The Shifting Landscape of Marcellus Shale Development in West Virginia
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West Virginia, known historically as a coal producing state, has

recently experienced a dramatic increase in natural gas GEO LOGY

production from the Marcellus Shale. The southern and western . I s o e T
extent of the Marcellus Shale fairway generally lies within West . S e S e e
Virginia, and in a short period of time, Marcellus drilling activity THE CATSKILL CLASTIC WEDGE ==
has transformed the economic landscape and outlook of natural
resources in West Virginia. Since 2005, over 2100 Marcellus wells
have been drilled in the state. A number of vertical wells :
penetrated and produced from the Marcellus Shale before 2005, [ T
but use of the technical combination of horizontal drilling and . e
hydraulic fracturing of wells created a rapid escalation of shale gas o e L reoan et
drilling in the Appalachian basin. Approximately 650 of those
wells are horizontal while approximately 1500 are vertical, though
the current trend is dominated by horizontal wells. Total reported
gas production in West Virginia has increased from approximately
0.8 Tcf in 2005 to over 3 Tcf in 2012. Though some of these wells

have commingled production from other producing zones, the

vast majority is Marcellus Shale-derived gas, as well as the Ko
heavier-chain hydrocarbons known as natural gas liquids or “wet over fose M P e - - -~ Hypothetical time line sitstone _
gas” Multiple-stage completions in excess of 40 stages and Gswgo 20 o aoiere
measured depths of over 15,000 ft are observed. The lateral legs

are often drilled perpendicular to naturally occurring structures to

capitalize on the natural stress orientation. As the Marcellus play ceomamom oo A
has shifted from being exploratory to developmental, regional [ Doper | Copper Ridge Dol Congcocheague Fn
and localized “sweet spots” have been identified. Production of - S—
natural gas liquids, including ethane, pentane, and butane has
increased steadily from 2005 to 2012. While the present focus is
predominantly on liquids-rich areas, an increase in the price of
natural gas would again lead to an expanded geographical
interest of the dry gas regions of the Marcellus Shale in West
Virginia. Regardless, projections for future production continue to
increase. The West Virginia Geological and Economic
Survey(WVGES) continuously updates a database for all oil and
gas activity in West Virginia while conducting geological research. . .
Current research includes the examination of the geological ‘ e A T e A lag time exists from when wells are | jnal Location | jnal Location | jnal Location

controls on the Marcellus Shale as well as a volumetric resource : A R o = drilled and reported to the WVGES. Therefore, o o e N v o o s N o o e N {

. . s i~ g . _ [ a0 : '.II J = 2 L1 L1 L1 L1 L1 L1
assessment of Marcellus potential in the State. Py ‘ e - , I\, these maps may under report Marcellus ” elol 150'KnometersA ” 6|o| 130'KnometersA ” elol 150'Ki.ometersA

- Rl § ; wells, especially for wells completed in 2013.
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YEAR BY YEAR LOCATIONS
| OF COMPLETED
MARCELLUS WELLS
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Marcellus thins to south and west and is
exposed at the surface in eastern West
Virginia. In West Virginia, the Marcellus is
5000-8000 feet deep. The Lower Marcellus is
generally the target unit for drilling
completion.
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1. Transition from mostly vertical
wells to predominantly horizontal well
completions.
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Completed Marcellus Wells by Year
® 2007, Original Location
® 2007, Deviated Original Location
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Completed Marcellus Wells by Year
® 2006, Original Location

Completed Marcellus Wells by Year
® 2005, Original Location
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wider area to mostly north-central and L
northern West Virginia.

Hamilton Group
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T e Generalized depositional relationships of Middle and
S e— %:ZSZ“G”“" Upper Devonian units in Appalachian Basin with
Marcellus Shale shown as basal unit above the
unconformity (Modified from Harper, 1999)
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Notes:

Wells shown are reported by operators as
Marcellus wells, some may be completed in 3 | ]
other organic-rich Devonian shale units, - ; Preston  Preston  Preston
especially wells to the south and west. | | | =

’ {

MBRIAN

Tomstown Dol.
mstown Dol

Lower fam Em

CA

NNANNNNNNS

Modern-day well log of units within Marcellus Shale.
Gamma ray trace on left and bulk density, neutron
porosity and density porosity on right.
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Generalized stratigraphic chart for West Virginia

showing stratigraphic position of Middle

Devonian Marcellus Shale.
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Completed Marcellus Wells by Year
® 2009, Original Location

Completed Marcellus Wells by Year
® 2008, Original Location

Completed Marcellus Wells by Year }
® 2010, Original Location
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Marcellus extent from
USGS OFR 2011-1298

