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2. Hydraulic Fracturing Analysis

The expert panel quickly recognized that more field work was needed to address Disputed
Issues Nos. 2, 3, and 4, which deal with the consequences of the purported hydraulically-
created fractures in the Ohio Shale and deeper geologic formations. Disputed Issue No. 1,
which concerns the purported hydraulic fracturing of the “Big Lime” and the Ohio Shale, could
be addressed in the meantime using the existing data. The goal of this quantitative approach
was to calculate the potential for creating hydraulic fractures in the Ohio Shale and “Big Lime”
based on well-established, field-verified equations used in the petroleum engineering industry.
Up to this point, no quantitative analysis of the potential for hydraulically fracturing the Ohio
Shale or “Big Lime” had been performed by the DMRM or E&A. This chapter presents the
quantitative analysis performed by the expert panel.

Fundamentals of Hydraulic Fracturing

The principal difference in the two hypotheses under consideration is the nature and extent of
any fractures that may have been created by the overpressurization of the English *1 gas well
surface-production casing annulus. Therefore, a review of the fundamental relations governing
the creation of fractures by an imposed pressure is in order.

“Fractures will always propagate along the path of least resistance. In a three-dimensional
stress regime, a fracture will propagate so as to avoid the greatest stress and will create width
in a direction that requires the least force. This means that a fracture will propagate parallel to
the greatest principal stress and perpendicular to the plane of the least principle stress. This is
a fundamental principle; therefore, the key to understanding fracture orientation is to
understand the stress regime” (Economides and Martin, 2007). A description of the three
principal in-situ stresses in a subsurface formation, as summarized in the textbook Petroleum
Production Systems (Economides and others, 1994), is given below.

Vertical Stress

The absolute vertical stress, o,, in pounds per square inch (psi) corresponds to the weight of
the overburden, and is given by:

o, = pD/144

where
p = the density of the formations overlaying the target reservoir (Ib/ft%),
D = depth to the target reservoir (ft).

In a porous medium, the weight of the overburden is carried by both the grains and the fluid
within the pores. Accordingly, an effective stress, 0./, is defined as

o,/ = o, —ap
where
a = Biot’s poroelastic constant (dimensionless),

p = pore (reservoir) pressure (psi).
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Horizontal Stresses
The vertical stress is translated horizontally through Poisson’s ratio (v):
oy = (v/(1-v)) o,/

where
oy = effective horizontal stress (psi).

The absolute horizontal stress is arrived at by adding the ap term to the effective horizontal
stress.

Due to tectonic components, the horizontal plane stress varies with direction. The above
defined horizontal stress is the minimum horizontal stress; the maximum horizontal stress is:

OH,max = OH,min + Otect

where
Owct = tectonic stress contribution (psi),

Horizontal stresses contained within stiff boundaries are generally considered to be “locked-in-
place,” whereas the vertical stress follows the geologic history (e.g., erosion, glaciation) of the
overlying layers. Thus, horizontal, or pancake, fractures are likely to occur in a stiff, shallow
formation with a geologic history of surface erosion.

Fracturing Pressures

The upper limit of the imposed pressure required to fracture a formation from a vertical
wellbore is given by the Terzaghi equation:

Pbd,upper = 3O'H,min = OH,max Tt To— p
where
Poq = breakdown pressure (psi),

T, = tensile stress of the rock, usually 100-500 psi
p = reservoir pressure (psi).

The lower boundary for the breakdown pressure is:

Pbd,Iower = 3_Gﬂ,m - OH,max_*+ Tg —2np
2(1-n)

where
n = a(1-2v)/2(1-v).

The breakdown pressure is usually greater than the fracture extension pressure. The former is
the pressure required to initiate a fracture from the wellbore and is influenced by the very
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presence of the wellbore. The latter reflects the pressure required to propagate the fracture
through the formation (Economides and Martin, 2007, p. 124)

Fracture Shape (from Economides and Martin, 2007)

Simplified fracture geometry can be viewed in two-dimensions. Three main models exist
including radial, KGD (Khristianovich and Zheltov, 1955; Geertsma and de Klerk, 1969), and
PKN (Perkins and Kern, 1961; Nordgren, 1972).

Radial: fracture height is assumed to be twice the fracture half-length.

h=2r,) w,(r,)

Figure 2-1. Radial fracture geometry.

KGD: fracture width is assumed to be proportional to fracture height; the width is
assumed to be constant.

w,(x,)

Figure 2-2. KGD fracture geometry.
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PKN: the fracture width is proportional to the height of the fracture.

Figure 2-3. PKN fracture geometry.

For many cases, simple two-dimensional fracture geometry is inadequate. Presently, lumped-
parameter 3-D simulators are used for most fracture modeling. These simulators model the
fracture as shown below (two semi-ellipses meeting on a horizontal line level with the point of
fracture initiation).

DT T

Point of Fracture Initiation

Figure 2-4. Lumped parameter 3-D modeling showing two semi-ellipses.
With regard to the hydraulic fracturing of shale reservoirs, it is noted that “due to the complex

nature of frac growth and broad extension of the fracture network in this environment, the use
of a two-wing fracture model is not realistic” (Economides and Martin, 2007).
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Fracture Volume

The volume of a created hydraulic fracture, Vs, is related to the volume of the injected
fracturing fluid, V;, through the fracturing efficiency,n, or

n = ViV

Fracturing efficiency is always less than one (1) due to leak-off of fracturing fluid to the
reservoir porosity during the hydraulic fracturing treatment.

