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Abstract
A borehole in McKean County, Pennsylvania, provides input information on detailed stress
measurements; this is added to previous data from three boreholes near South Canisteo, New
York (Evans et al., 1989a). The four boreholes penetrate bedded Devonian sandstones,
limestones, and shales (including the Marcellus Formation) in the Appalachian Basin. A
discontinuity at the base of the Rhinestreet Shale separates an upper package of rocks with a high
stress gradient, from a lower package with a low stress gradient. To explain the stress
discontinuity I explore the palaeo-overpressure drainage hypothesis proposed by Evans et al.,
1989b, in the light of the new data and 1D basin modeling. Both modeling and in-situ stress
measurements support a four-step stress evolution for the lower package:
1. Sedimentation rates in the late Devonian/early Mississippian must have been high enough
to cause disequilibrium compaction;
2. Cementation and lithification must have occurred while the lower section was
overpressured to maintain under-compaction below the base-Rhinestreet Shale;
3. At the time of maximum hydrocarbon generation, cracking of oil to natural gas must have
generated a pore fluid volume increase (Tian et al., 2008). The fluid volume increase
would have supplemented the initial compaction-related overpressure; and finally
4. The pore pressure must have bled off during erosional unroofing from 270 Ma to present.
Pore pressure reduction then must cause a decrease of Shmin due to poroelastic relaxation.
A plot of stress versus depth shows close agreement between observed data and model runs in
the four boreholes. Where the data and model runs do not match perfectly, the separation of the
upper, high stress package; and lower, low stress package is still corroborated. Therefore the
palaeo-overpressure drainage hypothesis is further supported with this work.
iii

Extrapolating these local, well-scale models through reservoir-scale, to the basin-scale for the
Appalachian Basin could allow better prediction of in-situ stress magnitudes. Furthermore, the
Appalachian Basin four-step stress evolution may be a model for other gas shales in the world,
and thereby lead to a better understanding of in-situ stress for gas shales.

iv

Contents
List of Figures ............................................................................................................................................. vii
List of Tables ................................................................................................................................................ x
Acknowledgements ...................................................................................................................................... xi
Introduction ....................................................................................................................................... 1

1.0.
1.1.

Statement of the Problem .............................................................................................................. 5
Geological Background..................................................................................................................... 9

2.0.
2.1.

Tectonic and Climate Framework ................................................................................................. 9

2.2.

Appalachian Basin Stratigraphy.................................................................................................. 12

2.3.

Natural Hydraulic Fractures ........................................................................................................ 14
Mechanical Background ................................................................................................................. 17

3.0.
3.1.

Poroelasticity............................................................................................................................... 17

3.2.

Minimum Horizontal Stress ........................................................................................................ 20
Methods........................................................................................................................................... 24

4.0.
4.1.

Schlumberger Modular Dynamic Testing Tool .......................................................................... 24

4.2.

Diagnostic Pressure Decline Curves for Closure Pressure (Shmin) .............................................. 31

4.3.

Schlumberger PetroMod Petroleum Systems Software Suite ..................................................... 35

4.4.

Modeling Workflows .................................................................................................................. 40

4.5.

Independent Variables................................................................................................................. 43
Results ............................................................................................................................................. 45

5.0.
5.1.

In-Situ Stress Data – McKean County ........................................................................................ 45

5.2.

Discussion ................................................................................................................................... 56
PetroMod Basin Modeling .............................................................................................................. 60

6.0.
6.1.

Results ......................................................................................................................................... 60

Wilkins Well - South Canisteo............................................................................................................ 60
Appleton Well - South Canisteo ......................................................................................................... 63
O‘Dell Well - South Canisteo ............................................................................................................. 66
McKean County Well ......................................................................................................................... 69
Sensitivity Studies................................................................................................................................... 72
Chemical Compaction ......................................................................................................................... 72
Sensitivity of Pore Pressure to Permeability ....................................................................................... 75
Strain ................................................................................................................................................... 78
v

Discussion ............................................................................................................................................... 80
7.0.

Conclusion ...................................................................................................................................... 85

References ................................................................................................................................................... 88

vi

List of Figures
Figure 1. Stratigraphic column showing regional variations in nomenclature. Green=shale and mudstone
facies (a possible natural gas source); Orange=coarser clastic facies; Blue=carbonate facies. Modified
from Milici and Swezey, 2006. ..................................................................................................................... 2
Figure 2. Location map showing the sub-surface extent of the Marcellus Shale. Stars indicate the location
of the two test sites. SWEPI Lot 6 well in McKean County, Pennsylvania; and the Wilkins, Appleton,
and O‘Dell wells in South Canisteo, New York. Modified from Milici and Swezey, 2006. ....................... 3
Figure 3. Detailed stress-depth graph highlighting the stratigraphic variation in stress observed through
the base-Rhinestreet discontinuity. Modified from Evans et al., 1989a. ..................................................... 6
Figure 4. Palaeogeographic interpretation of the Middle Devonian Acadian foreland basin during
deposition of the Marcellus black shale Formation. The Marcellus fairway trends northeast-southwest
present day coordinates. The Marcellus fairway is bounded on the northeastern and northern borders by a
carbonate bank, and to the southwest by highlands. Modified from Kohl et al., 2013. ............................. 10
Figure 5. Before and after Formation Microimager (FMI) log for the fractured Ludlowville Mbr. of the
Hamilton Gp. at 4505.60 ft (1373.31 m). The large sigmoidal shape indicates the natural fracture was
steeply dipping to the northeast. The black colour of the fracture implies it is conductive, i.e. open. The
three small black dots at approximately 4505 ft (1373 m) show the locations of sidewall cores taken. The
natural fracture is approximately 240 ft (73 m) above the Union Springs Mbr. of the Marcellus black shale
Formation. ................................................................................................................................................... 16
Figure 6. (a) A porosity-depth graph highlighting the compaction path taken by a shale. A high burial
rate will result in the onset of disequilibrium compaction, as in the example at 800 m (2624 ft). In the
example, from 800m (2624 ft) onwards the retained fluid prevents continuing compaction and hence
continued porosity loss. (b) A pressure-depth graph showing the lithostatic, hydrostatic, and pore
pressure gradient for the same shale facies. Pore pressure in the shale facies increases at the hydrostatic
gradient up to 800m (2624 ft). At the onset of disequilibrium compaction pore pressure increases at the
lithostatic gradient. Pore pressure above hydrostatic pressure increases Shmin in the overpressured facies.
Modified from Lash and Blood, 2007......................................................................................................... 21
Figure 7. A stress-depth graph for a hydrocarbon well on the Scotian Shelf, Canada. Pore pressure
increases below 14,200 ft (4328 m) because of hydrocarbon generation and retention. As pore pressure
increases, Shmin increases towards the lithostatic gradient. Modified from Bell, 1990. ............................. 23
Figure 8. Modular Dynamic Testing (MDT) tool. The green packers isolate a 1m (3 ft) interval for insitu stress testing. Modified from (Ramakrishnan et al., 2009). ................................................................ 25
Figure 9. A simplified cartoon showing a typical pressure-time curve with good breakdown. The dark
black line is the pressure curve, and the dotted line is the injection rate curve. As pressure falls off,
analytical techniques such as log-log plots, square root of time plots, and G-Function plots can be utilized
to obtain Shmin (Barree et al., 2009). Shown here is the tangent method. ................................................... 26
Figure 10. A simplified cartoon showing a pressure-time curve without good breakdown. This is often
found in second and third cycle events when the induced fracture is reopened. If seen in the first cycle it
is interpreted as has reopened a pre-existing fracture, or have leaked around the edge of the packers (see
Figure 8). ..................................................................................................................................................... 28
Figure 11. Pressure-time curves for stress tests in an Upper Rhinestreet Shale (3492 ft; 1064 m) in the
McKean County well (top), and for a Rhinestreet Shale (724m; 2375 ft) in the Wilkins well, South
Canisteo (bottom) (Evans et al., 1989a). ..................................................................................................... 30
vii

Figure 12. Ideal behaviour for a pressure rebound test. ............................................................................. 32
Figure 13. Diagnostic pressure-decline curves using the G-Function. Normal leakoff (top), Pressuredependent leakoff (middle), and Transverse storage leakoff (bottom). Cartoons from ―Fekete Leakoff
Types‖. ........................................................................................................................................................ 33
Figure 14. A comparison between burial curves from Evans, 1995, and one constructed in PetroMod. (a)
Burial curve for the Appalachian Basin from Evans, 1995. (b) Burial curve constructed in PetroMod for
the McKean County well. The erosion event during the Mississippian is added to comply with Lash and
Engelder‘s (2011) interpretations of unconformities present in wireline logs. A hiatus was built into
PetroMod from 270-240 Ma. The apparent unroofing is due to compaction of the sedimentary column
through time. ............................................................................................................................................... 38
Figure 15. A flow chart showing the interrelated steps involved in basin modeling, including this study.
Basin modeling consists of two main stages: model building (blue), and forward modeling (orange).
Model building requires construction of a structural model and then identification of the chronology of
deposition and physical properties of each layer. Forward modeling performs calculations on the model
to simulate burial; temperature and pressure changes; kerogen maturation; and hydrocarbon expulsion,
migration, and accumulation. Calibration compares results with independent measurements. Modified
from (Al-Hajeri et al., 2009). ...................................................................................................................... 41
Figure 16. Shmin from South Canisteo (Wilkins, Appleton, and O‘Dell wells) and McKean County well.
Lithostatic gradient is 1.17 psi/ft (26.5 MPa/km) for an average overburden density of 2.71 g/cm3. South
Canisteo data is normalized to a surface gradient for the O‘Dell well following Evans et al., 1989a.
McKean County data is plotted on the same gradient as the O‘Dell well as true depth. The South
Canisteo Shmin data projects along a gradient of 1.17 psi/ft (26.5 MPa/km; 100% overburden; heavy black
dashed line). An overburden gradient is projected through the South Canisteo data down to the McKean
County Marcellus Formation data (light black dashed line). Fracture gradient (0.76 psi/ft; 17.2 MPa/km)
is projected through South Canisteo and McKean Shmin (light red dashed line). Hydrostatic pressure
gradient is 0.45 psi/ft (10.2 MPa/km; light blue dashed line). Overpressure gradient of 0.65 psi/ft (14.7
MPa/km; heavy blue line). .......................................................................................................................... 46
Figure 17. Reopening pressure as a function of depth with approximate vertical stress shown as a dashed
line (red). Short segments of the McKean County wells Schlumberger Elementary Analysis (ELAN) log
are displayed for each station. ..................................................................................................................... 51
Figure 18. The pumping curve for the Onondaga Limestone horizon at 4753.88 ft (1449 m). Each cycle
never reaches pore pressure, even after 12,000 seconds (3 hrs 20 mins). ................................................... 52
Figure 19. A before and after FMI log of the Skaneateles Formation of the Hamilton Group at 4655.52 ft
(1419 m). Again, the black dots mark where sidewall cores were removed. Light and dark horizontal
layers indicate the interbedded nature of the Hamilton Group. .................................................................. 54
Figure 20. Three stations displaying leakoff indicative of transverse storage. The Ludlowville Mbr. of
the Mahantango Fm. has a pre-existing open fracture observed on the FMI log (see Figure 5); the Union
Springs Mbr. of the Marcellus Formation; and the transition horizon. ....................................................... 58
Figure 21. PetroMod predicted Shmin compared to observed Shmin in the O‘Dell well, New York. See
Table 3 for layer number-to-name conversion. Each layer in the model is given an average Shmin
magnitude, therefore some interpretation is required when viewing the calibration data and model sideby-side. For example the model agrees very well with data in layer 10 as the two results cross over in the
middle of the layer. ..................................................................................................................................... 62
viii