Extent of Marcellus Shale in
Appalachian Basin (USGS, 2011)
with location of West Virginia
highlighted.
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readings within the Hamilton Group as described by Schwietering
(1980) on left and updated work by Pool (2013) on right. Also,
shown are Onondaga age mapped faults and fold axes. Thickness
does not constitute entire Marcellus Shale thickness, but only the

highly radioactive subset of it. Exact location of westernmost extent , Completed Warcelus Wots by Year Completed arcelus Wots by Year
Of M arce”us Sh al e iS eStim ated. " ‘ ® 2011, Deviated Original Locati?\? ‘ ® 2012, Deviated Original Locatilo\? ‘ ® 2013, Deviated Original Locati?\?
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Paleogeographic reconstruction of Middle
Devonian (385 MA) at time of Marcellus
deposition (modified from Blakey, 2011).
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Completed Marcellus Wells by Year
® 2011, Original Location

Datum is top of Marcellus
Cross sections modified from Pool (2013)

FRACTURE NETWORK
MARCELLUS RESOURCE ASSESSMENT

Horizontal lateral legs of wells are generally located perpen-

dicular to the natural fractures. Marcellus Shale

Regional basement faults and
lineaments (in red) showing
predominant NE-SW trend.
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REPORTED MARCELLUS SHALE PRODUCTION IN WEST VIRGINIA
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Total Organic Carbon (%)
extrapolated from data in
Wang, 2012

“Lower Marcellus”
Total Organic Carbon (%)

| extrapolated from data in

Wang, 2012

Resource Assessment
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TOC concentration is highest in the center of the state and less con-
centrated toward the west and east (Pool, 2013).
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A WVGES GIS Resource Assessment of the Marcellus shale is
ongoing; preliminary results by Pool (2013) show 122 Tcf of
gas-in-place in West Virginia. This does not represent
recoverable gas.

“Upper Marcellus”
Volume of Shale (%)
extrapolated from data in
Wang, 2012

“Lower Marcellus”

| Volume of Shale (%)

{1 extrapolated from data in
Wang, 2012
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Volume of shale summary shows that clay minerals are more common in the Harper, J. A., 1999, Chapter 7: Devonian, p. 108-127, in Shultz, C. H,, ed., The Geology
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Clay content in the “Lower Marcellus” decreases to the east (Pool, 2013). D.
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Marcellus surface and bottom hole locations connected
by approximate path of lateral leg. 00,000
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3,000,000

Wells shown include those with comingled production. Therefore production
numbers may be inflated for earlier years (2006-2008) when vertical wells were more
prevalent because it was common for more than one unit to be completed. Wells
completed after 2008 are generally horizontal and predominantly produce solely from
the Marcellus. Oil numbers may be affected because many of the comingled wells also
produce oil from horizons such as the Berea Sandstone and Big Injun sandstone.

DATA AVAILABLE FROM MARCELLUS PORTION OF
WVGES WEBSITE

(http://www.wvgs.wvnet.edu/www/datastat/devshales.htm)

Reported Marcellus Production Compared to
Overall Production in West Virginia

2012 Top Gas Producing Counties
1. Harrison (104.5 Bcf)
2. Wetzel (51.0 Bcf)

3. Doddridge (36.5 Bcf)
4. Marshall (35.2 Bcf)

5. Upshur (15.8 Bcf)

6. Taylor (15.2 Bcf)

7. Marion (11.5 Bcf)

8. Tyler (6.8 Bcf)

9. Monongalia (3.3 Bcf)

2009 10. Ohio (2.7 Bet) Beginning in 2013 Natural Gas Liquids will be reported separately from oil & gas.

Production Year
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2012 Top Liquids Producing Counties
1. Wetzel (283,421 bbl)

2.0hio (145,120 bbl)

3. Doddridge (112,143 bbl)

4. Marshall (94,411 bbl)

5.Tyler (35,201 bbl)

6. Ritchie (30,728 bbl)
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Marcellus

By 2012 the Marcellus accounts for 60% of reported produced gas in =
West Virginia. §—
=

300,000

Completed, Permitted, & Cancelled Marcellus Wells in West Virginia (Updated 3/14).

Marcellus

Marcellus

200,000

1,000,000

2006-2012 production is shown. 2005 reported production is not shown due to
irregularities in those data and 2013 production has not yet been reported to the
WVGES.

Production data through 2012. Data current through 2/2014 for completed wells
and 1/2014 for permitted wells.

Gas (mmcf)

Marcellus

USGS Marcellus Shale Assessment Team, 2011, Information relevant to the U.S.
Geological Survey assessment of the Middle Devonian Shale of the Appalachian
Basin Province, 2011: U.S. Geological Survey Open-File Report 2011-1298, 22 p.
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Shapefiles for Marcellus thickness, outcrops, and Onondaga structure, faults, and
folds.

Wang, G. 2012. Black Shale Lithofacies Prediction and Distribution Pattern Analysis
of Middle Devonian Marcellus Shale in the Appalachian Basin, Northeastern U.S.A.
Doctoral dissertation, Morgantown, WV: West Virginia University.

Detailed map of several horizontal wells showing horizontal leg E-Logs

and geometry of multiple laterals off of same well pad.