Facts Pertinent to This Investigation

A number of important facts pertinent to understanding the nature and extent of any fractures
created by the overpressurization of the English *1 gas well surface-production casing annulus
were uncovered by a review of the DMRM and Dr. Eckstein’s works, as well as a survey of the
literature. Many are summarized here; others are noted in subsequent sections of this report.

e The annular space between the surface and production casings of the English 1 gas
well was mostly shut in during the 31 day period after hydraulic fracture stimulation of
the Clinton sandstone. This confined the deep, high pressure gas from the Newburg
and/or Clinton units within this restricted space; annular pressure readings during this
shut in period were consistently 320 psi or greater (DMRM, 2008, p. 5).

e It is common in northeastern Ohio for small volumes of low-pressure shale gas to
accumulate in uncemented surface-production casing annuli.  Shallow shale gas
pressure typically does not register more than 30-60 psi on the annulus and can be
closed in or vented without problem (DMRM, 2008, p. 47).

e The surface casing of the English *1 gas well was set more than 50 feet through the
Berea aquifer to a depth of 253 feet and cemented to the surface (DMRM, 2008, p. 43).

e The primary cement job in the English *1 gas well reached only 80 feet above the
uppermost Clinton sandstone perforations and, additionally, was approximately 300 feet
below the Newburg dolomite (DMRM, 2008, p. 46).

e During fracture stimulation of the Clinton sandstone in the English *1 gas well,
circulation of fluid from the surface-production annulus was observed (DMRM, 2008,
p. 44).

e A small volume of crude oil circulated to surface during fracture stimulation of the
Clinton sandstone in the English *1 gas well (DMRM, 2008, p. 17).

e The first day after fracture stimulation, the annular pressure on the English *1 gas well
measured 90 psi; the pressure increased to 180 psi the second day and stabilized at 320
psi on the third day. The annular pressure measured 360 psi the day before the in-
home explosion (DMRM, 2008, p. 45).

e In the special permit conditions for wells drilled to the Clinton sandstone or deeper in
northeast Ohio, it is now required to monitor the annular pressure for five days after the
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production casing is cemented. It is specified that if the pressure in the annulus does
not exceed 70 percent of the hydrostatic pressure at the casing shoe of the surface
casing string, or 0.303 psi/ft, after five days, work on the well can continue (DMRM,
2008, Appendix 2, p. 2).

e The pore pressure of the Ohio Shale ranges from 0.15-0.40 psi/ft. (Economides and
Martin, 2007, p. 386; Bustin, 2005).

e The fracture gradient for Devonian shale varies with depth, according to a study
conducted in eastern Kentucky and western West Virginia, ranging from over 1.0 psi/ft
at shallow depths to generally between 0.4-0.6 psi/ft at 2,500 to 5,500 feet. It is noted
that glacial unloading known to have occurred in the northern part of the basin could
have resulted in shallow formations “readjusting” (McKetta, 1980).

e The asperites of naturally-fractured surfaces (in the context of Washington County Ohio
Shales) are large and tend to prop the fractures open. As a result, natural fractures are
effective for fluid flow at relatively high closure stresses. Saw-cut smooth fractures
(laboratory experiments) have high fracture closure rates. Hydraulically-induced
fractures will close at an intermediate rate (Freeman and others, 1981).

e For Devonian shale formations, in-situ stress differentials of 200-500 psi can arrest
vertical fracture propagation (Advani and others, 1981)

e High pumping rates (20 to 30 Mscf/min) of nitrogen alone can erode fractured (Ohio)
shale owing to its physical characteristics; the resulting erosion causes irregularities such
as asperities and voids on the fracture surfaces and an increase in well deliverability
(Abel, 1981)

e Stress determination on Devonian shale recovered from a depth of 3413 ft (Meigs
County, OH) revealed an average azimuth of the maximum recovery strain of N70°E +
2°, a vertical stress gradient of 1.13 psi/ft, a calculated maximum horizontal stress of 1.5
times the vertical stress, and a calculated minimum horizontal stress of 0.8 times the
vertical stress. These calculated horizontal stresses were confirmed in two separate field
measurements (Blanton and Teufel, 1983).

e Biot's constant for Devonian shales may be taken as zero. Biot's constant is defined as
one less the ratio of matrix-to-bulk compressibility. That ratio is nearly one for the low
porosity shales (Blanton and Teufel, 1983; Evans and Engelder, 1986).

e The ratio of the minimum horizontal stress to the vertical stress for three West Virginia
Devonian shale samples from depths of about 2,750 feet, as reported in the literature,
ranges from 0.73 to 0.86. A value for Poisson’s ratio of Devonian shale of 0.21 is
reported (Advani and others, 1984).

e Fracture gradients for New York Devonian shale measure 0.65-1.17 psi/ft for depths
ranging from approximately 650 to 3,300 feet, and are dependent on the stratigraphic
horizon (Evans and Engelder, 1986).

e The southeast Ohio Devonian shale pore pressure gradient is 0.170 to 0.200 psi/ft
(Gatens and others, 1989).
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e Southern West Virginia deep lower Devonian shale has a very low fracture gradient of
0.4 psi/ft or less; most Devonian shale wells in this area are drilled on air (Mack, 2003).

e Shale wells shut in for long periods of time exhibit pressures of 0.125 psi per foot of
depth (“Status Report on the Gas Potential from Devonian Shales of the Appalachian
Basin,” 11/77, Office of Technology Assessment)

e 75 stress measurements were made in three wells penetrating a Devonian
shale/sandstone/limestone sequence in western New York. Variations in the minimum
and maximum horizontal stresses increase with depth; at a depth of 650 ft, the
difference is approximately 400 psi (Evans and others, 1989b).

e Poisson’s ratios are reported for several core samples recovered from Devonian
siltstones, sandstones, and limestones in western New York. The average value for five
samples is 0.16 (Evans and others, 1989b).

e The Devonian shale is a naturally fractured reservoir with a fracture gradient ranging
from 0.4-0.6 psi/ft (2,500 to 6,000 feet). Because it is a water-sensitive formation, most
operators have used nitrogen as a fracturing fluid since the mid-1980s (Stidham and
Tetrick, 2002).

e Measured pore pressures for southwestern Pennsylvania “Big Lime” are 200 to 600 psi
at depths of 1350-1800 feet (Hayward, 2006).