Figure 22. PetroMod predicted Shmin compared to observed Shmin in the Appleton well, New York. See
Table 4 for layer number-to-name conversion. ........................................................................................... 65
Figure 23. PetroMod predicted Shmin compared to observed Shmin in the O‘Dell well, New York. See
Table 5 for layer number-to-name conversion. ........................................................................................... 68
Figure 24. PetroMod predicted Shmin compared to observed Shmin in the McKean County well,
Pennsylvania. See Table 1 for layer number-to-name conversion. ............................................................ 70
Figure 25. PetroMod predicted Shmin compared to observed Shmin in the McKean County well,
Pennsylvania. The data heavy horizons are blown-up to better view the relationship to the model.......... 71
Figure 26. An Shmin-depth plot comparing the difference in lithologies when a chemical compaction
model is used or not. The red curve is Shmin when the Schneider model is turned on, and the black curve is
Shmin when the Schneider model is turned off. The green line is the lithostatic gradient. .......................... 74
Figure 27. An Shmin-depth plot comparing the difference in lithologies when permeability is changed. As
the permeability is lowered the Shmin increases due to increased retention of pore pressure. ..................... 77
Figure 28. An Shmin-depth plot comparing the difference in lithologies when the strain model is changed.
Shmin is lowest in the uniaxial model. It then increases from the plane strain model and up to the triaxial
strain model................................................................................................................................................. 79
Figure 29. A burial plot for the McKean County well with overpressured plotted over the top. Maximum
burial occurs at 270 Ma, and a hiatus lasting until 240 Ma continues compaction of the stratigraphic
column. Disequilibrium compaction and entering the oil window at approximately 300 Ma initiate the
development of overpressure. Overpressure is then supplemented and maintained from 240 Ma onwards
due to cracking of oil to natural gas. ........................................................................................................... 81
Figure 30. Pore pressure gradient map show the extent of overpressure in the Marcellus Formation.
There is generally a pattern of increasing pore pressure gradient towards the palaeo-basin depocentre of
the Devonian Appalachian Basin (see Figure 4), and towards the site of maximum burial in the southeast.
A pore pressure gradient above 0.46 psi/ft (10.4 MPa/km) is considered overpressure. The present day
site of the McKean County well indicates the Marcellus Formation remains overpressured, whereas the
overpressure has bled off in the site of the South Canisteo wells (yellow stars; see Figure 2). Modified
from Yang et al., 2013. ............................................................................................................................... 82
Figure 31. A schematic drawing showing the conversion of organic matter to hydrocarbon vs. depth. The
x-scale is intended to represent the relative volume increase that comes with cracking kerogen to oil, and
then oil to natural gas. J1 joints formed during catagenesis, and J2 joints formed during
catagenesis/metagenesis. Modified from (Verweij et al., 2009). ............................................................... 84

ix

List of Tables
Table 1. Spreadsheet showing the inputs for burial history, and facies definitions in PetroMod. See
Appendix for further details on the parameters for lithologies. .................................................................. 37
Table 2. The results from ten minifrac experiments in one vertical well in McKean County,
Pennsylvania, and 75 minifrac experiments in three vertical wells near South Canisteo, New York (Evans
et al., 1989a)................................................................................................................................................ 49
Table 3. Well stratigraphy for the Wilkins well, South Canisteo. ............................................................. 61
Table 4. Well stratigraphy for the Appleton well, South Canisteo. ........................................................... 64
Table 5. Well stratigraphy for the O‘Dell well, South Canisteo. ............................................................... 67
Table 6. Lithologies used in the ten layer sensitivity model. ..................................................................... 73
Table 7. The variation in permeability in the shale, sandstone, limestone horizons of the ten layer
sensitivity model. ........................................................................................................................................ 76

x

Acknowledgements
I would like to thank my advisor Terry Engelder for mentoring me at Penn State University.
Without Terry‘s guidance and belief in my capabilities, I would not be in the position I am today.
I would also like to thank the constant mentoring from my committee members Demian Saffer,
and particularly Rudy Slingerland. Finally, this thesis would not be what it is today without the
constant support of my room- and office-mate Yunhui Tan.
I would like to thank the Research Partnership for the Secure Energy of America (RPSEA) for
funding this thesis. Additional thanks goes to Shell Appalachia, especially Jim Hnat, for their
collaboration in collecting the data. Finally I would like to thank all the staff and fellow graduate
students that have supported me throughout my time at Penn State University.

xi

1.0.

Introduction

The addition of unconventional reservoirs to the American energy portfolio has resulted in
America becoming the largest producer of oil and natural gas in the world (EIA, 2013).
Extraction of natural gas from an unconventional reservoir has been made economic through a
combination of horizontal drilling and massive slickwater fracturing, or fracking. These two
major advances in fracking completions create an extensive fracture network in the
unconventional reservoir to provide a conduit for the natural gas to flow to the surface.
Understanding the present day in-situ stress field within an unconventional reservoir is
important, particularly for fracking completions. The in-situ stress field dictates the orientation,
vertical and lateral dimension, initiation pressure, and the aperture of a propagating fracture
(Engelder, 1993). An unconventional reservoir can lie within a layered stratigraphy, with each
horizon possessing its own elastic properties. Variable elastic properties in adjacent horizons
leads to a variation in in-situ stress magnitudes; abrupt changes in magnitude are called stress
discontinuities. Stress discontinuities can act as a fracture barrier where present, mitigating some
of the environmental concerns that have arisen around fracking completions. Thus, an
understanding of the in-situ stress field, and in particular discontinuities, in an unconventional
reservoir and its adjacent stratigraphy will help industry extract natural gas more efficiently and
safely.
An important unconventional reservoir today is the Marcellus black shale Formation of the
Appalachian Basin (Figure 1 and Figure 2). The Marcellus Formation extends from New York,
through Pennsylvania, and into Ohio and West Virginia. It was deposited prior to, and in the
earliest phase of the Acadian Orogeny and subsequently buried during the Alleghanian Orogeny
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Figure 1. Stratigraphic column showing regional variations in nomenclature. Green=shale and mudstone facies (a
possible natural gas source); Orange=coarser clastic facies; Blue=carbonate facies. Modified from Milici and Swezey,
2006.

2

Figure 2. Location map showing the sub-surface extent of the Marcellus Shale. Stars indicate the location of the two test
sites. SWEPI Lot 6 well in McKean County, Pennsylvania; and the Wilkins, Appleton, and O’Dell wells in South
Canisteo, New York. Modified from Milici and Swezey, 2006.
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(Ettensohn, 1985; Jacobi, 1981). The Marcellus Formation‘s basal unit, here called the Union
Springs Member following Lash and Engelder (2011), is the primary target today for fracking
completions in the Appalachian Basin (Figure 1). The Union Springs Mbr. holds between 168
trillion cubic feet and 516 trillion cubic feet of natural gas in place (Engelder and Lash, 2008). It
should be noted that this prediction relies on an assessed model for the in-situ stress field of the
Marcellus Formation, because computing the gas in place depends upon a complex fracture
network necessary to drain the natural gas present.
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1.1.

Statement of the Problem

The in-situ stress field throughout the Appalachian Basin is not presently known. At one site,
South Canisteo, New York, the in-situ stress field is not predictable simply from the overburden
stratigraphy (Evans et al., 1989a; Evans et al., 1989b). The minimum principal stress data in the
upper section follows the overburden in-situ stress gradient down to the Rhinestreet Shale
(Figure 1). Below the Rhinestreet Shale, in-situ minimum principal stress magnitude (inferred to
be minimum horizontal stress, Shmin) dramatically decreases, defining a stress discontinuity
(Figure 3) (Evans et al., 1989a). The object of this study is to determine the factors that caused
the base-Rhinestreet Shale discontinuity and use it to predict the in-situ stress field elsewhere in
the Appalachian Basin.
Three hypotheses were proposed by Evans et al. (1989b) to explain the base-Rhinestreet Shale
stress discontinuity. Firstly, they proposed that a horizontal detachment at the base of the
Rhinestreet Shale could have allowed greater elastic shortening in the upper section compared to
the lower section. The horizontal detachment hypothesis was discarded because there are no
suitably oriented faults, nor slickenside evidence in their boreholes. Furthermore, close
proximity to the Salina salt regional detachment horizon below suggests other detachment
horizons are unlikely in the study interval. Their second hypothesis suggested the possibility of
remnant stress from the Alleghanian Orogeny (Ettensohn, 1985). During the Alleghanian
Orogeny the horizontal principal stress axes were oriented at right angles to the contemporary
horizontal principal stress axes (Scotese and McKerrow, 1990; Zoback and Zoback, 1980). This
orthogonality would affect only in-situ stress magnitudes and not the in-situ stress orientation.
The Alleghanian Orogeny remnant stress hypothesis was also rejected as it requires a higher
horizontal compressive stress in the upper section compared to the section below the base-
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Figure 3. Detailed stress-depth graph highlighting the stratigraphic variation in stress observed through the baseRhinestreet discontinuity. Modified from Evans et al., 1989a.
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Rhinestreet stress discontinuity, which is inconsistent with Alleghanian deformation models and
observed deformation within crinoids (Engelder and Engelder, 1977).
The third hypothesis suggested by Evans et al. (1989b) is the palaeo-overpressure drainage
hypothesis. Palaeo-overpressure associated with under-compaction can qualitatively explain the
stress discontinuity, providing that cementation of the lower section occurred during the time of
overpressure. This hypothesis was taken to be most likely, even though the observed stress
magnitude drop of 1300 psi (9MPa) for SHmax and 500 psi (3.5MPa) for Shmin was less than the
expected 2200 psi (15 MPa) they computed from poroelastic relaxation using Equation 1 (Nur
and Byerlee, 1971):
p

Shmin =

α dPp;

(1)

where ν is Poisson‘s ratio, α is Biot‘s coefficient, and dPp is the change in pore pressure. α is
defined as 〈

〉, where Cb is the bulk compressibility of the rock and Ci is the intrinsic

compressibility of the solid constituent of the rock. By the end of the Evans et al. (1989b) paper
no single hypothesis was determined to have fully solved the puzzle of the base-Rhinestreet
stress discontinuity.
The objective of this study is to help resolve the origin of this stress discontinuity. A critical
sequence of events was necessary to produce the present day stress discontinuity. The sequence
consists of four necessary steps:
1. Sedimentation rates in the late Devonian/early Mississippian must have been high enough
to cause disequilibrium compaction;
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2. Cementation and lithification must have occurred while the lower section was
overpressured to maintain under-compaction below the base-Rhinestreet Shale;
3. At the time of maximum hydrocarbon generation, cracking of oil to natural gas must have
generated a pore fluid volume increase (Tian et al., 2008). The fluid volume increase
would have supplemented the initial compaction-related overpressure; and finally
4. The pore pressure must bleed off during unroofing from 270 Ma to present. Pore
pressure reduction then must cause a decrease of Shmin due to poroelastic relaxation.
In this thesis I attempt to test whether the four necessary steps are met by using both new in-situ
stress data from the same interval deeper in the basin, and numerical experiments. I test the
hypothesis of four critical events by simulating 1D models under various boundary conditions.
1D models were calibrated with data taken from Evans et al. (1989a) and the new well in
McKean County, Pennsylvania (Figure 2). I find that the best fit model requires the four events,
lending new support to the palaeo-overpressure drainage hypothesis.
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2.0.

