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1. INTRODUCTION

In the GRI baseline projection, increased gas production from shales in the Appalachian Basin
plays an important role in increased lower-48 gas production.  In the 1995 edition of the GRI
Baseline Projection, annual shale production grows from an estimated 218 billion cubic feet (Bcf)
in 1993 to almost 400 Bcf in the year 2000, and almost 800 Bcf in 2010.  This is more than 10 per
cent of the increased lower-48 production projected to occur during that period.

The current description of the Appalachian Basin shale resource base in the GRI Hydrocarbon
Model was developed about eight years ago.  Since this estimate was made, there have been
modest technology advances in the Appalachian Basin.  Advances in technology have been
significant in the Michigan Basin over the same period.  Although near-term shale production in
the Appalachian Basin seems reasonably consistent with current industry results, after the 1990's,
the resource description predicts a rapid growth in shale production in the Appalachian Basin such
that by 2010, production is projected to be almost four times that for 1993. 

Given the age of the resource description in the Appalachian Basin, it is desirable to revisit it in
light of current industry results, activity, and expectation, and to evaluate whether the resource
description is consistent with industry results, and whether the post-1990's optimism seems
warranted.

The objective of this study was to construct a database of production data for Devonian shale gas
wells completed in a large area within southwestern West Virginia, to compute recoveries, and to
compare these recoveries to those estimated by GRI in the 1980's for both a base case, and an
advanced case assuming technology improvements.  We also set out to determine historical and
geographic patterns in production and recovery in wells completed since 1980, and to attempt to
account for temporal and spatial trends.

2. THE DATABASE AND METHODOLOGY

Data on well locations, completions, pay zones, and annual and monthly production were
extracted from the West Virginia Geological and Economic Survey=s (WVGES) oil and gas
database.  The data were extracted using the play definitions of the two Devonian Shale plays
described in The Atlas of Major Appalachian Gas Plays (Roen and Walker, 1996). Data for
missing years in reported production were reconstructed in the following manner.  Whenever a
single year of missing production was encountered, reported production for the preceding and
succeeding years was examined.  If production for the year prior to and the year after the missing
year was present, a simple average was entered for the missing year.  In any other situation, no
attempt was made to reconstruct the value, no value was entered in the yearly production total,
and the well was not counted as producing for that year.

Statistical analyses and plotting of graphs were carried out with the help of commercial
spreadsheet programs on personal computers.  Maps were created with a commercial mapping
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and contouring program on a Unix workstation.

Ultimate gas recovery was estimated for each well by multiplying production in the last year of
available production by 14.24, and adding this figure to known cumulative production.

For each cell within the study area, average annual production was calculated for all wells with
available data.  The ratio of decline was calculated for available years, and used to extrapolate
decline curves out to thirty years.  Annual figures were also used to compute average cumulative
production out to thirty years.  Graphs of annual production versus cumulative production
represent a type of decline curve, and were drawn in lieu of conventional decline curves.  Both the
decline curves and graphs of cumulative production with year were examined for geographic
trends. 

3. RESULTS

3.1 Recent Drilling and Production Trends

As the data for this project have been derived from the WVGES Oil and Gas Database, a short
summary of the condition of the data available for this project is necessary. The annual drilling
activity in West Virginia has been steadily declining since the early eighties (Figure 1).  The period
1981-1985 was the time of greatest activity, with both total wells and shale wells at their highest
numbers.  Much of this activity can be attributed to the effects of the Natural Gas Policy Act
(NGPA) of 1978.  As a result, the average annual gas price tripled from 1979 ($1.05) to 1980
($3.00), resulting the in the peak years of the early 80s.  By the mid-80s purchasers ceased paying
the higher prices for gas (including shale gas) under the NGPA, resulting in the steady decline of
drilling activity in West Virginia.  However, the tax credit for Devonian shale gas continued for
wells drilled between January 1, 1980 to December 31, 1992.  This supported exploration and
production of shale gas in the late 1980's when the price of gas declined.

Figure 2 shows a primary problem with the WVGES data.  WVGES data are developed from
information provided to the state by operators.  As a result, some years in the mid-80s are under-
reported and any analysis of the data must take this into account.  The low reporting numbers for
1985, 1986, and 1987 can be attributed to a change in the State regulatory agency's reporting
procedures.  Only in 1988 did the number of wells with production reports reach pre-1985 levels.
To account for this discrepancy in the later analysis, an estimation of missing production was
made as described in the section on methodology.