Fracturing and the English *1 Gas Well

Clinton Sandstone Fracture Stimulation

During the hydraulic fracture stimulation treatment of the Clinton sandstone in the English *1
gas well, circulation of fluid from the surface-production casing annulus was observed and a
small volume of crude oil circulated to surface. It is reasonable to attribute these occurrences
to an inadequate primary cement job which likely resulted in the loss of the hydraulic seal.
Cement reached only 80 feet above the uppermost Clinton perforations while industry standards
call for 600 to 800 feet of wellbore-production casing annulus cement above the Clinton.
(DMRM, 2008, p. 54)

Post-fracture stimulation sonic log runs have shown that the cement bond (hydraulic seal)
across intervals subjected to hydraulic fracture treatments is destroyed, but remains intact
further uphole. Although loss of the cement bond across the fractured interval likely does not
affect the containment of the fracturing treatment, a failure of the hydraulic seal may result in a
microannulus and crossflow of reservoir fluids (Economides and Nolte, 2000). The 80 feet of
primary cement above the uppermost Clinton perforations was likely inadequate for maintaining
a hydraulic seal. The result was communication between the Clinton and the surface-
production casing annular space during the fracturing treatment and possible leakage of Clinton
gas into the same annulus during the subsequent 31 days the English *1 gas well surface-
production casing annulus was mostly shut in.
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It is unlikely the fracture treatment grew out of zone through the “Packer Shell,” an
impermeable limestone caprock overlying the Clinton sandstone, into the Newburg dolomite and
communicated with the English *1 gas well surface-production casing annulus. First, the oil
circulated to surface is evidence of flow from the Clinton owing to the failed hydraulic seal; the
Newburg locally contains only natural gas. (DMRM, 2008, p. 22) Oil entering the “Big Lime”
from the Clinton sandstone would likely be trapped in the formation until a critical oil saturation
was realized, thereafter allowing mobile oil to flow, according to relative permeability/fluid flow
theory.

Secondly, an examination of in-situ stresses suggests a typical hydraulic fracture induced in the
Clinton sandstone would remain in zone. Knowing fractures induced in the Clinton in this area
at more than 3700 feet of depth propagate vertically, the minimum horizontal stress would be
the least principal stress. Recalling that the horizontal stress is translated through the vertical
stress by the ratio v/(1-v), and noting typical Poisson’s ratios for limestone (“Packer Shell”) and
sandstone (Clinton) are 0.30 and 0.25 respectively, the minimum effective horizontal stress in
limestone would be 42.9 percent of the effective vertical stress compared to 33.3 percent in
sandstone. (The Biot's constant-pore pressure product is ignored in this simple illustration.) As
a result, a fracture induced in the Clinton sandstone would likely propagate though the Clinton
sandstone, the path of least resistance.

Third, successful hydraulic fracturing treatments in the Clinton sandstone are common to the
petroleum industry, suggestive of the practice generally being carried out without incident.

To summarize, it is unlikely the Clinton sandstone fracture treatment in the English *1 gas
well grew out of zone. However, the inadequate primary cement job likely failed to maintain
a hydraulic seal, resulting in communication between the Clinton and the surface-production
casing annular space during the fracturing treatment and possible leakage of Clinton gas
into the same annulus during the subsequent 31 days the English *1 gas well surface-
production casing annulus was mostly shut in. It has been demonstrated through the
interpretation of the Segmented Cement Bond Log run subsequent to remedial cementing
operations performed on the English *1 gas well that the Clinton (and Newburg) are now
sealed from the wellbore and no longer pose a source of gas for recharging the overlying
aquifers.

A more important issue is the nature and extent of fracturing, if any, that resulted from the
over-pressurization of the English *1 gas well surface-production casing annulus. The DMRM
hypothesizes deep gas invaded natural fractures in the bedrock below the base of the cemented
surface casing, migrated vertically through natural fractures into the overlying aquifers, and
discharged through local water wells. Note the natural fracture density in the investigation area
is thought to be enhanced by local faulting/folding activity. (DMRM, 2008, p. 35)

Dr. Eckstein suggests that the over-pressuring of the English 1 annulus produced fractures
throughout the bedrock of the Ohio Shale and Berea Sandstone, that the bedrock fractures
spread laterally and downward far away from the English *1 gas well, and that they continue to
introduce gas to the shallow aquifers. Dr. Eckstein further stated that “the gas pressures that
reportedly developed (360 to 380 psi) within the sealed annulus of the English *1 gas well are
high enough to generate fractures in the Ohio Shale as well as in large portions of the “Big
Lime”, thus providing far-reaching fractures for gas migration from the deep bedrock.”

To resolve this matter, it is necessary to examine, in turn, the pressures necessary to fracture
the “Big Lime” and Ohio Shale penetrated by the English *1 gas well.
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“Big Lime”

Was it possible for the gas pressure developed within the sealed annulus of the English #*1 gas
well to generate fractures in the “Big Lime” to the Newburg zone of the Lockport Dolomite
(approximately 3,300 feet subsurface), a non-commercial source of gas local to the Bainbridge
Township area? A gas show was encountered in the Newburg on a well offsetting the English
#1 gas well. It should be noted that natural gas was not found in the Oriskany Sandstone,
another common local, non-commercial gas source, in the English *1 gas well. (DMRM, 2008,
p. 43, p. 55)

Calculated Fracturing Pressure

Limited data are reported in the literature to facilitate calculating fracturing pressures in the
“Big Lime.” The following assumptions are made:

e Vertical stress gradient = 1.0 psi/ft (Tiab and Donaldson, 2004)

e Biot's poroelastic constant = 0.7 (Economides and others, 1994; Crain, 2005)

e Pore pressure = 1,100 psi
Available data in the literature suggest the pore pressure in the “Big Lime” is less than
hydrostatic. The Newburg dolomite is characterized as porous, permeable, and wet
(DMRM, 2008, p. 22); it is reasonable to assume some fluid level would have built up in
the English *1 gas well surface-production casing annulus after it was shut in, but no
fluid level measurement was taken. The maximum-recorded shut in annular casing
pressure was about 360 psi. Anecdotally, a local operator placed the pore pressure in
the Newburg zone at 1100 psi, which reflects a pore pressure gradient of 0.33 psi/ft.

e Poisson’s ratio = 0.30 (typical value for limestone)

e Tectonic stress = 1,450 psi (Evans and others, 1989a)
The assumed value for tectonic stress is an estimate based on work performed in
western New York Devonian shale. Additional published work (McKetta, 1980) has
shown the Berea Sandstone, Clinton sandstone, and Upper Devonian shale all display
similar tectonic relationships.

e Tensile stress = 500 psi (page 2-2 of this report)

The calculated upper limit of the imposed pressure required to fracture the Newburg dolomite is
Pbd,upper = 30'H,min = OH,max T To— p
= 3(1,854 psi) — 3,304 psi + 500 psi — 1,100 psi
= 1,660 psi or 0.50 psi/ft.