Geological Background
2.1.

Tectonic and Climate Framework

The Appalachian Basin developed along a passive margin in the Cambrian, and by Middle
Devonian times had been transformed into a foreland basin (Figure 4) (Ettensohn, 1985; Jacobi,
1981). At that time the foreland basin trended northeast to southwest (present day coordinates),
bounded to the northwest by the Findlay-Algonquin arch and to the southeast by the Acadian and
Alleghanian highlands (Castle, 2001; Kohl et al., 2013). The foreland basin and the highlands
were formed by the Acadian and subsequent Alleghanian Orogenies, a result of the oblique,
dextral collision between Laurentia and the Avalonian microplate, and Gondwana respectively
(Hatcher, 2002; Scotese and McKerrow, 1990). Erosion of the Acadian and Alleghanian
highlands shed clastic material northwest into the foreland basin (Beaumont et al., 1988;
Ettensohn, 1985).
The foreland basin remained an interior continental seaway throughout the Devonian
(Slingerland, 1986). In the Middle Devonian, Laurentia was situated 25-35oS, stimulating high
productivity in the shallow seas (Scotese and McKerrow, 1990). High productivity combined
with clastic input from the Acadian and Alleghanian highlands to the southeast, promoted the
deposition of a mixed carbonate and clastic system (Kohl et al., 2013).
Burial of the mixed carbonate and clastic system occurred throughout the Upper Devonian to the
late Permian, ending with the cessation of the Alleghanian Orogeny (Beaumont et al., 1988).
Sedimentation rates during the early Devonian were approximately 80 ft/Ma (25 m/Ma), but
increased to 430 ft/Ma (130 m/Ma) in the late Devonian (Patchen et al., 1984). The higher
sedimentation rates are more characteristic of Upper Devonian rocks. The base-Rhinestreet
discontinuity is coincident with the change from black shales/carbonates (indicating lower
9
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Figure 4. Palaeogeographic interpretation of the Middle Devonian Acadian foreland basin during deposition of the Marcellus black shale Formation. The Marcellus
fairway trends northeast-southwest present day coordinates. The Marcellus fairway is bounded on the northeastern and northern borders by a carbonate bank, and
to the southwest by highlands. Modified from Kohl et al., 2013.

sedimentation rates) to coarser silt- and sandstone horizons (implying higher sedimentation
rates). The Lower Devonian shale horizons hold a lower Shmin magnitude than the Upper
Devonian silt- and sandstone horizons.
Maximum burial of Devonian sediments was reached approximately 270 million years ago (Reed
et al., 2005; Rowan, 2006). Since that time between 6,500 and 9,800 feet (2 - 3 km) of
Carboniferous and Permian strata have been eroded in northwestern Pennsylvania as indicated by
orogenic flexural modeling (Beaumont et al., 1988), conodont colour alteration index values
(Epstein et al., 1976), and chlorite fabric analysis (Engelder and Oertel, 1985). Proximal to the
foreland basin depocentre as much as 16,400 ft (5 km) of Permian strata are estimated to have
been removed (Hulver, 1997).
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2.2.

Appalachian Basin Stratigraphy

Stratigraphic nomenclature for the Appalachian Basin is a complex web of evolving statespecific names. This is at least partly due to a long history of study and to complex facies
relationships (Kohl et al., 2013; Sheldon, 1912; Ver Straeten, 2007). Similar to Kohl et al., 2013,
this study has found that a combination of both formal and informal stratigraphic names best
captures the spatially variable facies and drillers names currently in use (Figure 1).
Although subjacent strata play a role in heat flow and structural development, here I focus on a
second order sequence from the regional Walbridge Unconformity at the base of the Oriskany
Sandstone up to the base of the Tully Limestone, spanning approximately 28.5 million years
(Figure 1) (Kaufmann, 2006; Kohl et al., 2013). Of particular importance in this interval is a
third order sequence (e.g., Kohl, et al., 2013) where the base is marked by the sub-Onondaga
Limestone unconformity. Above it lie limestones and calcareous shales of the Onondaga
Limestone, equivalent to the Selinsgrove Member of the Needmore Fm. in central Pennsylvania;
this interval contains the lower Tioga bentonites. Above the Onondaga (Selinsgrove) in
Pennsylvania successively lie the Marcellus, Mahantango, and Tully Fms. Following the
nomenclature of Lash and Engelder, 2011, the Marcellus Formation is subdivided into three
members: the basal Union Springs Member (Shamokin Mbr. in Ver Straeten, 2007), the Cherry
Valley Limestone (Purcell Mbr. in Ver Straeten, 2007, and Kohl et al., 2013), and the Oatka
Creek Member. The top of the third order sequence lies at the Taconic Unconformity within or
near the top of the Tully Fm. The Marcellus and Mahantango black shales and grey siltstones,
and their intercalated thin limestones and very fine-grained sandstones compose the Hamilton
Group (Wickstrom et al., 2005).
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Above the Tully Limestone the Devonian stratigraphy becomes dominantly siliciclastic. The
Genesee, Brallier-Harrell, Lock Haven, and Catskill Formations were deposited as part of a thick
westward prograding Catskill deltaic wedge (Slingerland, 1986). In this study we subdivide the
wedge into two packages of rock based on their mechanical properties. A lower package of finegrained rocks consists of the basal Geneseo black shale, Genesee Formation, and Sonyea
Formation. The Sonyea Formation directly underlies the Rhinestreet Shale, and contains the
aforementioned stress discontinuity (Evans et al., 1989a). A second mechanical package is
comprised of the Rhinestreet Shale, and the deltaic Catskill Formation which has been
subdivided into the Java Formation, Huron Shale Member, Chagrin Shale, and the Knapp
Formation following the nomenclature found in Patchen et al. (1984).
The regional stratigraphic column drawn by Patchen et al. (1984) contains estimations for both
stratigraphic thicknesses and absolute ages of deposition. Using these numbers, I estimate that
sedimentation rates increased from approximately 80 ft/Ma (25 m/Ma) during the early Late
Devonian, to 400 ft/Ma (130 m/Ma) at the height of Catskill progradation (Patchen et al., 1984).
Kohl et al., 2013, inferred a sedimentation rate increase from 50 ft/Ma (15 m/Ma) to 250 ft/Ma
(76 m/Ma) during the same interval, remaining reasonably consistent with the rates computed
here from the older data.
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2.3.

Natural Hydraulic Fractures

Natural hydraulic fractures are a manifestation of extremely high pore pressures. High pore
pressures are necessary at the time of lithification to support the palaeo-overpressure drainage
hypothesis. The sequence of events relies on initial disequilibrium compaction, and then a
supplemental increase in pore pressure from hydrocarbon generation. Generation of natural gas
at several points in time is qualitatively supported by the presence of natural hydraulic fractures
in both outcrop and core (Engelder and Fischer, 1994; Engelder and Geiser, 1980; Engelder and
Gross, 1993; Engelder et al., 2009; Tan et al., 2014). Natural hydraulic fracturing creates mode I
opening fractures, also known as joints.
Two of the major joint-driving mechanisms are joint-normal stretching from structural bending,
and poroelastic shrinkage from natural hydraulic fracturing (Engelder and Fischer, 1996). ―In
the absence of structural bending, natural hydraulic fracturing may well be the most common
joint type in clastic basins where hydrocarbon source rocks are common‖ (Tan et al., 2014, p.
2348). Natural hydraulic fractures occur when the strain caused by the poroelastic deformation
of the matrix from overpressured pore fluid leads to the stress intensity in a crack tip to exceed
the fracture toughness of the rock (Engelder and Lacazette, 1990). Miller (1995) showed that
there was a difference between hydraulic fractures caused by the physical shrinkage of grains via
an increase in pore pressure, and hydraulic fractures caused by intrusion of fluids, e.g. an igneous
dyke. In areas where a source rock is laterally continuous, vertical shrinkage fractures are
oriented perpendicular to the maximum horizontal stress (Miller, 1995).
Natural hydraulic fractures (i.e. joints) in the Appalachian Basin have attracted geologist‘s
attention since the early 1800s because of their unique, planar, and systematic character
(Engelder and Geiser, 1980; Engelder et al., 2009; Lash and Engelder, 2009; Nickelsen and
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Hough, 1967; Parker, 1942; Sheldon, 1912). Natural hydraulic fractures oriented ENE-WSW are
black shale specific, and inferred to have propagated in the oil window in the early
Pennsylvanian (Engelder and Whitaker, 2006); they are called J1 joints (Engelder et al., 2009).
Natural hydraulic fractures oriented between NW-SE and N-S (around the oroclinal bend of the
Appalachian Mountains in Pennsylvania) are prevalent up to the base of the Rhinestreet Shale,
and are inferred to originate from the cracking of oil to natural gas during the early Permian
(Engelder and Whitaker, 2006); they are called J2 joints (Engelder et al., 2009). The presence of
J2 joints up to 6,600 ft (2,000 m) above the Marcellus Formation indicate palaeo-pore pressures
that exceeded Shmin and the tensile strength of the rock (Figure 5).
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Figure 5. Before and after Formation Microimager (FMI) log for the fractured Ludlowville Mbr. of the Hamilton Gp. at 4505.60 ft (1373.31 m). The large sigmoidal
shape indicates the natural fracture was steeply dipping to the northeast. The black colour of the fracture implies it is conductive, i.e. open. The three small black
dots at approximately 4505 ft (1373 m) show the locations of sidewall cores taken. The natural fracture is approximately 240 ft (73 m) above the Union Springs Mbr.
of the Marcellus black shale Formation.

3.0.

Mechanical Background
3.1.