Filling those gaps that could be Abridged@ allowed construction of reasonable annual production
charts (Figure 3).  Comparison with Figure 2 indicates that highest production totals coincide with
years that have the greatest number of reported wells.  It also indicates that total production of
natural gas in West Virginia has slowly, steadily increased coincident with an increase in the
number of wells reporting production.  At the same time, production from the shales has also
increased at a steady rate, also corresponding to a steady increase in the number of  wells
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reporting production from the shales (Figure 2).

A graph of monthly production (Figure 4) shows a serious problem associated with poor
reporting for 1985.  Although production per well is highest in 1985 (Figure 5), total monthly
production taken directly from the database (Figure 4) indicates a large decline in production for
the year.  There may have been a bias in data collection or data entry in 1985; the better wells may
be included in the data set.   Also, in the course of our Devonian shale studies for GRI, we did
made an effort to target certain operators for production data collected for 1985.

As these charts all show a steady increase in production, actual performance of wells can be
judged by the average yearly production (Figure 5).  It can be seen that production per well in
West Virginia has been steadily declining since monthly highs over 500 Mcf in 1985, to the rather
steady 350-400 Mcf/month that the late 80s and early 90s have experienced.  Combining the
shale-wells average to the state average shows that, in general, shale wells have performed above
the average for the state. Average production from shale wells has declined from highs of  900-
1000 Mcf/month in the early 1980's to current production of about 600 Mcf/month.  This average
of 600 Mcf/month has remained steady since 1988.  Although the number of wells reporting
increases, the production per well does not; this suggests that newer wells are not getting better. 

3.2 Location of Devonian Shale Wells and Devonian Shale Plays

Figure 6 is a map of the West Virginia portion of the Appalachian Basin showing the location of
GRI cells 1 - 32 and the position of all wells assigned to Gas Atlas Plays Dbg (Devonian
black/gray shales and siltstones) and Dbs (Devonian black shales).  Examination of the figure
shows that wells for the two plays form two fairly distinct north-south trending bands separated
by a relatively non-productive area.  Only cells 11, 15, 20, and 25 contain wells from both plays. 
The lack of a more gradual transition between the two plays is probably a result of the absence of
structural "modifications" (ie., fracturing of the black and gray shales and siltstones) necessary to
facilitate production of gas and the reduced thickness of black, organic-rich shales in this region.

3.3 Gas Production by Vintage

Gas production for shale wells was analyzed by Avintage@.  The vintage of a well is based upon the
reported completion date for that well.  The WVGES Oil and Gas database maintains production
data from 1979 to the present.  Data on shale production are not plentiful before 1981, therefore,
any shale production prior to 1981 is grouped into a single vintage.  The remaining vintages used
for this analysis were 1982-1985, 1986-1989, and 1990-1993.  Production beyond 1993 was not
available.  Finally, for each vintage, the production was separated into the black and gray
Devonian Shales (Dbg), representing the siltier shale play found to the east of the primary shale
area and the Devonian Black Shales (Dbs), representing the original shale play.  Graphs of total
production and average production were generated for each play (Figures 7 - 10).

Figure 7 indicates that production in the black and gray shale play has been increasing, although
data for the most recent vintage are incomplete.  On the other hand, production in the typical
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black shale (Figure 8) has been declining, and the most recent vintage of black shale wells (while
also incomplete) suggests that this trend will also continue.  Graphs of production per well offer
similar conclusions.  Production per well in the black and gray shales has steadily increased
(Figure 9), with the newest wells offering greatest production.  Production per well in the black
shale play (Figure 10) shows a general decline, but, as with wells in the black and gray shales, the
most recent wells have the greatest production.  Production per well in the black shale play was
maintained at 6-8 MMcf annually until the early 90's.  The newest wells show an increase to 11-12
MMcf.

Two explanations can be given for these data: 1) newer shale wells are being drilled Asmarter@ (i.e.
only the best wells are being drilled, or newer wells are stimulated more effectively, using new
techniques) and 2) new shale production is being co-mingled with up-section production (i.e.
targets in the Berea, Big Injun, Weir, and Big Lime).  It is most likely that the increased
production per well is being achieved through a combination of the two.