The calculated lower boundary for the breakdown pressure is
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Pbd,lower = 30H,min_= OH,max_+ 1o — 20D
2(1-n)

= 3(1,854 psi) — 3,304 psi + 500 psi — 2(0.2)(1,100 psi)
2(1-0.2)

= 1,450 psi or 0.44 psi/ft.

The calculated lower boundary for the breakdown pressure, although intuitively low, is still four
times the maximum recorded shut in annular pressure for the English *1 gas well, providing an
important safety margin given the number of assumptions involved in the calculations.

How the English *1 gas well shut in annular pressure is being viewed should be addressed. If
the annular space of the well was gas-filled, then the 360 psi surface annular pressure would
have changed little with depth. At 3,300 feet, according to an empirical formula derived by
Gilbert (Nind, 1981), the depth-corrected annular pressure would have been approximately 380
psi. An annular fluid level in the English *1 gas well would reflect a higher pressure at depth,
but, as mentioned earlier, no fluid level measurement was taken; there is no means to
accurately predict the fluid level owing to the number of variables affecting the calculation,
including the mobility of the Newburg brine. The high end of the bottomhole annular pressure
gradient would be the sum of the gradient attributable to the pore pressure available to support
an annular fluid level (estimated to be 0.33 psi/ft) and the gas-pressure gradient (0.11 psi/ft),
or 0.44 psi/ft.

The same fracturing pressure calculations were performed for the top of a probable naturally-
fractured “Big Lime” zone from 2,122 to 2,160 feet that showed a gas indication on a
differential temperature log ran on December 17, 2007. The calculated upper and lower limits
for fracturing pressure were 730 and 720 psi, respectively.

Evaluation of Calculated Fracturing Pressure Method

The fracturing pressure calculation method is evaluated by computing the fracturing pressure of
the Clinton sandstone in the same manner, and comparing the results to the fracturing pressure
observed during the stimulation treatment performed on the English 1 gas well and pertinent
data from the literature.

e Vertical stress gradient = 1.0 psi/ft
e Biot’s poroelastic constant = 0.7
e Pore pressure = slightly underpressured at 3,730 feet (mid-perforations)

According to Law and others (Law and others, 1998), the Clinton-Medina sandstone is
normally pressured in central Ohio at depths of 2,000 to 3,000 ft, and undergoes a
gradual transition to underpressured in eastern Ohio and western Pennsylvania. (A map
of the pressure domains places the investigation area on the border between the
normally pressured and underpressured domains). Anecdotally, a local operator places
the Clinton sandstone pore pressure in Bainbridge Township at 1,400 psi, which is
slightly underpressured.
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e Poisson’s ratio = 0.25 (typical value for sandstone)
e Tectonic stress = 1,450 psi
e Tensile stress = 400 psi

Utilizing the above assumptions, the upper limit of the imposed pressure required to fracture
the Clinton sandstone is determined to be 1340 psi; the lower limit is approximately the same
(1,380 psi). This is about half the downhole pressure of approximately 2,800 psi (0.75 psi/ft)
that was required to fracture the English *1 gas well on November 13, 2007, according to the
fracture stimulation treatment records furnished by Producers Service Corporation. Incidentally,
the Ohio EPA placed the fracture gradient for (deeper) Clinton sandstone at 0.75 psi/ft in a
2008 permit for underground injection in Belmont County; data from McKetta (1980) places the
Clinton sandstone fracture gradient at approximately 0.65 psi/ft at 3,730 feet.

The calculated fracturing pressure, then, underestimates the observed fracturing pressure.
There are two possible explanations. First, the least certain input data for the calculation is the
tectonic stress, and to a lesser degree the rock tensile stress. Recall the assumed tectonic
stress is based on measurements taken in western New York Devonian shale. Previously cited
work (McKetta, 1980) documented that there is a trend toward relaxation toward the center of
the basin and an increase in compression as formations fold near the eastern Appalachian front.
These findings are noted to be in agreement with current plate tectonic theory postulating a
collision between the eastern edge of the North American continent and the western edge of
the African continent. Some combination of reduced tectonic stress and increased tensile stress
totaling approximately 1,000 to 1,500 psi would equate calculated and observed Clinton
sandstone fracturing pressures. For example, if the tectonic stress was 1000 psi less, the
calculated fracture gradient would be nearly 0.65 psi/ft. The corresponding fracture gradient
for the Newburg dolomite would be between 0.63 to 0.81 psi/ft. The concern with this
explanation is western New York is not far from Bainbridge Township, so the tectonic stresses
in the two areas would be expected to be similar.

The other explanation deals with glacial unloading. A recent publication by Rowan (2006)
provides clear evidence that the erosion of approximately 2,600 feet of Permian and
Pennsylvanian strata has taken place over geologic time in the area of Bainbridge Township.
The study was based on models that integrated thermal and geologic information to constrain
the burial, uplift, and erosion history of the region. It was mentioned earlier in this report that
horizontal stresses contained within stiff boundaries are generally considered to be “locked-in-
place,” while the vertical stress follows the geologic history (e.g., erosion, glaciation) of the
overlying layers. Assuming the Clinton sandstone behaves as stiff rock, and adjusting the in-
situ stresses to account for glacial unloading, the upper limit of the imposed pressure required
to fracture the Clinton calculates to be 3,070 psi (0.82 psi/ft) and the lower limit 2,510 psi (0.67
psi/ft). The average of 2,790 psi (0.75 psi/ft) matches the observed downhole pressure
required to fracture the Clinton sandstone in the English *1 gas well. Applying the same
adjustment to the calculation of the Newburg dolomite fracturing pressure yields a range of
2,840 to 3,890 psi (0.86 to 1.2 psi/ft) fracturing pressure, which is intuitively high.