Poroelasticity

Poroelasticity describes the mechanical response that a porous medium demonstrates in the
presence of a moveable fluid (Detournay and Cheng, 1993). The interaction between a fluid and
porous medium occurs through two basic mechanisms (Biot, 1941; Wang, 2000):
1. Solid-to-fluid coupling – compression of the porous medium causes a rise of pore
pressure if the fluid is prevented from escaping the pore network;
2. Fluid-to-solid coupling – an increase in pore pressure induces a strain on the porous
medium.
Here I use the linear isotropic theory of poroelasticity to model these couplings. In the model the
magnitude of poroelastic effects is controlled by α (Biot‘s coefficient) and νu (undrained
Poisson‘s ratio). α ranges from [0, 1], with one implying complete coupling of pore pressure and
stress; and νu ranges from [ν, 0.5] (where ν is the drained Poisson‘s ratio), with 0.5 describing a
volume-constant model (Detournay and Cheng, 1993). ν and νu are related to the shear modulus
(G), drained bulk modulus (K), and undrained bulk modulus (Ku) by Equation 2 and Equation 3
(Detournay and Cheng, 1993):
ν=

(2)

νu =

(3)

Three other parameters are also critical in the poroelastic equations: the Skempton pore pressure
coefficient (B), the Biot modulus (M), and the poroelastic stress coefficient (η). They can be
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expressed in terms of α, ν, and νu by Equation 4, Equation 5, and Equation 6 (Detournay and
Cheng, 1993):

B=

(4)

M=

(5)

η=

(6)

The constants range from [0, 1] for B, [0, ∞] for M, and [0, 0.5] for η. Given these definitions,
the constitutive equations can be written in terms of G, α, ν, and νu. First, the constitutive
response for the porous medium, using pore pressure (Pp) as the coupling term, yields Equation 7
(Detournay and Cheng, 1993):
ζij + αPpδij = 2Gεij +

εδij

(7)

Alternatively, ξ can be used as the coupling term, yielding the constitutive expression (Equation
8) (Detournay and Cheng, 1993):
ζij = 2Gεij +

εδij - αMξδij

(8)

The dual form of the constitutive equations shows the limiting behaviours for a poroelastic
material in a drained (Pp = 0) and undrained (ξ = 0) state (Detournay and Cheng, 1993; Wang,
2000).
The poroelastic theory states that a dilation of the rock is induced by an increase in Pp. An
increase in Pp affects the minimum horizontal stress (Shmin) (Equation 9) (Engelder and Fischer,
1994):
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Shmin =

Sv + α

Pp

(9)

Assuming uniaxial strain conditions, where volume strain is zero. Sv is the lithostatic, vertical,
or overburden stress. Equation 9 can be rewritten to determine the ratio between Shmin and Pp
(Equation 10) (Engelder and Fischer, 1994):
=α

(10)

The ratio of Shmin to Pp has been found to be between 0.37 at the McAllen Ranch field in south
Texas, and up to 0.8 in the Ekofisk field in the North Sea (Engelder and Fischer, 1994). The
point is, because of poroelasticity, a change in Pp causes a change in Shmin.
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3.2.

Minimum Horizontal Stress

Minimum horizontal stress (Shmin) evolves with the burial and tectonic history of a basin. During
burial, mechanical and chemical compaction occur. As compaction progresses the elastic rock
properties, such as Young‘s modulus (E) and Poisson‘s ratio (ν), and non-elastic rock properties
develop. Lithologies with higher E are elastically stiffer, and hence can maintain a higher Shmin
magnitude (Engelder, 1993). Similarly, a higher Shmin magnitude can also be found in lithologies
possessing a higher ν. Non-elastic properties also influence the in-situ stress field of a lithology,
e.g. creep in the more pliant horizons. A horizons eventual Shmin magnitude range is defined by
the grain size and initial mineralogy of the sea floor sediment (Karig and Hou, 1992).
The Shmin of sediments and rocks is poroelastically related to the pore pressure. An increase in
pore pressure, leads to an increase in Shmin (Engelder and Fischer, 1994). Explanations for an
increase in pore pressure include: disequilibrium compaction, aquathermal pressuring, fluid
release during dehydration reactions, tectonic compaction, thermal cracking of oil to gas, and
hydrocarbon generation (Guo et al., 2011). If high pore pressure can be maintained from burial
through to lithification, the rocks matrix can be preserved relatively under-compacted. An
under-compacted matrix will be more elastically pliant, and hence not able to hold a high Shmin
magnitude.
Because of hydrocarbon generation, the pore pressure in many gas fields is higher than the
hydrostatic gradient (Hunt, 1990). Additionally, a pore pressure increase above the hydrostatic
gradient in sedimentary basins can occur when sedimentation rates exceed fluid leak-off rates;
this is called disequilibrium compaction (Figure 6). Disequilibrium compaction is common in
low permeability rocks, such as clay, mud, marl, and shale that undergo rapid burial (Osborne
and Swarbrick, 1997). Shale that endures disequilibrium compaction, followed
20

Figure 6. (a) A porosity-depth graph highlighting the compaction path taken by a shale. A high burial rate will result in
the onset of disequilibrium compaction, as in the example at 800 m (2624 ft). In the example, from 800m (2624 ft)
onwards the retained fluid prevents continuing compaction and hence continued porosity loss. (b) A pressure-depth
graph showing the lithostatic, hydrostatic, and pore pressure gradient for the same shale facies. Pore pressure in the
shale facies increases at the hydrostatic gradient up to 800m (2624 ft). At the onset of disequilibrium compaction pore
pressure increases at the lithostatic gradient. Pore pressure above hydrostatic pressure increases Shmin in the
overpressured facies. Modified from Lash and Blood, 2007.
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by hydrocarbon at depth can experience high pore pressures for a geologically long period of
time.
Where pore pressure is higher than the hydrostatic gradient, the Shmin magnitude of the rock also
increases by poroelastic deformation (Figure 7) (Bell, 1990). Conversely, a pore pressure
drainage leads to Shmin magnitude decrease because of poroelastic behaviour. Pore pressure
drainage can occur via natural hydraulic fracturing when following both disequilibrium
compaction and hydrocarbon generation.
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Figure 7. A stress-depth graph for a hydrocarbon well on the Scotian Shelf, Canada. Pore pressure increases below
14,200 ft (4328 m) because of hydrocarbon generation and retention. As pore pressure increases, S hmin increases towards
the lithostatic gradient. Modified from Bell, 1990.
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4.0.

Methods
4.1.

Schlumberger Modular Dynamic Testing Tool

Ten minifrac experiments were conducted in a well drilled in McKean County, Pennsylvania, in
collaboration with Shell Appalachia. In-situ stress measurements at the McKean County well
was collected using Schlumberger‘s modular dynamic testing (MDT) tool (Figure 8).
The MDT tool consists of a straddle-packer assembly which isolates a 3 ft (1 m) interval of an 8
inch borehole. The packers and fracture interval were both pressurised by a pump assembly
within the MDT tool. Fluid for the microfrac came from the standing column of fluid within the
borehole. At the McKean County well, the borehole was flushed with fresh water. A series of
pressure gauges in the tool recorded both packer pressure and fracture interval pressure.
Once the MDT tool was in a predetermined position down the wellbore, fluid was pumped into
the straddle packers effectively isolating a one-meter section for a microfrac stress test.
Following isolation, 4 cm3sec-1 of water (i.e. a low pumping rate) was pumped into the one-meter
section. Water was injected from a pump on the MDT tool while down hole pressure was
measured in real time. Generally between 1,200 and 1,600 cm3 of water was injected for each of
several pressure cycles. The ideal stress test included a breakdown during the first injection
cycle, followed by a period of fracture propagation (Figure 9). During the first cycle, pressure
in between the straddle packers increased linearly to breakdown as the fluid was pumped in at a
constant rate. The breakdown (Pb) indicated the pressure where both minimum horizontal stress
(Shmin) and the tensile strength (To) of the rock was overcome in order to induce a new hydraulic
fracture (Equation 11):
Pb = 3Sh – SH - Pp + To

(11)
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Figure 8. Modular Dynamic Testing (MDT) tool. The green packers isolate a 1m (3 ft) interval for in-situ stress testing.
Modified from (Ramakrishnan et al., 2009).
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Figure 9. A simplified cartoon showing a typical pressure-time curve with good breakdown. The dark black line is the
pressure curve, and the dotted line is the injection rate curve. As pressure falls off, analytical techniques such as log-log
plots, square root of time plots, and G-Function plots can be utilized to obtain Shmin (Barree et al., 2009). Shown here is
the tangent method.
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After breakdown and fracture propagation, the straddle interval was shut in for about two hours
while leakoff into the formation takes place. Down hole pressure was monitored for later
analysis to determine closure pressure, which is the best measure of the minimum horizontal
stress in the 3 ft thick section. The classic measure of closure pressure (Pc) is the intersection of
two tangents to the pressure decline curve following the shut in. In this study the intersecting
tangent method was superseded by a square-root-time and G-function plots to determine closure
pressure (Barree et al., 2009). Pressure-decline data were collected through at least three cycles
with the second and third cycles used to determine a reopening pressure (Pro) (Figure 10). Pro is
a proxy for Pb when the borehole has zero tensile strength because a natural fracture is already
present. Pro should exceed Pc by a significant amount.
After breakdown, pressure drops to a constant. At this pressure it is assumed that the induced
hydraulic fracture is propagating at a constant rate, hence it is called the fracture propagation
pressure (FPP). In this study, once FPP was reached the fluid pressure was shut in, and no more
fluid was added. The pressure immediately dropped at this shut in, called the instantaneous shut
in pressure (ISIP). Following the ISIP the pressure fell off at ever decreasing rates as the
fracture(s) closed. Through the derivative of pressure with time, it was possible to pick a break
in slope on the pressure-time curve that represents fracture closure using square-root-time and Gfunction plots. This break can be interpreted as a change from linear flow, to pseudo-radial flow,
i.e. the fracture has closed, vastly reducing the area through which the fluid can leak-off into the
formation. Fracture closure pressure (Pc) is interpreted as minimum horizontal stress.
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Figure 10. A simplified cartoon showing a pressure-time curve without good breakdown. This is often found in second
and third cycle events when the induced fracture is reopened. If seen in the first cycle it is interpreted as has reopened a
pre-existing fracture, or have leaked around the edge of the packers (see Figure 8).
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Often perfect breakdown of the formation was not observed during the first cycle (Figure 9). If
Pb was not observed, Pro was identified instead (Figure 10). In these situations the first cycle
resembles the curve found in second and third cycle events when the induced fracture is
reopened. If seen in the first cycle it was interpreted as having reopened a pre-existing fracture
or have leaked around the edge of the packers (Figure 8). Instead the pressure just rolled over
with time until FPP was reached. An example of a real life curve from the upper sand layer at
McKean County shows breakdown in the first cycle, followed by reopening in the subsequent
three cycles (Figure 11).
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Figure 11. Pressure-time curves for stress tests in an Upper Rhinestreet Shale (3492 ft; 1064 m) in the McKean County
well (top), and for a Rhinestreet Shale (724m; 2375 ft) in the Wilkins well, South Canisteo (bottom) (Evans et al., 1989a).
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4.2.

Diagnostic Pressure Decline Curves for Closure Pressure (Shmin)

Aside from breakdown, reopening, and ISIP data, which are read from ‗classic‘ pressure-decline
curves, there are several approaches to determining closure pressure (Shmin).

The first is a

rebound curve. It is known that in low-permeability formations, the pressure rebound tends
toward the closure pressure (Thiercelin and Roegiers, 2000; Thiercelin and Plumb, 1994). The
observation of pressure rebound is also a quality control test as it demonstrates that a fracture
was created without bypassing the packers (Figure 12).
Fracture closure can manifest itself in three types of leakoff behavior using the G-function which
is a complex way of representing time from shut-in normalized to the duration of fracture
extension. Surface area of the fractures is assumed to vary linearly with time during fracture
propagation. At shut-in the fracture stops propagation while leakoff continues. The simplest
leakoff takes place when propagation stops at shut-in and leakoff across the fracture face is
governed by a constant permeability which is independent of pressure within the facture. This is
called ‗normal leakoff‘. Fracture closure is identified by the departure of the semi-log derivative
of pressure with respect to G-function (red curve: G-function curve Figure 13) from the straight
line through the origin (blue line: G-function curve Figure 13).
Two mechanisms can cause a different diagnostic leakoff behavior. In low permeability rocks
such as gas shale, the permeability of the rock next to the fracture face can be pressure
dependent. This property can alter the fluid loss rate during leakoff and is called, ‗pressuredependent leakoff‘ (PDL). PDL is identified by the concave upward and curved shape of the
semi-log derivative of pressure with respect to G-function curve.
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Figure 12. Ideal behaviour for a pressure rebound test.
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Figure 13. Diagnostic pressure-decline curves using the G-Function. Normal leakoff (top), Pressure-dependent leakoff
(middle), and Transverse storage leakoff (bottom). Cartoons from “Fekete Leakoff Types”.
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By curving upward the semi-log derivative falls above the straight line tangent to a normal
leakoff curve. Eventually the derivative curve will fall on a straight line to the origin before
departing below the straight line at the fracture closure pressure.
The induced fracture can intersect a natural, open fracture. When this happens the fracture might
dilate and create a larger storage volume. When fracture fluid gains access to a large fracture
surface, leakoff can accelerate and have to opposite effect as PDL. By curving downward the
semi-log derivative falls below the straight line tangent to a normal leakoff curve. Eventually
the derivative curve will climb back to a straight line from the origin and then depart with
fracture closure as was the case for both normal leakoff and pressure-dependent leakoff. This
behavior is called ‗transverse storage‘.
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4.3.