3.4 Gas Recovery

Recovery by Year of Completion

Results were aggregated by year of completion and play, where play Dbg is the black and gray
shales and siltstones, and Dbs is the black shales to the west. 

Average gas recovery has increased over time (Figure 11), especially in play Dbg compared with
Dbs (Figures 12 and 13).  This increase could be the result of greater selectivity that came with
more geologic knowledge and changing economics.  With time, drillers knew which areas resulted
in poor productivity; after the mid-1980's, it was important to avoid these areas because gas
prices could not justify drilling low-volume wells.  As drillers have become more familiar with
reservoirs in the area of play Dbg, there may have been an increase in the effectiveness of well
completion, but we have no data to test this suggestion.

Average recoveries in Dbs (Figure 13) changed little over time, reflecting the maturity of this
play.  The very best and very worst areas for drilling in this play have long been known and are
either drilled up in the former case, or avoided in the latter.

This conclusion is supported by the decrease in the range of  recoveries experienced for play Dbg
(Figure 12).  Many wells completed in the early 1980's showed relatively low recoveries. 
Although the upper range of recoveries has remained steady over the period of years under
consideration, much of the increase in average recovery has resulted from a decrease in the 
number of wells with relatively low recovery. After 1985, the sub-population of low-recovery
wells is very small relative to the rest of the distribution.

Dbs (Figure 13) also experienced a change in the distribution of recoveries beginning with wells
drilled in 1985.   Because this region has long been drilled for shale gas, much more is known of
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the geology and the population of low-recovery wells in the early 1980's is not as large a
proportion of the wells drilled as was the case for play Dbg.  This results in the nearly flat curve of
average recoveries in Figure 13.

There is a strong relationship between maximum production and recovery.  This is true for the
database of all data available (Figure 14), and for individual plays (Figures 15 and 16).  The plays
do not differ significantly in the relationship between these two variables.

To further analyze changes in well recovery since 1980, the percent of reserves was calculated for
all wells with recovery at or below median recovery (50th percentile).  This statistic was computed
for all wells completed in each of the 13 years 1981-1993.  The same procedure was repeated for
wells falling within the 51st - 80th percentile, and 81st - 100th percentile for each year.  Results were
graphed for the complete database (Figure 17), and for each of the two plays (Figures 18 and 19).

The trend since 1980 for all wells and in each of the two plays was an increase in the percent of
reserves contributed by the below-median wells.  This trend lasted until about 1988.  This is
consistent with the observation that the lower range of recoveries was truncated as companies
drilled more selectively, or completed wells more successfully. This trend was accompanied by a
decrease in the percent of reserves contributed by the best 20 per cent of wells as the distribution
of recoveries became more symmetric (Figure 17).

Since 1988, the percent of reserves accounted for by the low-recovery wells has decreased, while
the percent of reserves by the best wells has increased.   The range of recoveries has increased
since 1988, although average and median recovery have held steady or increased for most years.

In general, these results hold true for both plays. 

Recovery and Interval Completed

We allocated wells between two groups based on whether they were completed exclusively in the
Huron or stratigraphic equivalents, or completed in some other interval, possibly including the
Huron.  We call these two groups of wells AHuron@ and AOther@.   The AOther@ group included
wells completed in non-Huron Devonian strata and wells multiply completed in Huron and non-
Huron strata; it should be noted that the number of wells completed in the first group is too small
for statistical analysis.  The Lower Huron Member of the Ohio Shale (Huron) was the main target
of drillers throughout the southwestern part of West Virginia.  In addition to graphs of recovery
by play and interval completed, we created graphs that show trends through time.
Distributions of recoveries show a lot of overlap; comparison of the two distributions (Huron and
Other) was best accomplished with graphs of cumulative percent (Figure 20).  Wells completed in
the Huron Member averaged much less (89 MMcf) in recovery than those completed in the Other
category (138 Mmcf).  Wells completed in the Huron (Figure 21) were less successful than those
completed in the Other group.  This is particularly true in play Dbg, where the lithologic contrast
between Huron and other formations disappears to the east.  In addition, many wells in play Dbg
produce from multiple formations.
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The preponderance of data are from wells completed in non-Huron Devonian shales in play Dbg,
and therefore the overall trend in recovery tends to follow this curve through time (Figure 22),
which is one of increasing recovery.