The important implication, however, is the calculated fracturing pressures within the “Big Lime”
are likely conservative, adding an additional safety margin above the maximum-recorded shut-
in pressure for the English *1 gas well.
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Evidence of Fracturing Pressure from Driflling Operations

Independent evidence in the form of the wellbore pressures generated during the drilling of the
English *1 gas well also suggests the fracturing pressure for the Newburg dolomite and possible
naturally-fractured zone found at 2,122 feet are higher than the well’'s maximum-recorded shut
in annular pressure. After cementing the surface casing of the English *1 gas well, “drilling
proceeded without incident to a total depth of 3,926 feet” (DMRM, 2008, p. 43). This implies
no loss in circulation, which is confirmed in the Wildcat Drilling, Inc. drilling summary for the
English *1 gas well, which states “rig reported well took no fluid while drilling.” Accordingly, no
breakdown of the zones penetrated was encountered, conservatively placing the “Big Lime”
fracturing pressure gradient at more than approximately 0.5 psi/ft at a minimum.

The operator was required to drill the English *1 gas well on fluid due to the previously
mentioned gas show encountered in the “Newburg zone” on a nearby offset well. The density
of the drilling fluid varied from 8.3 pounds per gallon (ppg) in the surface casing, an average of
8.6 ppg through the Ohio Shale, 9.0 ppg from the top of the “Big Lime” to the top of a salt
section, 10.2 ppg from the top of the salt section to total depth, and finally to 10.3 ppg at total
depth (due to the addition of 100 sacks of salt gel). A static column of 10.2 ppg fluid would
yield a hydrostatic pressure of 1,750 psi at a depth of 3,300 feet and a 9.0 ppg fluid 990 psi at
2,122 feet; even more pressure at depth would be expected for a circulating drilling fluid. (The
hydrostatic head generated while drilling a well on fluid is dictated by the equivalent circulating
density, which accounts for the density of the drilling fluid and the annular pressure drop while
circulating said fluid.)

Other Considerations

Another consideration involves the lack of any propping material to hold open a hydraulic
fracture should any have been created in the "Big Lime.” In the absence of proppant, a created
fracture will normally close shortly after the fracturing pressure dissipates and, accordingly, any
fracture conductivity will be lost.

Finally, in his May 13, 2009, PowerPoint presentation to the Bainbridge Incident Expert Review
Panel, Dr. Eckstein offered as evidence supporting his hypothesis regarding the fracturing of the
“Big Lime"” that the DMRM reported the presence of sour gas in a number of wells or residences
during the initial period after the in-home explosion, indicative of Newburg gas. It has been
demonstrated that the uncemented Newburg dolomite was a source of gas migration prior to
the remedial cementing operations, and was subsequently sealed off from the English *1 gas
well. The initial cement squeeze on the English 1 gas well “was successful in killing
approximately “95 to 98%" of the gas in the annulus and the presence of ‘sour’ smelling
‘Newburg’ gas was no longer detected” (DMRM, 2008, p. 45). Thus, Dr. Eckstein’s observation
alone does not bear out his hypothesis that the “Big Lime” was fractured.

Additionally, during the course of the May 13 meeting, Dr. Eckstein stated that his hypothesis
regarding the fracturing of the “Big Lime” is based on qualitative knowledge that (only) 80 to 90
psi is necessary to fracture the Clinton sandstone. He was not clear as to whether this was a
surface or bottomhole treating pressure, but regardless, the evidence establishes that
significantly more pressure is required to achieve breakdown of the Clinton sandstone.
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To summarize, calculations and field observations demonstrate, to a reasonable degree of
engineering certainty, the "Big Lime” was not fractured by the overpressurization of the
English “1 gas well surface-production casing annulus. Additionally, should any fractures
have been created, no propping material was introduced to prevent them from closing once
the fracturing (i.e. annular) pressure dissipated. As a result, it is unlikely that any
hydraulically-created fractures exist, let alone ones that are sufficiently open to allow deep
gas migration into the overlying aquifers.

Ohio Shale

Is it possible for the gas pressure developed within the sealed annulus of the English *1 gas
well to generate fractures in the Ohio Shale at 253 feet (cemented surface casing shoe) and
deeper?

Calculated Fracturing Pressure

More data were found in the literature to facilitate estimating the fracturing pressure of the
Ohio Shale, but the data often reflected a high degree of variability. The following assumptions
are made:

e Vertical stress gradient = 1.0 psi/ft
e Biot’s poroelastic constant-pore pressure product = 0

It has been documented in the literature that Biot’s constant for Devonian shale may be
taken as zero as the ratio of matrix-to-bulk compressibility is nearly one for the low
porosity shale. Furthermore, it is also documented that the pore pressure in the Ohio
Shale is very low; this finding is verified by the observation that shallow shale gas
pressure in the investigation area typically does not register more than 30 to 60 psi on
the annulus.

e Pore pressure gradient = 0.15 psi/ft
e Poisson’s ratio = 0.24

Typical values for Poisson’s ratio for shales range from 0.28 to 0.43. Values for Poisson’s ratio
for Devonian shale, as reported in the literature, are lower.

o Tectonic stress = 300 psi
e Tensile stress = 250 psi

If 360 psi, the maximum-recorded shut in pressure of the English *1 gas well surface-
production casing annulus, is taken as the upper limit of the breakdown pressure for the Ohio
Shale, and glacial unloading is ignored, calculations suggest a vertical fracture could have been
initiated as deep as 840 feet, corresponding to a fracture gradient of 0.43 psi/ft. That depth
increases to 1,200 feet (0.30 psi/ft) if 360 psi is taken as the lower boundary of the breakdown
pressure.
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Glacial loading is ignored in this calculation owing to recent work by Engelder and Lash (DRAFT)
that dispels the long held notion that glacial loading of stiff rock resulted in the fracturing of the
Appalachian Basin black shale, citing contrary outcrop and core observations. The researchers
also referenced earlier work that demonstrated the black shales are characterized by relatively
large sonic travel times and low densities, indicative of material of relatively low elastic stiffness.
As previously cited, horizontal stresses are generally thought to be “locked-in-place” only within
stiff boundaries.