Schlumberger PetroMod Petroleum Systems Software Suite

To test the palaeo-overpressure drainage hypothesis as the origin of the base-Rhinestreet Shale
discontinuity observed in this and the Evans et al., 1989a study, I conducted numerical tests
using PetroMod. PetroMod has been used for modeling hydrocarbon generation and migration
(Senglaub et al., 2006; Shaaban et al., 2006; Yardley and Swarbrick, 2000), basin burial, and
temperature and geochemical histories (Uffmann, 2013; Wang et al., 2014). While the software
has been extensively used to map hydrocarbon accumulation using both geochemical and
structural analyses, I know of no examples where it has been used to quantify the stress field in a
basin.
PetroMod uses a finite-element forward modeling approach simulates the burial history of
sediments including: compaction, pressure, temperature, maturation of organic matter; and
petroleum generation, migration, and accumulation through time (Uffmann, 2013).
Schlumberger‘s PetroMod petroleum systems software suite is the modeling software used in
this thesis.
The model requires the following information: 1) lithological definitions from the Oriskany
Sandstone, through the Marcellus Formation, and up to the youngest formation at the surface of
the well site, 2) absolute geological ages for the times of both deposition and erosion, 3) present
day thermal maturity, i.e. total organic carbon (TOC) and hydrogen index (HI) for each
lithology, 4) palaeowater depths, 5) sediment-water interface temperature, and 6) basal heat flow
to determine the thermal maturation history.
Lithologies - Lithologies present in the Appalachian Basin were chosen from the default
selections within PetroMod. Variables within each lithology such as permeability, Schneider
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activation energy, Poisson‘s ratio, and tensile strength (Table 1), were changed to better fit
parameters of the Appalachian Basin lithologies.
Geologic Ages - The Tioga ash beds present in the Onondaga Limestone record a U-Pb age of
deposition between 391±3.4 and 390±2.5 Ma (Kaufmann, 2006). Overlying ash beds put the age
of deposition of the Union Springs Mbr. of the Marcellus Formation between 390±0.5 and
388.1±2.6 Ma (Kaufmann, 2006). Geologic ages for the rest of the Devonian strata were based
on the stratigraphic column from Patchen et al. (1984). Vitrinite reflectance data in
Pennsylvanian coals (Zhang and Davis, 1993), conodont alteration indices in the limestone
horizons of the Appalachian Basin (Epstein et al., 1976), and fluid inclusion data from Middle
Devonian shales (Evans, 1995; Evans et al., 2014) allowed construction of the Appalachian
Basin burial curve (Figure 14). Evans, 1995, burial curve was used to estimate periods and rates
of unroofing (Figure 14).
Thermal Maturity - Thermal maturities were computed using the EASY%Ro model (Sweeney
and Burnham, 1990). The EASY%Ro model determines a change in vitrinite reflectance (Ro)
with time and temperature. An Ro of 0.55% initiates the conversion of kerogen to oil; total
conversion to oil occurs once Ro crosses the threshold of 1%; the conversion from oil to wet gas
is inferred to occur at an Ro of 1.3%, and conversion from wet gas to dry gas at an Ro of 2%.
The production of dry gas is said to have ceased once an Ro of 4% is reached (Sweeney and
Burnham, 1990).
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Table 1. Spreadsheet showing the inputs for burial history, and facies definitions in PetroMod.
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Figure 14. A comparison between burial curves from Evans, 1995, and one constructed in PetroMod. (a) Burial curve for the Appalachian Basin from Evans, 1995.
(b) Burial curve constructed in PetroMod for the McKean County well. The erosion event during the Mississippian is added to comply with Lash and Engelder’s
(2011) interpretations of unconformities present in wireline logs. A hiatus was built into PetroMod from 270-240 Ma. The apparent unroofing is due to compaction
of the sedimentary column through time.

Palaeowater Depths - Palaeowater depths were estimated based on the lithology. The lithology
can give a qualitative estimate of the environment of deposition. For example, mudstones are
usually deposited in deeper marine environments than siltstones and limestones. The Marcellus
Formation organic-rich shale was estimated to have been deposited in at least 330 ft (100 m) of
water, whereas limestones were estimated to have been deposited in about 35-70 ft (10-20 m) of
water (Kohl et al., 2013).
Sediment-Water Interface Temperature - The sediment-water interface temperature (SWIT) was
estimated from the input palaeowater depths and a global, historical map from Wygrala (1989).
The historical map requires the model location, in this case North America at 41o latitude.
PetroMod uses the SWIT map and matches the palaeowater depth trend to estimate surface
temperature upon deposition (Wygrala, 1989).
Heat Flow - Heat flow was based on a basement contemporary heat flow map for North America
(Blackwell and Richards, 2004). It has been suggested that crustal radiogenic heat today is about
the same as that in the geological past (Rowan, 2006; Zhang and Davis, 1993), therefore heat
flow was kept a constant 52mW/m2 throughout all of the runs.
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4.4.

Modeling Workflows

―Basin modeling is dynamic forward modeling of geological processes in sedimentary basins‖
(Hantschel and Kauerauf, 2009, p. 3). Forward modeling first involves the construction of the
present day geometry of a sedimentary basin. Once the sedimentary basins boundary conditions,
absolute age of layer deposition, and layer properties are defined, the simulation can be run
forward. The following steps summarize the workflow of PetroMod modeling software (Figure
15) (Al-Hajeri et al., 2009).
Deposition – Sedimentation creates layers on the upper surface, while erosion removes them.
Depositional thickness can be calculated by porosity-controlled backstripping, or estimation
from sedimentation rate and depositional environment (Al-Hajeri et al., 2009).
Pressure calculation and compaction – Pressure calculation describes dewatering during initial
burial, and also internal pressure building from gas generation and cementation. Compaction
changes rock properties, such as porosity, density, elastic moduli etc. Because of this the
pressure and compaction must be performed before heat flow analysis in each step.
Heat flow analysis – Heat flow analysis determines geochemical reaction rates to calculate
temperature. Source rock maturity values can be calibrated to measured data.
Petroleum generation – Decomposition kinetics describes primary cracking (kerogen to oil) and
secondary cracking (oil to natural gas).
Fluid analysis – The generated hydrocarbons are a mixture of chemical components. The fluid
analysis step examines temperature- and pressure-dependent dissolution to determine fluid
properties. Fluid properties are essential to model subsequent migration and accumulation of the
hydrocarbon component.
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Figure 15. A flow chart showing the interrelated steps involved in basin modeling, including this study. Basin modeling
consists of two main stages: model building (blue), and forward modeling (orange). Model building requires construction
of a structural model and then identification of the chronology of deposition and physical properties of each layer.
Forward modeling performs calculations on the model to simulate burial; temperature and pressure changes; kerogen
maturation; and hydrocarbon expulsion, migration, and accumulation. Calibration compares results with independent
measurements. Modified from (Al-Hajeri et al., 2009).
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Fluid-flow calculations – Darcy flow describes multicomponent three-phase flow based on the
relative permeability and capillary pressure of each of the layers. Migration and accumulation is
calculated in one step.
Reservoir volumetrics – The capillary entry pressure of the layer limit the volume of
hydrocarbon that can be held in place.
Calibration parameters – Temperature- and displacement-sensitive predictions can be compared
with measured data to calibrate uncertain input data. Calibration allows multiple iterations using
different boundary conditions and input parameters for continuous refinement of the model.
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4.5.

Independent Variables

I define three variables that affect the in-situ stress field: 1) chemical compaction (on/off), 2)
permeability, and 3) the amount of lateral displacement or strain. Sensitivity studies are run to
first determine whether chemical compaction is necessary to produce the observed pattern of the
in-situ stress measurements; then permeability and strain are altered to best fit in-situ stress
magnitudes observed, while keeping within reasonable limits.
Chemical compaction – When buried sediments become cemented together to form a solid rock.
The chemical compaction model used here is the Schneider model (Schneider et al., 1996). It is
a viscoplastic-type compaction model, where the porosity loss-rate is proportional to the
effective stress (‘z), which is proportional to the quartz supply from pressure solution
(Hantschel and Kauerauf, 2009). The porosity loss-rate decreases by viscosity (µ), which
decreases with increasing temperature (Equation 12).
= - (1 – Φ)



,

µ = µo exp * (

)+

(12)

where the reference temperature To = 15oC and viscosity µo = 50 GPa/Ma (Hantschel and
Kauerauf, 2009). E represents the activation energy, generally between 16 and 18 kJ/mol
(Hantschel and Kauerauf, 2009).
Permeability – The ability of a lithology to transmit fluid is termed the mobility (M). M includes
the rocks permeability (k) and the fluid viscosity (µ): M = (Hantschel and Kauerauf, 2009).
While the viscosity of a fluid is difficult to determine, the permeability can be directly measured.
The permeability is mainly affected by the pore structure, i.e. pore throat diameters and pore
connectivity.
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Strain – The strain (ε) is a measure of present day length (l) compared to the original length (lo):
ε = . Increasing the strain does not affect vertical in-situ stress; however it does affect the
horizontal in-situ stress fields.
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5.0.

Results
5.1.