The curve for Huron wells is approximately flat, or declining in recent years (Figure 22),
especially in play Dbs (Figs. 23 and 24).  This could reflect the fact that initial gas production
from the Huron interval in this play goes back many decades, and any improvements in
completion method have not reversed a decline in recovery.

GRI versus WVGES Recoveries

Average well recovery was computed for each of the ten cells in the historic area for which
sufficient data were available.  Because we had found that recovery was related to the date of
completion, we included only those wells completed in the 1990's.  These wells presumably
represent the current state of the art in well completion technology.

Results were compared with data provided by Thomas Woods of GRI. In the original study
performed for GRI, the base case assumed an 88% success rate, and fracture length of 50 feet,
and the advanced case assumed a 95% success rate and fracture length of 400 feet.   We
compared recoveries estimated from well data with the GRI figures for both the base case and the
advanced technology case.  Average well recovery and total recovery were computed for each
cell.

On Figures 25-28, the diagonal, dotted line divides the graph into two areas: 1) below the line,
recovery originating from GRI exceeds that calculated by WVGES; 2) above the line, the
WVGES value exceeds the GRI value.  Data are listed in Tables 3 and 4.

For the base case, neither average recovery (Figure 25) nor total recovery (Figure 26) as
calculated by the WVGES shows a relationship with that provided to GRI.  Thus, cells predicted
to have the highest predicted or total recoveries did not necessarily yield the highest values
estimated from actual production. 

However, Both GRI and WVGES obtained similar overall average recovery whether by well, or
by cell.

Cells predominantly or entirely representing play Dbs have failed to meet the GRI estimates for
recovery per well and per cell, whereas 4 out of 6 cells in play Dbg exceed the GRI estimates. 
These four cells--numbers 21, 25, 26, and 30--lie in the southeastern part of the shale trend, an
area where wells are generally completed in multiple intervals that include Mississippian
reservoirs.  Thus, for a large majority of wells, the only data available for analysis represent
commingled production from both Devonian and non-Devonian reservoirs.

Equivalent graphs for the advanced case (Figures 27 and 28) show many of the same results: play
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Dbg estimates of recovery exceed those computed for GRI previously in 4 out of 6 cells.  The
difference between the base case and the advanced case is that the overall mean values for per
well recovery and total recovery by cell are higher for the GRI data. 

We conclude that: 1) observed well performance more closely fits the base case as defined in the
earlier report to GRI than the advanced case; 2) that there are real differences in expected
recovery between the two plays; and 3) the two plays differ in the model for recovery that should
be used.  The difference in recovery model could depend on both the nature of the Devonian
reservoir i.e. play Dbg vs. Dbs, and also in the nature of the other reservoirs in the study area, and
frequency of completion in multiple reservoirs.

3.5 Gas Production Decline Curves and Cumulative Production

Decline curves (Figure 29) appear to belong to two types: nine curves show very slow decline,
and four curves rapid decline in the first five years, starting from relatively high initial production
levels.  The latter four curves represent cells in the southern-most extent of play Dbg (cells 21, 25,
26, and 30) where shale gas is almost always commingled with gas produced from shallower
reservoirs.  Decline curves in the northern part of play Dbg (cells 12 and 16) are similar in value
to those in play Dbs.   Cells largely representing play Dbs can be further divided between the
westernmost ones (cells 11, 14, 18, 19), and a band intermediate between plays Dbg and Dbs in
both geographic location and decline.

Cumulative production curves (Figure 14) show basically the same trends as the decline curves.

4. SUMMARY

1)  Wells for the two plays (Dbs and Dbg) form two fairly distinct north-south trending
bands separated by a relatively non-productive area.  Lack of a gradual transition between
the two plays is the result of the absence of natural fractures in the black and gray shales
and siltstones necessary to provide porosity and permeability, and the reduced thickness of
black organic-rich shales.

2)  Total production of gas from the Devonian shales declined during the period of study
(1982-1993)  because of a decrease in the number of wells drilled.  However, production
and estimated ultimate recovery per well increased, particularly in Play Dbg (gray and
black shales and siltstones), either because better prospects are being drilled, or
completions are more effective.