Fracturing Pressure from Published In-situ Stresses

According to published southeast Ohio Devonian shale in-situ stress gradients, derived for a
depth of 3,413 feet (o, = 1.13 psi/ft, onmin = 0.8cy psi/ft, onmax = 1.50y psi/ft), 360 psi could
potentially initiate a shallow fracture in the Ohio Shale, no deeper than 470 feet. This markedly
different result likely stems from utilizing in-situ stress gradients calculated for a depth much
greater than the shale depth in the investigation area. McKetta (1980) documents the
variability of Devonian shale fracture gradients with depth.

Fracturing Pressure from Published Fracture Gradients

Published fracture gradients for the Devonian shale generally range from 0.40-0.60 psi/ft at
depths exceeding 2,500 feet. At shallower depths, published fracture gradients exceed 1.0
psi/ft and approach 1.2 psi/ft (and potentially higher). A plot of fracture gradient versus depth
for Devonian shale, reproduced from McKetta (1980), is shown on page 2-14 of this report.

The choice of the fracture gradient applicable to the Bainbridge Township area Ohio Shale
depends on the glacial unloading/shale stiffness deliberation. If the Ohio Shale is viewed as a
less stiff rock, the appropriate fracture gradient would be 0.40 to 0.60 psi/ft and, accordingly,
360 psi could initiate a vertical fracture at depths reaching 600 to 900 feet, in general
agreement with the calculated fracturing pressure. (McKetta (1980) states the Devonian shale
fracture gradient data cited in the paper are from eastern Kentucky and western West Virginia
and, owing to known glaciation in the northern part of the Appalachian basin, the now shallow
formations could have readjusted and be expected to exhibit a different stress relationship. It
was postulated the fracture gradient curves presented in the paper may need to be shifted
according to the glacial unloading, but that the general relationships will still hold.)

If the Ohio Shale is assumed to behave as a stiff rock, the appropriate fracture gradient would
be 1.2 psi/ft or even greater (see red line, Figure 2-5). Corroborative data is found in Evans
and Engelder (1986); the fracture gradients for New York Devonian shale measure 0.65 to 1.17
psi/ft for depths ranging from approximately 650 to 3,300 feet.

For 360 psi to initiate a fracture at a depth of 253 feet (cemented surface casing shoe) in the
English *1 gas well, the fracture gradient could be no greater than 1.4 psi/ft. The fracture
would likely be oriented horizontally because, as previously documented in this report,
horizontal fractures are likely to occur in a stiff, shallow formation with a history of surface
erosion.
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Figure 2-5. Fracture gradient versus average depth treated for Devonian shale.

Operators with experience in shallow shale fracturing in western New York and Huron County,
Ohio provide anecdotal evidence of a 1.1 to 1.2 psi/ft surface fracture initiation gradient and a
1.5 psi/ft bottomhole fracture extension gradient, respectively. The latter operator confirmed
the induced fractures were oriented horizontally.

Evidence of Fracturing Pressure from Drilling Operations

Applying the previously advanced hydrostatic pressure generated during the English *1 gas well
drilling operations argument to the Ohio Shale reveals that 360 psi wellbore pressure would
have been reached at 720 feet, based on the estimated minimum equivalent circulating density
gradient. As already documented, no lost circulation was encountered during the drilling
operations. Conservatively then, the fracture gradient for the Ohio Shale must be greater than
approximately 0.5 psi/ft at a minimum.

Propping an Induced Fracture in the Ohio Shale

As previously discussed, propping material is normally required to hold a hydraulic fracture open
after pumping of the fracturing fluid ceases. However, successful stimulation treatments with
nitrogen alone have been carried out in Appalachian Basin formations. It has been established
that due to the physical characteristics of shale, erosion from the fracturing process can cause
irregularities such as asperities and voids on the fracture surfaces, resulting in an increase in
well deliverability. Dr. Eckstein alluded to these observations in his May 13, 2009, PowerPoint
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presentation to the Bainbridge Incident Review Committee. It is well-documented, though, that
high pumping rates (20 to 30 Mscf/min) of nitrogen are required for such erosion to take place.
This translates to a gas rate of 29 to 43 MMscf/day, a rate much higher than the gas rate
available for potentially fracturing the Ohio Shale during the overpressurization of the English *1
gas well surface-production casing annulus, estimated based on the following observations and
calculations:

e On December 15, 2007, it was reported that the English 1 gas well was flowing an
audibly-estimated 300 Mscf +, or 0.3 MMscf, of sour gas from the surface-production
casing annulus. The well operator contends that the rate is overestimated by a factor of
two to three.

e Another operator notes good, hydraulically-fractured Clinton wells in the Bainbridge
Township area commonly have initial production (IP) of 200 to 300 Mscf/day.

e The Well Completion Record for the English 1 gas well reports a potential production
per day after treatment of 20 mcf.

e Real gas law calculations based on the English 1 gas well surface-production casing
annulus pressure buildup rate and the annular volume of the same suggest the daily gas
rate was only 10 to 30 Mscf.

e According to operator records, it took 30 seconds for the English 1 gas well surface-
production casing annulus to blow down on November 14, 2007 (60 psig shut in annulus
pressure). On November 15, 2007, 90 seconds were required to blow the annulus down
(180 psig shut in annulus pressure).

A reasonable conclusion, then, is that if a fracture was created in the Ohio Shale as a result of
the overpressurization of the English *1 gas well annulus, it would have largely closed once the
deep gas source was sealed off by the remedial cement job due to the lack of a gas rate
sufficient to create the necessary asperities and voids on the fracture surfaces.