In-Situ Stress Data – McKean County

The McKean County minifrac data adds to the 75 minifrac measurements at South Canisteo
(Evans et al., 1989a). Here we show the data plotted versus depth, with the South Canisteo data
normalized to the O‘Dell well and the McKean data plotted as true depth (Figure 16). Together,
the 85 minifrac measurements allow us to define in-situ stress within the study area (Table 2),
and investigate the base-Rhinestreet Shale discontinuity.
Criteria for selecting horizons for testing included both depth and lithology. Two horizons of
interest were the Union Springs Mbr. of the Marcellus Fm., in which two tests were conducted,
and the Onondaga Limestone directly below. These two lithologies provide a clear contrast in
minimum horizontal stress (Shmin) between overpressured black shale and hydrostaticallypressured limestone vertically adjacent to one another. A third measurement was obtained in the
Oatka Creek Mbr. of the Marcellus Fm. Unfortunately no tests were completed in the Cherry
Valley Limestone because the formation was washed out during drilling. A fourth test was
conducted at 4655 ft (1419 m) in the Skaneateles Shale of the Mahantango Fm. A fifth test was
conducted at a natural fracture observed in the Formation Microimager (FMI) log in the
Ludlowville Shale of the Mahantango Fm. This test was designed to observe the effect a natural
fracture has on the pressure-time curve. A sixth test was completed in the Geneseo Shale,
because it is also a potential industry target. Finally, tests were conducted in a sandstone and
shale horizon that lie approximately 1200 ft (366 m) above the Marcellus Formation near the
base of the Rhinestreet Shale.
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Figure 16. Shmin from South Canisteo (Wilkins, Appleton, and O’Dell wells) and McKean County well. Lithostatic
gradient is 1.17 psi/ft (26.5 MPa/km) for an average overburden density of 2.71 g/cm3. South Canisteo data is normalized
to a surface gradient for the O’Dell well following Evans et al., 1989a. McKean County data is plotted on the same
gradient as the O’Dell well as true depth. The South Canisteo Shmin data projects along a gradient of 1.17 psi/ft (26.5
MPa/km; 100% overburden; heavy black dashed line). An overburden gradient is projected through the South Canisteo
data down to the McKean County Marcellus Formation data (light black dashed line). Fracture gradient (0.76 psi/ft; 17.2
MPa/km) is projected through South Canisteo and McKean Shmin (light red dashed line). Hydrostatic pressure gradient is
0.45 psi/ft (10.2 MPa/km; light blue dashed line). Overpressure gradient of 0.65 psi/ft (14.7 MPa/km; heavy blue line).
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Formation

Depth
(ft)

Breakdown Pressure
(psi)

Reopen Pressure
(psi)

Closure Pressure
(psi)

Method

McKean County
Rhinestreet Shale-Sand

3425

NA

3870

3226

Gfunction

Rhinestreet Shale-Shale

3492

4240

3320

NA

Geneseo Shale

4367

NA

3427

3095

Reopen-300
psi
SQRT

Ludlowville Mbr.

4506

5315

4252

4192

Gfunction

Skaneateles Mbr.

4655

NA

4458

4023

SQRT

Oatka Creek

4720

NA

4195

3745

SQRT

Marcellus - Union
Springs
Marcellus - Union
Springs
Transition

4745

NA

4147

3838

SQRT

4749

NA

4284

4223

Gfunction

4754

NA

4811

4991

Gfunction

Onondaga Limestone

4765

NA

5131

4945

SQRT

Wilkins
Hanover

610.2

1668

1168

877

Tangent

Hanover

618.4

2683

1073

906

Tangent

Pipe Creek

638.1

5178

1334

885

Tangent

Angola

651.2

3865

1059

935

Tangent

Angola

667.6

3162

1407

928

Tangent

Angola

679.1

3597

1240

972

Tangent

Angola

829.1

3249

1508

1124

Tangent

Angola

942.2

3974

2429

1175

Tangent

Rhinestreet

872.7

4003

1907

1124

Tangent

Rhinestreet

1122

2770

2009

1523

Tangent

Rhinestreet

1266.4

4105

1951

1661

Tangent

Rhinestreet

1377.9

3118

1900

1936

Tangent

Rhinestreet

1594.5

2719

2473

2089

Tangent

Rhinestreet

1645

3075

2625

2197

Tangent

Rhinestreet

1838.9

2654

2277

2328

Tangent

Rhinestreet

1899.6

3068

2270

2495

Tangent

Rhinestreet

1911.1

3437

3089

2640

Tangent

Rhinestreet

1943.9

2524

2205

2393

Tangent

Rhinestreet

1959.9

3611

2828

2654

Tangent

Rhinestreet

2040

3060

2654

2661

Tangent

Rhinestreet

2139.7

2516

2277

2466

Tangent

Rhinestreet

2173.5

2857

2611

2988

Tangent

Rhinestreet

2211.3

3923

3249

2988

Tangent

Rhinestreet

2230.9

2973

2509

2770

Tangent

Rhinestreet

2270.3

2944

2458

2683

Tangent

Rhinestreet

2321.2

3176

3292

3184

Tangent
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Rhinestreet

2337.6

3488

3031

3169

Tangent

Rhinestreet

2375.3

2835

2277

2263

Tangent

Rhinestreet

2391.7

2814

2292

2234

Tangent

Cashaqua

2450.8

2676

2466

2313

Tangent

Cashaqua

2553

2814

2451

2328

Tangent

Middlesex

2731.3

3017

2661

2466

Tangent

Middlesex

2427.8

2770

2466

2357

Tangent

West River

2495

3648

2596

2473

Tangent

West River

2554.1

3952

2966

2683

Tangent

Pen Yan black shale

3120

3176

2995

2930

Tangent

Pen Yan black shale

3151.2

3350

2966

2901

Tangent

Lodi Limestone

3207.3

3249

3133

3024

Tangent

Geneseo Shale

3233.2

3147

3031

2886

Tangent

Geneseo Shale

3251.8

2741

2850

2857

Tangent

Tully Limestone

3312

5076

4830

4438

Tangent

Tully Limestone

3325.1

3887

3698

3546

Tangent

Moscow

3402.5

3401

3118

3162

Tangent

Appleton
Dunkirk

612.9

3640

928

780

Tangent

Dunkirk

754.6

3118

1088

943

Tangent

Hanover

815.3

4279

1342

1088

Tangent

Hanover

910.4

2611

1523

1160

Tangent

Hanover

964.6

2719

2132

1305

Tangent

Pipe Creek

1000.6

5047

1581

1523

Tangent

Angola

1023.6

3445

1711

1508

Tangent

Angola

1169.6

4569

1450

1450

Tangent

Angola

1200.8

2589

2248

1545

Tangent

Rhinestreet

1227.8

4235

1864

1537

Tangent

Rhinestreet

1445.8

3996

2161

1813

Tangent

Rhinestreet

1730.6

3147

2270

2125

Tangent

Rhinestreet

2222.7

3017

2451

2654

Tangent

Rhinestreet

2299.8

2582

2219

2654

Tangent

Rhinestreet

2311.3

2872

2437

2785

Tangent

Rhinestreet

2455.7

2698

2437

2785

Tangent

Rhinestreet

2529.5

3677

3089

3198

Tangent

Rhinestreet

2554.1

3104

2342

3198

Tangent

Rhinestreet

2585.3

3379

2799

2915

Tangent

Rhinestreet

2736.2

2516

2219

2306

Tangent

Middlesex

3041.3

2712

2422

2379

Tangent

West River

3280.8

3967

2843

2843

Tangent
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O'Dell
Dunkirk

809.7

3873

2843

1088

Tangent

Dunkirk

1122

3118

1581

1349

Tangent

Pipe Creek

1405.2

6121

1813

1653

Tangent

Rhinestreet

2836.3

4583

2988

Tangent

Rhinestreet

2941.2

7614

3553

Tangent

Rhinestreet

2983.9

4409

2828

Tangent

Rhinestreet

3026.5

4235

2901

Tangent

Rhinestreet

3054.4

4482

3510

Tangent

Cashaqua

3090.5

6454

2640

Tangent

Cashaqua

3117.4

4844

2350

Tangent

Table 2. The results from ten minifrac experiments in one vertical well in McKean County, Pennsylvania, and 75
minifrac experiments in three vertical wells near South Canisteo, New York (Evans et al., 1989a).
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Onondaga tests - Two tests were conducted in the Onondaga Limestone. The first test was
located in a low gamma peak, where the elemental log analysis (ELAN) plot indicates
approximately 60% carbonate (majority calcite). The second test was located in the transition
between the Onondaga Limestone and the overlying Union Springs Mbr. of the Marcellus Fm
(Figure 17). G-Function analysis for both tests indicate pressure-dependent leakoff (PDL).
In the carbonate-rich horizon of test one the Shmin magnitude sits on the lithostatic gradient. High
Shmin results are indicative of an elastically stiff, and relatively impermeable rock. These
indications are corroborated by the length of time that the first cycle took to bleed off into the
rock (12,000 seconds, or 3 hrs 20 mins), and the ELAN log (Figure 17 and Figure 18).
In the transition horizon of test two the Shmin magnitude is close to the lithostatic gradient.
However, Shmin was significantly lower than test one. The lower Shmin magnitude in test two is
due to the presence of less stiff minerals, quartz and illite, and increased organic content (Figure
17).
Union Springs Mbr. tests - Two tests were conducted in the Union Springs Mbr. of the Marcellus
Fm. The tests were conducted four feet apart and show little change in mineralogical make-up.
Test one was at 4749 ft, and test two was at 4745 ft.
The lower test has a higher Shmin than the upper test because of a slightly higher carbonate
content (Figure 17). G-Function analysis for the lower test indicates transverse storage,
suggesting that a pre-existing, open fracture has been accessed during the experiment. Both tests
Shmin magnitudes are lower than the lithostatic gradient indicating poroelastic relaxation, but
higher than overlying shales indicating the horizons overpressured nature.
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Figure 17. Reopening pressure as a function of depth with approximate vertical stress shown as a dashed line (red).
Short segments of the McKean County wells Schlumberger Elementary Analysis (ELAN) log are displayed for each
station.
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Figure 18. The pumping curve for the Onondaga Limestone horizon at 4753.88 ft (1449 m). Each cycle never reaches
pore pressure, even after 12,000 seconds (3 hrs 20 mins).
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Oatka Creek Mbr. test - One test was conducted in the Oatka Creek Mbr. of the Marcellus Fm.
The ELAN log shows a higher carbonate content and lower organic content than the underlying
Union Springs Mbr. tests. The Oatka Creek Mbr. Shmin magnitude is close to the Union Springs
Mbr. results, indicating poroelastic relaxation with present day overpressure throughout the
Marcellus Fm. G-Function analysis is unclear.
Mahantango Fm. tests - Two tests were conducted in the Skaneateles Shale and Ludlowville
Shale of the Mahantango Fm. Both tests have higher Shmin magnitudes than the underlying
Marcellus Fm, but are still below the lithostatic gradient, indicating poroelastic relaxation.
The Skaneateles Shale has a high Shmin magnitude because the horizon consists of 25%
carbonate, and 30% quartz, both of which are elastically stiff minerals (Figure 17). Furthermore,
the horizon may harbor a higher pore pressure because of the presence of an overlying, resistive
layer forming a capillary seal (Figure 19). G-Function analysis indicates PDL.
The Ludlowville Shale has a lower Shmin magnitude because it has a higher illite and chlorite
content (30%; Figure 17). G-Function analysis indicates transverse storage, supported by the
image of a pre-existing fracture in the formation Microimager (FMI) log (Figure 5).
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Figure 19. A before and after FMI log of the Skaneateles Formation of the Hamilton Group at 4655.52 ft (1419 m). Again, the black dots mark where sidewall cores
were removed. Light and dark horizontal layers indicate the interbedded nature of the Hamilton Group.

Geneseo Shale tests - One test was conducted in the Geneseo Shale horizon. The ELAN log
shows approximately 15% organic content and 30% illite, resulting in a low Shmin magnitude
(Figure 17). G-Function analysis indicates PDL. The Geneseo Shale Shmin rests on a very low
gradient indicating poroelastic relaxation and present day hydrostatic pore pressure.
Upper sandstone and shale tests - Two tests were conducted approximately 860 ft (260 m) above
the Ludlowville Shale test; one in a sandstone horizon, and one in a shale horizon. These two
horizons lie at the base-Rhinestreet Shale discontinuity (Figure 16).
The sand horizon holds an Shmin on the lithostatic gradient. The ELAN log shows that the
horizon has over 60% quartz and holds a small quantity of gas (Figure 17). G-Function analysis
indicates normal leakoff.
The shale horizon has a lower Shmin than the nearby sand horizon. The shale horizon has a higher
quantity of illite, chlorite and kerogen, making it elastically less stiff (Figure 17). G-Function
analysis is unclear.
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5.2.