3)  The percentage of reserves contributed by below-median wells increased between 1981
and 1988, then decreased.  Again, selectivity in siting new wells and better completion
practices could have caused these changes.

4)  Wells completed in the Huron Shale were less successful than those completed in
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intervals in addition to the Huron.  This is particularly true in play Dbg, where the
lithologic contrast between the Huron Shale and other formations disappears to the east,
and where many completions are made in Mississippian reservoirs.

5)  Average recovery per well was more comparable to expectations of the GRI base case
model (50 ft fracture lengths) than the advanced case (400 ft fracture length). 

6)  Wells in play Dbg gave higher recoveries than wells in play Dbs, probably the result of
the fact that data for many wells in play Dbg include production from shallower,
Mississippian  reservoirs.

7)  Decline curves for wells in play Dbs and the northern part of play Dbg show very slow
decline starting from relatively low production in the first year.  Wells in the southern-
most part of play Dbg display rapid decline in the first five years, starting from relatively
high initial production levels.  Shale gas is almost always commingled with gas produced
from shallower reservoirs in this area.
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APPENDIX A.  RECOVERIES FOR BASE AND ADVANCED CASES

The following tables list for each cell, average recoveries per well (MMcf) and total recovery (Bcf),
as calculated for GRI (see Appendix B) and as calculated by the West Virginia Geological and
Economic Survey (WVGES). 





APPENDIX B. GRI-SUPPLIED FORECASTS OF RECOVERY
AND OTHER DATA BY CELL





APPENDIX C. DELIVERABILITY MARKERS

Using production data for Gas Atlas Plays Dbg and Dbs, and the specifications for calculation from
GRI (Tom Woods, 1995, written communication), tables of productivity markers were constructed
for each individual play and for both combined.  The format of each table followed that given as an
example in the same communication.  Each table lists annual values for each of thirteen markers
requested.  In at least one instance, the procedure specified to calculate the marker, ie., UTIL %
PROD COMPL, was determined to be incorrect (in this instance, the formulation as specified would
not yield a percent) and was modified based on comparison to formulation of other similar markers.

Examination of each table and comparison to that supplied with the communication indicates that the
calculated values of all markers for both Gas Atlas Plays and for the combined data set are
comparable to the data supplied by GRI.  However, a number of our markers, eg. CAPACITY AVG
MAX1,2; CAPACITY DECLINE; and COINCIDENT MAX PROD, show an increase with time
whereas the GRI values show a general decrease.  The values of all of our UTIL % markers are
considerably more variable than those shown in the GRI spreadsheet; our values do, however, appear
to be stabilizing with time.  Perhaps more interestingly, examination of the typical MONTH OF
MAXimum production for our data indicates a significant number of maxima occurring in either late
spring (March and April) or mid-summer (June and July), in addition to the December and January
maxima observed in the GRI data.  Finally, the UTIL % PROD COMP values for Play Dbg average
approximately 15% of the year and for Play Dbs, approximately 7% of the year.  This is in
comparison to a fairly consistent 10% value for the GRI data.









APPENDIX D: GRI SPECIFICATION OF DELIVERABILITY MARKERS

The following pages list the deliverability markers with definitions supplied by GRI (Tom Woods,
1995, written communication.)







 FIGURE 1.  West Virginia drilling activity.  Drilling activity is shown as total number of new gas
wells and the number of new Devonian shale gas wells completed annually for the years 1981-
1993.



FIGURE 2.   Total number of reported producing gas wells in West Virginia, and the number of
reported West Virginia Devonian shale gas wells, for the years 1981 to 1993.



FIGURE 3.  Annual gas production for all West Virginia gas wells and for all West Virginia
Devonian shale wells, for the period from January, 1981 to December, 1993.



FIGURE 4.  Total monthly gas production for all West Virginia gas wells and for West Virginia
Devonian shale wells, for the period from January, 1981 to December, 1993.



FIGURE 5.   West Virginia gas production per well for all West Virginia wells and for West
Virginia Devonian shale wells, for the years 1981 - 1993.



FIGURE 6 Locations of GRI cells 1 - 32 and all wells assigned to Gas Atlas Plays Dbg (Devonian
black/gray shales and siltstones) and Dbs (Devonian black shales).



