs drilled hi the target reservoirs exceed FERC 
guidelines for initial production rates, hi any case, the regional "tightness" of the reservohs is 
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con filmed by the observation that the vast majority of Appalachian Basin wells need costly 
weU stimulation to establish commercially viable rates of production. 

Because of the difficulties hi dealing with Appalachian Bashi data, three alternative 
descriptions of the "tight" gas reserves of die Acadian clastic wedge are provided: 1) a data 
set reflecting all esthnated remaining gas-in-place; 2) a data set encompassing oidy the gas 
within the FERC-desiguated counties; and 3) exclusion of ad gas except that occurring hi 
"tight" formations detemiined by application of an esthnated permeabdity cut-off. This thud 
method is the most appealing; however, it is cleariy the most difficult to apply. In Part One 
of this leport, it was discovered that 0.1 md permeability (the FERC standard) as detemiined 
by the more accurate pressure-drawdown tests, corresponded closely 0.3 md permeability as 
detemiined by the less reliable empirical formula. There is not sufficient pressure data 
applicable to the Acadian clastic wedge to determine a similar realtionship. However, 
restriction of the "light" gas resource to just those areas with pemieabUities under 0.3 md as 
derived from empirical formula (the data set labelled "X-Tight") results hi the exclusion of 
over 90% of the remaining gas-in-place. Consequendy, a second data set (labelled "Tight") 
was prepared that used a 1.0 md cut-off. 
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SUMMARY 

A preliminary assessment of FERC-designated "tight formations" revealed that the 
Lower Silurian Medina interval and the Upper Devonian/Lower Mississippian Acadian clastic 
wedge encompass as much as 90% of the total "tight gas resource" of the Appalachian basin. 
A detailed geologic and reservoir characterization of each unit was based on analyses of a 
random sampling of a large number of the geophysical well logs. In both studies, separate 
reservoir-bearing intervals were identified, correlated, and mapped. The geologic data were 
used to interpret the styles of sandstone distribution and die orighial envjronemts of 
deposition. Log analysis provided reservoir data that could be interpreted through the earlier 
established geologic framework. Gamma-ray, density, temperature, and resistivity logs were 
used to determine typical values of reservoir shale volume, porosity, temperature, and water 
saturation for each mapped mterval. An empirical formula was used to estimate permeability 
based on porosity and water saturation. The large potential error hi permeability that can 
arise from the use of this method is rioted, The findings of the geologic investigation were 
used to guide the extrapolation of reservoir characteristics to areas of poor data. 

The resulting data sets provide a regional approximation of reservoir conditions and do 
not reflect the geology of the reservoirs on a local scale. Tliis report provides a description 
of the methods and assumptions used in this process, and provides a detaded inventory of the 
data generated during the course of the study. 

The characterization of the Medhia reservoirs used 433 geophysical well log suites that 
provided a sampling of data from the entirety of the productive and prospective areas of the 
reservohs. By utUizhig a detaded cross-sectional network, these logs were correlated, 
resulthig hi the recogrution of six separate reservoir-bearing intervals. Seven versions of each 
data set were created that reflect original, remaining, and "tight" gas resources. "Tight" 
reserves are esthnated ushig three alternative penneabUity cut-offs based on the results of the 
empirical penneabUity formulas. 

Over 800 well log suites were used in the study of Acadian clastic wedge reservohs. 
The logs were correlated, with seven major rntervals being recognized. Reservoir data were 
compiled into TGAS data sets that represent approximate orighial reservoir conditions and 
estimated curient reservoir conditions. Three additional versions of the remaining gas-in-
place data sets exclude areas with esthnated penneabdities hi excess of 1.0 md and 0.3 md, 
and aieas not designated as "tight" hi the specified stratigraphic interval by FERC. 

The mature nature of the reservoirs in question greatly complicates the task of creating 
data sets that reflect current reservoir conditions through the analysis of well logs. It is clear 
that the TGAS model works best for frontier areas: new bashis, undeveloped deep horizons in 
old basins, or other undeveloped marginal reservohs which have not been extensively 
produced. However, this project asks a different question: how much gas is left in reservohs 
that have been under development for over 100 years? 

The application of the TGAS model to a mature basin such as the Appalachian 
encounters several problems. TGAS hiput data is well log data diat, left uncorrected, would 
result hi an unrealisticaUy optimistic characterization of the present state of the reservoir. 
Because few weUs aie driUed hi the depleted areas, most new wells approach virgin reseivoh 
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conditions, and therefoie do not account for the regional decline in jeservoir conditions 
caused by pievious production. In regaid to the Appalachian basin, this problem is especially 
acute, pioduction data are lacking, well logs are old 01 lacking over large areas, and the fields 
aie veiy matiue. 

In the Medina study, remaining reserves are estimated in two alternative ways, 1) by 
ieduction of the original reservoir piessuie to mimic regional reservoir depletion; and 2) by 
reduction of original reservoir extent. Both corrections are based on visual estimates of the 
remaining undiilled acreage in each giid cell 

Solutions to these difficulties as they affect Upper Devonian and Lowei Mississippi an 
reservoiis is moie complicated; production is from numeious, widely separated reservoirs, that 
vaty gieatly in lenticulatity and reservoir qualtiy. 71ie appjoach taken involved the following; 
i) outline the aieas of old fields; 2) determine to what extent those old fields are depleted; 
and 3) deteuniue which (or what combination of) input parameters to manipulate, and how 
much to manipulate them, to account for these effects. Foi this study, which is very regional 
in nature, old fields were identified from regional field maps produced by the state geologic 
surveys. Reservoii area in old fields that produced from "clean" shoreline sandstones of 
"Venango" age weie reduced by 95%, those in shoreline sandstones of the remaining units 
wete reduced by 80%; reservoir volumes in tuibidite facies were reduced 50%. There weie 
no guidelines available for making these couections, they simply represent what the 
investigatois thought was reasonable. 

Two alternative versions of the data set representing the "tight" portion of the total gas 
lesource aie based on setting cut-offs of 0 3 md and 0.1 md permeability as derived fiom an 
empuical formula. Because of the inherent deficiencies in the formula, and the geneial nature 
of FERC regulations, it is not possible to calibrate these values in any way with the official 
stand aids for "tightness". 

For both studies, the vaiiety of data sets is intended to provide DOE flexibility in 
determining how to best characterize the resource potential of low-permeability sandstones of 
the Appalachian Basin. 
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