Discussion

The in-situ stress data from the McKean County experiment provides further data in support of
the palaeo-overpressure drainage hypothesis (Evans et al., 1989b). The data extends deeper into
the Devonian section of the Appalachian Basin, reaching the Onondaga Limestone below the
Marcellus Formation. The combined data now covers the base-Rhinestreet Shale discontinuity,
two limestone horizons (Tully and Onondaga), and two gas shales (Geneseo and Marcellus).
Furthermore, a pre-experiment FMI log showed the presence of a J2 joint in the Ludlowville
Shale of the Mahantango Fm. A minifrac experiment at this horizon provides an insight into the
presence of open natural fractures.
The Geneseo Shale and Marcellus Formation both show Shmin results below the lithostatic
gradient (1 psi/ft; 23 MPa/km). The Geneseo Shale data point is on a gradient of approximately
0.7 psi/ft (16 MPa/km) and the Marcellus black shale Fm. is on a gradient of approximately 0.85
psi/ft (19 MPa/km). Both formations have undergone poroelastic relaxation, but the
contemporary overpressure in the Marcellus Fm. maintains a higher Shmin (Figure 17).
The Tully Limestone and Onondaga Limestone have Shmin magnitudes that lie on the lithostatic
gradient. A limestone has higher elastic properties (e.g. Youngs modulus and Poisson‘s ratio)
than shale. The two limestones carbonate-rich (>60%) matrix is elastically stiffer than the
surrounding shale horizons, and hence maintains a higher Shmin (Figure 17 and Table 2).
The upper sand and shale horizon are stratigraphically located at the base-Rhinestreet Shale
discontinuity. The discontinuity was first observed in Evans et al. (1989a). It describes an
interval where Shmin magnitudes fall in the shale horizons, but remain on the lithostatic gradient
in sand layers. This observation is confirmed as the sand horizon holds a higher Shmin magnitude
than the underlying shale horizon in the McKean County well (Figure 16).
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The minifrac experiment conducted in the Ludlowville Shale of the Mahantango Fm. produced a
markedly different pressure-time curve (Figure 20Figure 20). G-Function analysis on the
pressure-time curve reveals a transverse storage pattern. Transverse storage implies that a preexisting, open fracture in the horizon (supported by the FMI log; Figure 5) holds some of the
minifrac fluid as the induced fracture closes close to the borehole. G-Function analysis on the
lower Union Springs experiment reveals the same pressure-time curve (Figure 20). This
suggests that a short distance into the formation an open fracture was present, even though a preexisting, open fracture was not observed on the pre-run FMI log. The same indicative curve was
observed in the transition horizon from the Onondaga Limestone into the Marcellus Formation
(Figure 20).
Plotting the South Canisteo wells and the McKean County well is informational (Figure 16).
While the Rhinestreet sandstone and shale horizon are deeper in the McKean County well they
still exhibit a stress consistent with the Rhinestreet Shale section of South Canisteo wells. The
carbonates of both the Tully and Onondaga Limestones carry the highest stress within the section
characterized by poroelastic relaxation. If stress in the Geneseo Shale is extrapolated along a
lithostatic gradient, and if it is at normal pressure and therefore relaxed, then the stress in the
Marcellus Formation appears higher, possibly reflecting a poroelastic response due to
overpressure (Figure 16).
Shmin (i.e., closure pressure) in the Devonian section of McKean County is consistent with data
from the South Canisteo experiment below the depth at which topography affects the state of
stress. There, the overburden gradient is controlled by the density of the Devonian section
(ΔSv/Δz = 1.17 psi/ft). A normal fracture gradient should be on the order of ΔShmin/Δz ≈ (75%85%)(ΔSv/Δz). When the South Canisteo data for Shmin is extrapolated to the McKean County
57

Figure 20. Three stations displaying leakoff indicative of transverse storage. The Ludlowville Mbr. of the Mahantango
Fm. has a pre-existing open fracture observed on the FMI log (see Figure 5); the Union Springs Mbr. of the Marcellus
Formation; and the transition horizon.
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data, the fracture gradient follows the overburden gradient but is offset to a lower pressure by
about 1500 psi (10.3 MPa). Another explanation for Shmin following the overburden gradient
when extrapolated from South Canisteo to McKean County is that Marcellus is overpressured in
McKean County whereas the shale at South Canisteo was not. The stress in the Geneseo Shale
is on a normal fracture gradient relative to the South Canisteo data. The measured fracture
gradient for the Geneseo Shale is (ΔShmin/Δz =) 0.76 psi/ft. The measured fracture gradient for
the Marcellus Formation is as high as (ΔShmin/Δz =) 0.89 psi/ft. The interpretation for the
McKean County Marcellus Formation data is that pore pressure driven poroelastic deformation
has driven Shmin up above a normal fracture gradient.
The ten minifrac experiments at McKean County provide further support for the palaeooverpressure drainage hypothesis (Evans et al., 1989b): 1) data in the overpressured Union
Springs Mbr. of the Marcellus Fm. has a higher Shmin than the hydrostatically-pressured Geneseo
Shale; 2) limestone horizons are elastically stiffer than shale horizons and therefore have a higher
Shmin; 3) the base-Rhinestreet shale is present, suggesting it is a basin-wide phenomenon; and 4) I
have provided evidence for open natural fractures in the Union Springs Mbr. and overlying
Mahantango Fm.
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6.0.

PetroMod Basin Modeling
6.1.

Results

Models were constructed for the three wells at South Canisteo: Wilkins, Appleton, and O‘Dell
(Evans et al., 1989a); and the McKean County well. For each well minimum horizontal stress
(Shmin) is reported and plotted against depth.
Wilkins Well - South Canisteo

The Wilkins well begins in the lower Devonian Marcellus Formation, and ends in the clastic
sequence overlying the Rhinestreet Shale (Table 3). An Alleghanian maximum burial of 6500 ft
(2 km) follows the Evans, 1995, curve. A three step erosion rate of 50 ft/Ma (15m/Ma) from
240Ma to 200Ma, then 7 ft/Ma (2m/Ma) from 200Ma to 50Ma, and finally 70 ft/Ma (20m/Ma)
from 50Ma to present day, best fit the data (Figure 21).
43 out of the 75 minifrac tests at South Canisteo were performed in the Wilkins well (Evans et
al., 1989a). The tests span the base-Rhinestreet Shale discontinuity and reach the Tully
Limestone at 1009.5 m (3312.0 ft). Modeled data in the organic-lean shales match the gradient
very well both above and below the discontinuity. Within the sandstone and shale horizons of
the base-Rhinestreet Shale discontinuity the model predicts the in-situ stress to be lower than the
minifrac data. There is also an under-prediction within the Tully Limestone horizon.
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Table 3. Well stratigraphy for the Wilkins well, South Canisteo.
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Figure 21. PetroMod predicted Shmin compared to observed Shmin in the O’Dell well, New York. See Table 3 for layer
number-to-name conversion. Each layer in the model is given an average Shmin magnitude, therefore some interpretation
is required when viewing the calibration data and model side-by-side. For example the model agrees very well with data
in layer 10 as the two results cross over in the middle of the layer.
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Appleton Well - South Canisteo

The Appleton well also begins in the lower Devonian Marcellus Formation, and ends in the
clastic sequence overlying the Rhinestreet Shale (Table 4). The same maximum burial depth and
erosion rate as the Wilkins well is used here to best fit minifrac data (Figure 22).
22 of the 75 minifrac tests at South Canisteo were performed in the Appleton well (Evans et al.,
1989a). The tests span the base-Rhinestreet Shale discontinuity and reach down to the Genesee
Fm. overlying the Geneseo Shale and Tully Limestone. The modeled data in the organic-lean
shale in the upper package agrees with minifrac data; however it over-predicts the minifrac data
in the lower package beneath the discontinuity. Within the base-Rhinestreet Shale discontinuity
modeled data in the shale horizon closely represents the minifrac data, whereas the modeled data
in the sandstone horizons under-predicts the minifrac data like the Wilkins well model.
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Table 4. Well stratigraphy for the Appleton well, South Canisteo.
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Figure 22. PetroMod predicted Shmin compared to observed Shmin in the Appleton well, New York. See Table 4 for layer
number-to-name conversion.
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O’Dell Well - South Canisteo

The O‘Dell well begins in the lower Devonian Marcellus Formation, and ends in the clastic
sequence overlying the Rhinestreet Shale like the Wilkins and Appleton wells (Table 5). The
same maximum burial depth and erosion rate for both the Wilkins and Appleton well is used here
to best fit minifrac data (Figure 23).
The remaining 10 of the 75 minifrac experiments at South Canisteo were performed in the
O‘Dell well (Evans et al., 1989a). The ten tests reach the base-Rhinestreet discontinuity and test
the sandstone and shale horizons within. The modeled data strongly agrees with the minifrac
data in both the upper, organic-lean package, and within the base-Rhinestreet Shale
discontinuity. Within the discontinuity, the model accurately predicts Shmin in the sandstone and
shale horizons. The model over-predicts the data gathered in the Sonyea Fm. directly underlying
the discontinuity.
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Table 5. Well stratigraphy for the O’Dell well, South Canisteo.
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Figure 23. PetroMod predicted Shmin compared to observed Shmin in the O’Dell well, New York. See Table 5 for layer
number-to-name conversion.
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McKean County Well

The McKean County well begins in the lower Devonian Oriskany Sandstone, and ends in the
clastic sequence overlying the Rhinestreet Shale like the Wilkins, Appleton and O‘Dell wells
(Table 1). A three step erosion rate of 50 ft/Ma (15m/Ma) from 240Ma to 200Ma, then 7 ft/Ma
(2m/Ma) from 200Ma to 50Ma, and finally 110 ft/Ma (34m/Ma) from 50Ma to present day, best
fit the data (Figure 24 and Figure 25).
Eight minifrac experiments were performed in the lower package beneath the base-Rhinestreet
Shale discontinuity, and 2 minifrac experiments were performed within the discontinuity. The
two discontinuity measurements are moderatrely-well represented by the modeled data, with
Shmin being over-predicted in the sandstone horizon, and under-predicted in the shale horizon
(Figure 25). The model under-predicts Shmin in the Geneseo Shale, Mahantango Fm., and the
Marcellus Formation (both the Union Springs Mbr. and Oatka Creek Mbr.). Modeled data
closely matches the two minifrac data points in the Onondaga Limestone horizon.
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Figure 24. PetroMod predicted Shmin compared to observed Shmin in the McKean County well, Pennsylvania. See Table 1
for layer number-to-name conversion.
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Figure 25. PetroMod predicted Shmin compared to observed Shmin in the McKean County well, Pennsylvania. The data
heavy horizons are blown-up to better view the relationship to the model.