FIGURE 7.   Bar graph of reported gas production for West Virginia Devonian shale wells,
subdivided by vintage or the year in which the wells were originally completed.



FIGURE 8.   Bar graph of reported gas production for West Virginia Devonian shale wells,
subdivided by vintage, or year of completion and also by Gas Atlas play (Play Dbg - black and
gray shales and siltstones; and Dbs - black shales).  The data are summed for the periods prior to
1981, 1982-1985, 1986-1989, and 1990-1993.



FIGURE 9.   Average annual reported gas production per well, for West Virginia Devonian shale
wells, subdivided by vintage, or year of completion, for the periods prior to 1981, 1982-1985,
1986-1989, and 1990-1993.



FIGURE 10.   Average annual reported gas production for West Virginia Devonian shale wells,
subdivided by vintage, or year of completion, and also by Gas Atlas play (Play Dbg, black and
gray shales and siltstones; and Dbs, black shales).  The data are summed for the periods prior to
1981, 1982-1985, 1986-1989, and 1990-1993.



FIGURE 11.   Gas recovery versus year of completion for Devonian shale wells completed
between 1981 and 1993.



FIGURE 12.   Gas recovery versus year of completion for Devonian shale wells completed
between 1981 and 1993 in Gas Atlas Play Dbg (black and gray shales and siltstones).



FIGURE 13.  Gas recovery versus year of completion for Devonian shale wells completed
between 1981 and 1993 in Gas Atlas Play Dbs (black shales).



FIGURE 14.  Maximum monthly gas production and gas recovery for Devonian shale wells
completed between 1981 and 1993.



FIGURE 15.   Maximum monthly gas production and gas recovery for Devonian shale wells
completed between 1981 and 1993 in Gas Atlas Play Dbg (black and gray shales and siltstones). 



FIGURE 16.   Maximum monthly gas production and gas recovery for Devonian shale wells
completed between 1981 and 1993 in Gas Atlas Play Dbs (black shales).



FIGURE 17.  Percent of reserves accounted for by wells with recovery below each of three
percentiles.



FIGURE 18.  Percent of reserves accounted for by wells with recovery below each of three
percentiles in Gas Atlas Play Dbg (black and gray shales and siltstones).



FIGURE 19.  Percent of reserves accounted for by wells with recovery below each of three
percentiles in Gas Atlas Play Dbs (black shales).



FIGURE 20.   Gas recovery for shale wells completed between 1981 and 1993.



FIGURE 21.   Gas recovery for Devonian shale wells completed between 1981 and 1993.  Wells
are separated into those completed only in the Lower Huron Member of the Ohio Shale
(Exclusively Huron) and those completed in other Devonian shale zones beside and perhaps
including the Lower Huron Member of the Ohio Shale (Other).  They are also separated by Gas
Atlas play; Play Dbg is the black shales and siltstones, and Play Dbs is the black shales.



FIGURE 22.   Average gas recovery for Devonian shale wells completed between 1981 and 1993.



FIGURE 23.   Average gas recovery for Devonian shale wells completed between 1981 and 1993
in Gas Atlas Play Dbg (black and gray shales and siltstones).



FIGURE 24.   Plot of average gas recovery for West Virginia Devonian shale wells completed
between 1981 and 1993 in Gas Atlas Play Dbs (black shales).



FIGURE 25.   Average gas recovery per well for the base case in the existing GRI model versus
average gas recovery per well calculated by the West Virginia Geological and Economic Survey
(WVGES).  Locations of cells are shown on Figure 6.



FIGURE 26.   Total gas recovery for the base case in the existing GRI model versus gas recovery
calculated by the West Virginia Geological and Economic Survey (WVGES).  Locations of cells
are shown on Figure 6.



FIGURE 27.   Average gas recovery per well for the advanced case in the existing GRI model
versus average gas recovery per well calculated by the West Virginia Geological and Economic
Survey (WVGES). Locations of cells are shown on Figure 6.



FIGURE 28.   Total gas recovery for the advanced case in the existing GRI model versus gas
recovery calculated by the West Virginia Geological and Economic Survey (WVGES).  Locations
of cells are shown on Figure 6.



FIGURE 29.  Decline curves showing average annual production versus cumulative production of
reach cell in Figure 6.



FIGURE 30.  Total cumulative production in each cell.  Locations of cells are shown on Figure 6.