Volume of an Induced Fracture in the Ohio Shale

If the Ohio Shale was fractured by the overpressurization of the English 1 gas well surface-
production casing annulus, is it possible to estimate the volume of said fracture? As described
earlier in this report, created fracture volume is equal to the difference in the total volume of
fracturing fluid injected and the volume of fracturing fluid that leaks-off into the reservoir.
Unknowns for this calculation are numerous, the more critical being the gas rate, and
accordingly the gas volume, available for creating a fracture corrected to downhole conditions
(an important adjustment owing to the compressibility of gas) and the leak-off factor.

Useful data for determining the possible fracture volume for the case at hand can be gleaned by
examining a nitrogen fracturing design prepared for a Washington County, Ohio Shale well,
presented in Abel (1981). Table 2-1 is reproduced from that paper. The design is for a deeper,
higher pressure application. The injected nitrogen volume was 354 Mscf. As can be seen, a
fracture area of 25,750 square feet was predicted with a fracture length of 515 feet; the
fracture orientation was vertical.
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Table 2-1. Nitrogen Fracturing Design and Job Procedure, Well No. 4

Well Data

Parmeability Q.01 md
Porosity 1%
Bottomhol e Tenparature an F
Beservoir Pressure a0f pei
Depth 3,452 It
Well Spacing 20 acres
Casing 4~1/2 in.
Met Height i0 Ee
Perforsticns 10

Physical Properties of Hitrogen at Well Conditions

Viscosity
Density
Leak=0ff Factor

Treatment Data

Q.023 cp
1.47 1b/gal
6.3 x 1073 rftf TR

Hitrogen volume 354 Mscf

Witrogen Rate 27,300 acf/min

Equivalent Rate of Nitrogen 12 Bbl/min

Surface Treating Préagure 2,540 pal
Fracture Area Calculations

Fracture Orientation Vertical

Fracture hrea 25,750 fr?

Fracture Length 515 ft

Pumeing Width 0.142 in.

Job Procedure
1. Set up to pump down 4-1/2 inch casing.

2. Purp into casing 500 gallons of 15% HCOL acid containing 1
gallon of demmlsifier, L galleon of clay stabilizer and 1 gallon
of inhibitor.

3. Start injecting nitrogen at 5 Msof fmin to 1oad hole, and then
break down.

4. When pressure stabllizes, start all trucks to injecting
nitrogen, and then bring tetal rate to 27.3 Mecf/min.

5. After pumping, rilg down fraec iron and bring well back slowly.
This will limit the return of fines to the wellbore and reduce

erughing of any eraded shale. Test as desired.

If the previously cited 300 mscf/day estimated gas rate flowed continuously into the annulus of
the English *1 gas well during the 31-day period when it was mostly shut in, the resulting gas
volume would be 9,300 Mscf. That volume adjusted to a pressure of 360 psi by use of the ideal
gas law, modified for real gas by the inclusion of the gas compressibility factor, yields a
downhole gas volume of 360 Mcf.

Fracturing efficiency calculations suggest that only 1 percent of that volume would go toward
fracture volume; the remaining 99 percent would be expected to leak-off into the surrounding
formation. The extended time (31 days) over which “injection” took place accounts for this
extremely low efficiency. The equations governing the calculation of fracturing efficiency show
that the longer the time of fracturing fluid injection, the lower the fracturing efficiency. The
leak-off rate for the nitrogen fracturing design presented in Abel (1981) was utilized in this
calculation, and a “typical” induced-fracture width of 0.25 inches was assumed. As a result, the
created fracture volume calculates to be 3.6 Mcf, or 3,600 ft>. Not taken into account is gas that
may have been taken up by open natural fractures over the entire height of the Ohio Shale.



Expert Panel Report: Bainbridge Township Subsurface Gas Invasion 2. Hydraulic Fracturing

It has been documented that for Devonian shale formations, in-situ stress differentials of 200 to
500 psi can arrest vertical fracture propagation. Two hundred psi translates to 600 to 900 ft of
vertical fracture propagation in the Ohio Shale for the horizontal stress gradients calculated in
this report. Therefore, if a vertical fracture having a volume of 3600 ft* was created by
overpressurization of the surface-production casing annulus in the English *1 gas well, and
assuming a fracture width and height of 0.25 inches (0.0208 ft) and 600 ft, respectively, the
total fracture length would be 290 feet (145-foot fracture half-length). For a horizontal
fracture, the fracture radius calculates to be 235 feet, far short of the nearly half-mile radius
predicted by Dr. Eckstein for his spherical radius of influence.

Evidence suggests the audibly-estimated 300 mscf/day gas rate is high, perhaps by as much as
a factor of 10. If the gas rate was in fact closer to 30 mscf/day, the calculated total fracture
length (vertical fracture) would be 29 feet and the fracture radius, for a horizontal fracture, 24
feet. Finally, it should be noted that the creation of a new fracture in the Ohio Shale presumes
the gas volume flowing into the annulus of the English *1 gas well exceeded the volume of gas
that could be taken up by the natural fracture system.

To summarize, calculations and field observations suggest, to a reasonable degree of
engineering certainty, that any fracture created in the Ohio Shale by the overpressurization
of the English #1 gas well surface-production casing annulus was likely shallow and oriented
horizontally. It is not clear, however, if the shut in annular pressure was in fact sufficient to
fracture the formation. The most compelling evidence (published fracture gradients
corroborated by published field as well as anecdotal data) place the shallow Ohio Shale
fracture gradient as nearly equal to the English 1 gas well surface-production casing shut in
annular pressure gradient.

Furthermore, field experience with nitrogen fracturing in the Devonian shale is suggestive of
a gas rate flowing into the English #1 gas well surface-production casing annulus that was
not sufficient to create the necessary irregularities on a created fracture surface to hold a
fracture open once the gas source was sealed off.

Finally, calculations further suggest that any created fracture would have been of limited
length if the fracture was oriented vertically, or of limited radius if the fracture was
horizontal.

Other Considerations

Other important points were raised in the two hypotheses advanced for the events of December
15, 2007. Analysis of those points and other issues pertinent to this investigation are discussed
here.

Spherical Radlius of Influence

Dr. Eckstein hypothesized that a spherical radius of influence of nearly one-half mile radius with
the English *1 gas well at the center was created as a result of the overpressurization of the
well’s surface-production casing annulus and that residences within this radius of influence
stand to be impacted by continued gas migration. (In an August 11, 2009 email, Dr. Eckstein
wrote he believed the fracture spread was an “inverted cone.”)

Dr. Eckstein, at the May 13, 2009, meeting of the Bainbridge Incident Review Committee,
attributed his hypothesis to gas fracturing the Ohio Shale and “Big Lime” according to Pascal’s
Law. Pascal’s Law states that in a fluid (gas or liquid) at rest in a closed container, a pressure
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change at one part is transmitted without loss to every portion of the fluid and to the walls of
the container (www.britannica.com).

Two points raise doubt as to the validity of this hypothesis. First, a closed container means the
fluid is confined or can't flow anywhere. This is not the case for gas in a hydrocarbon reservoir.
Gas is free to move throughout the reservoir through any number of pore channels, and, in the
case at hand, natural fractures.

More importantly, hydraulic fracturing theory clearly states that fractures propagate along the
path of least resistance, meaning that a fracture will propagate parallel to the greatest principal
stress and perpendicular to the plane of the least principle stress. It should be repeated, as
mentioned on pages 2-2 to 2-4, that fracture growth in a shale reservoir is complex and
displays broad extensions. Thus, while the use of a simple two-wing fracture model is probably
not realistic for a shale reservoir, there is no evidence to support the hypothesis that a sphere
of fractured rock would be created if the applied pressure exceeds formation fracturing
pressure.

Field measurements have shown that fractures in the Ohio Shale have an east of north trend.
One study cited earlier in this report, for example, measured the orientation as N70°E + 2°,

In summary, there is no evidence to support the hypothesis of the creation of a spherical
radius of influence resulting from the overpressurization of the English 1 gas well surface-
production casing annulus.

English * 1 Well Annulus Pressure Readings

Seven pressure measurements were taken by the operator in the annulus of the surface-
production casing in the English *1 gas well between November 14 and December 15, 2007,
which corresponds to the time interval when the gas well was hydraulically fractured and shut
in and when the explosion occurred in the Payne home (17975 English Drive), as listed in Table
1-1.

A plot of those pressure data (Figure 2-6) reveals an increase in the annulus pressure over the
first 72 hours following shut in, followed by a lengthy period of seemingly stabilized shut-in
pressure. (Note that the first pressure reading, according to records supplied by the operator,
is 60 psi, not 90 psi as reported on p. 45 of the DMRM report.)
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English #1 Well Observed Annulus Pressure
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Figure 2-6. Measured annulus pressure values between shut-in on November 14 and
the home explosion on December 15, 2007.

Injection pressure data measured during a hydraulic fracturing treatment typically show a rapid
increase in injection pressure until formation breakdown is achieved, followed by a fairly steep
pressure decline (at a constant fracturing fluid injection rate), as shown in Figure 2-7 (from
Economides and Nolte, 2006).
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Figure 2-7. Downhole pressures during a hydraulic fracturing event.

This suggests the annulus pressure data collected from the surface-production casing in the
English #1 well during this mostly shut in period of time (November 14 to December 15, 2007)
are more reflective of gas migration occurring once a sufficient annular pressure was achieved,
as opposed to fracturing of the formations exposed to the annulus. It should be noted,
however, that as a consequence of the limited data reported, a higher (formation breakdown)
pressure reading early on could have been missed, due to the activity around the well the first
several days following the hydraulic fracturing treatment, although the operator believes that to
be unlikely.
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General Conclusions

1.

It is unlikely the Clinton sandstone fracture treatment in the English *1 gas well grew
out of zone. However, the inadequate primary cement job likely failed to maintain a
hydraulic seal, resulting in communication between the Clinton and the surface-
production casing annular space during the fracturing treatment and possible leakage of
Clinton gas into the same annulus during the subsequent 31 days the English *1 well
surface-production casing annulus was mostly shut in. It has been demonstrated
through the interpretation of the Segmented Cement Bond Log run subsequent to the
remedial cementing operations performed on the English *1 well that the Clinton (and
Newburg) are now sealed from the wellbore and no longer pose a source of gas for
recharging the overlying aquifers.

If the surface-production casing annular space of the English *1 well was gas-filled, the
360 psi maximum-recorded surface annular pressure would have changed little with
depth. At the depth of the Newburg member of the Lockport Dolomite, for example, the
annular pressure would have been approximately 380 psi. An annular fluid level in the
English #*1 well would reflect a higher pressure at depth, but no fluid level measurement
was taken.

Calculations and field observations demonstrate, to a reasonable degree of engineering
certainty, the “Big Lime” was not fractured by the over-pressurization of the English *1
gas well surface-production casing annulus. Additionally, should any fractures have
been created, no propping material was introduced to prevent them from healing once
the fracturing (i.e., annular) pressure dissipated. As a result, it is unlikely created
conduits allowing for deep gas migration to the overlying aquifers exist.

Calculations and field observations suggest, to a reasonable degree of engineering
certainty, that any fracture created in the Ohio Shale by the overpressurization of the
English *1 well surface-production casing annulus was likely shallow and oriented
horizontally. It is not clear, however, if the shut in annular pressure was in fact
sufficient to fracture the formation. The most compelling evidence (published fracture
gradients corroborated by published field as well as anecdotal data) place the shallow
Ohio Shale fracture gradient as nearly equal to the English 1 well surface-production
casing shut in annular pressure gradient.

Further, field experience with nitrogen fracturing in the Devonian shale is suggestive of
a gas rate flowing into the English *1 well surface-production casing annulus that was
insufficient to create the necessary irregularities on a created fracture surface to hold a
fracture open once the gas source was sealed off.

Finally, calculations further suggest that any created fracture would have been of limited
length if the fracture was oriented vertically or of limited radius if the fracture was
horizontal.

Surface-production casing annulus pressure data collected on the English *1 well during
the mostly shut in period following the hydraulic fracturing treatment are more reflective
of gas migration occurring once a sufficient annular pressure was achieved as opposed
to fracturing of the formations exposed to the annulus.
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