71

Sensitivity Studies
It is essential to run sensitivity studies to determine the major parameters that affect the in-situ
stress model outputs and ensure that the model results are consistent with current scientific
understanding. A separate model was built containing ten layers of equal thickness. This
sensitivity model was subjected to the same burial depth and unroofing history as the McKean
County experiment, and the same lithologies were used (Table 6). The parameters examined are:
chemical compaction (on/off), permeability, and strain.
Chemical Compaction

Chemical compaction is when all clastic and carbonate lithologies are cemented during burial via
a process called pressure dissolution. The cementation rate is controlled by the subsurface
conditions: temperature, total vertical stress, and pore pressure; the water flow, and the water
chemistry (Hantschel and Kauerauf, 2009). Cementation leads to a porosity loss, which is
proportional to the vertical effective stress in the Schneider model used here (Schneider et al.,
1996).
Without the Schneider model in-situ stress increases with depth in relation to the elastic
properties of the assigned lithologies. Turning on the Schneider model has the effect of
increasing stress in the limestones and organic-rich shales (by decreasing porosity), but
decreasing stress in the sandstone and organic-lean shale (by increasing porosity; Figure 26).
Cementation at a higher porosity is equivalent to cementation as a horizon is overpressured,
resulting in under-compaction. Being able to preserve this under-compaction is a key step in the
modeling process towards supporting the palaeo-overpressure drainage hypothesis.
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Table 6. Lithologies used in the ten layer sensitivity model.
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Figure 26. An Shmin-depth plot comparing the difference in lithologies when a chemical compaction model is used or not.
The red curve is Shmin when the Schneider model is turned on, and the black curve is S hmin when the Schneider model is
turned off. The green line is the lithostatic gradient.
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Sensitivity of Pore Pressure to Permeability

Darcy flow describes multicomponent three phase flow based on the relative permeability and
capillary pressure of the lithology. Permeability is measure in log milliDarcy (log mD) and is
assigned in PetroMod using a multipoint porosity/permeability model. Measurements from the
Marcellus Formation suggest a permeability from 10-1-10-5 mD, or -1 to -5 log mD (Lee et al.,
2011), but this is not well studied. To investigate the sensitivity of the preceding model with its
permeability I increased the permeability by one order of magnitude, and decreased it by two
orders of magnitude from the PetroMod default.
Increasing the permeability increases the fluid flow rate, while decreasing the permeability
decreases the fluid flow rate. In other words the higher the permeability, the higher the rate of
release of overpressure. The permeability was varied over four orders of magnitude to highlight
the effect on pore pressure, and hence Shmin (Table 7). As the permeability is decreased it has the
effect of increasing pore pressure, and hence increasing the in-situ stress magnitude (Figure 27).
A lower permeability affects sandstone and the organic-lean shales with no overlying seal (layers
7-10 Figure 27). Lowering the permeability does not affect the organic-rich shale or the
limestones, suggesting the PetroMod default permeability relates to an effective seal.
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Table 7. The variation in permeability in the shale, sandstone, limestone horizons of the ten layer sensitivity model.
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Figure 27. An Shmin-depth plot comparing the difference in lithologies when permeability is changed. As the permeability
is lowered the Shmin increases due to increased retention of pore pressure.
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Strain

I evaluate the role of tectonic stress in controlling Shmin by testing three strain models. The strain
models tested in this sensitivity study are: a) uniaxial strain, when no lateral displacement is
placed on the model and horizontal stress increases solely due to overburden; b) plane strain,
when two sides are held in place and the other two sides are subjected to a negative lateral
displacement; and c) triaxial strain, when all four sides are subjected to a negative lateral
displacement. A negative lateral displacement is compressional.
A change from uniaxial to plane strain has the effect of increasing the minimum horizontal stress
(Shmin) magnitude (Figure 28). A change from plane to triaxial strain also increases the Shmin
magnitude, particularly in the organic-lean shales and sandstone horizons (Figure 28). The
triaxial strain model predicts a greater magnitude of Shmin in the organic-lean upper shales and
lower sandstone horizons. These horizons are known to hold a higher stress than the organicrich horizons, but the modeled results predict an unreasonable gradient (Figure 28). A plane
strain model was used in the McKean County and South Canisteo well models.
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Figure 28. An Shmin-depth plot comparing the difference in lithologies when the strain model is changed. Shmin is lowest in
the uniaxial model. It then increases from the plane strain model and up to the triaxial strain model.

79

Discussion
Modeling of the Wilkins, Appleton, and O‘Dell wells of South Canisteo, New York, and the
McKean County well in Pennsylvania provides further support of the palaeo-overpressure
drainage hypothesis (Evans et al., 1989b). Independently the models, McKean County data, and
pre-existing South Canisteo data show that in-situ stress magnitudes are lower in gas shales than
in elastically stiffer lithologies such as grey shales, sandstones and limestones (see Figure 21,
Figure 22, Figure 23, and Figure 24). Where gas shales indicate a higher minimum horizontal
stress (Shmin) than grey shales, the gas shale is overpressured. The base-Rhinestreet Shale
discontinuity identified in both the South Canisteo and McKean County data is replicated in the
models.
For the sedimentary package below the base-Rhinestreet Shale discontinuity to remain undercompacted to present day requires the formation to become cemented at the time of overpressure.
An overlay of overpressure on the McKean County burial plot shows that the time of maximum
overpressure was at maximum burial depth (Figure 29). At maximum burial depth hydrocarbon
generation supplements disequilibrium compaction overpressure, resulting in a long period of
time that the lower package was kept overpressured. The longer the period of overpressure, the
greater the chance that cementation occurred as the horizons were overpressured. Sensitivity
studies show that the Schneider model for chemical compaction results in a lower in-situ stress
magnitude (Schneider et al., 1996) (Figure 26). The Schneider model for chemical compaction
represents cementation during a period of overpressure, resulting in under-compaction of the
lower package. Furthermore, the McKean County burial plot indicates a present day
overpressure, which is corroborated by industry maps (Figure 30).
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Figure 29. A burial plot for the McKean County well with overpressured plotted over the top. Maximum burial occurs
at 270 Ma, and a hiatus lasting until 240 Ma continues compaction of the stratigraphic column. Disequilibrium
compaction and entering the oil window at approximately 300 Ma initiate the development of overpressure.
Overpressure is then supplemented and maintained from 240 Ma onwards due to cracking of oil to natural gas.
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Figure 30. Pore pressure gradient map show the extent of overpressure in the Marcellus Formation. There is generally a
pattern of increasing pore pressure gradient towards the palaeo-basin depocentre of the Devonian Appalachian Basin (see
Figure 4), and towards the site of maximum burial in the southeast. A pore pressure gradient above 0.46 psi/ft (10.4
MPa/km) is considered overpressure. The present day site of the McKean County well indicates the Marcellus Formation
remains overpressured, whereas the overpressure has bled off in the site of the South Canisteo wells (yellow stars; see
Figure 2). Modified from Yang et al., 2013.
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Pore pressure is increased in the Devonian sedimentary package via. disequilibrium compaction
and then subsequent hydrocarbon generation, at approximately 240 Ma. High pore pressures
from hydrocarbon generation in the Appalachian Basin are supported by the prevalence of
natural hydraulic fractures. Two major natural hydraulic fracture (also known as joints) sets in
the Appalachian Basin are J1 and J2. J1 joints are black shale specific, and J2 joints are found in
both black shales and the overlying clastic horizons (Engelder et al., 2009; Tan et al., 2014). J1
joints are interpreted to have formed during the volume expansion mechanism as organic matter
converts to oil (Tian et al., 2008). J2 joints are interpreted to have formed from the cracking of
oil to wet gas, and then dry gas (Tian et al., 2008). J2 joints are found up to 6562 ft (2 km)
above the Marcellus Fm., representing the huge volume increase involved in cracking in-situ oil
to natural gas (Figure 31).
For the Marcellus Formation to remain overpressured to present day requires the formation to
have both an effective seal, and a low permeability. Overpressure is then maintained to present
day without addition of more pore fluids, because of relatively low permeabilities. Altering a
formations permeability influences the pore pressure that is retained, and hence the Shmin
magnitude. Sensitivity studies show a lower permeability model has a higher Shmin magnitude
(Figure 27).
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Figure 31. A schematic drawing showing the conversion of organic matter to hydrocarbon vs. depth. The x-scale is
intended to represent the relative volume increase that comes with cracking kerogen to oil, and then oil to natural gas. J1
joints formed during catagenesis, and J2 joints formed during catagenesis/metagenesis. Modified from (Verweij et al.,
2009).
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7.0.

Conclusion

The in-situ stress profile of the Appalachian Basin displays a stress discontinuity at the base of
the Rhinestreet Shale. Below the discontinuity the in-situ stress drop is specific to shale
horizons, being absent in both limestone and sandstone horizons. The origin of this stress drop is
hypothesized to be palaeo-overpressure drainage, resulting from disequilibrium compaction,
cementation, and hydrocarbon maturation in the subject rocks that left these horizons undercompacted. As the lower package was exhumed, the overpressure bled off and the stress levels
fell because of poroelastic relaxation. The resulting under-compacted lower package is therefore
currently unable to maintain in-situ stress magnitudes as high as the upper package, producing
the base-Rhinestreet Shale discontinuity.
I propose a sequence of four necessary steps:
1. Sedimentation rates in the late Devonian/early Mississippian must have been high enough
to cause disequilibrium compaction.
Patchen et al., 1984, and Kohl et al., 2013, calculated a sedimentation rate of 250-400 ft/Ma (76130 m/Ma) during the late Devonian. Sensitivity studies show that these rates were high enough
to cause disequilibrium compaction in the low permeability stratigraphy of the Appalachian
Basin. A burial plot of the McKean County well highlights the early overpressure, before
hydrocarbon generation is likely to have begun (Figure 29).
2. Cementation and lithification must have occurred while the lower section was
overpressured to maintain under-compaction below the base-Rhinestreet Shale.
Evans et al., 1989b, provide chlorite fabric data indicating under-compaction of the package
underlying the base-Rhinestreet Shale discontinuity. Sensitivity studies show that turning off the
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Schneider et al. model resulted in a linear in-situ stress profile with depth. The linear profile
represents cementation of all horizons during a period of equal pressure. Turning on the
Schneider model cemented the organic-rich horizons during a period of overpressure, keeping
them under-compacted and unable to maintain a high Shmin.
3. At the time of maximum hydrocarbon generation, cracking of oil to natural gas must have
generated a pore fluid volume increase (Tian et al., 2008). The fluid volume increase
would have supplemented the initial compaction-related overpressure.
Prevalent throughout the Devonian package below the base-Rhinestreet Shale discontinuity is
evidence for palaeo-overpressure, in the form of natural hydraulic fractures (Engelder and
Lacazette, 1990; Gale et al., 2014; Lacazette and Engelder, 1992). Natural hydraulic fractures
occur when the minimum horizontal stress (Shmin) and tensile strength of a rock is overcome by
pore pressure (Miller, 1995). An increase in pore pressure at depth occurs due to hydrocarbon
generation. The burial plot of the McKean County well highlights both early overpressure due to
disequilibrium compaction, and overpressure at maximum burial due to hydrocarbon generation
(Figure 29).
4. Finally, the pore pressure must bleed off during unroofing from 270 Ma to present
(Figure 29). Pore pressure reduction then must cause a decrease of Shmin due to
poroelastic relaxation.
Pore pressure reduction occurs from 240Ma (time of maximum burial) through to present day
(Figure 29). Importantly, the reduction isn‘t at too high a rate, allowing the gas shale formations
to remain overpressured. Sensitivity studies show that as pore pressure decreases, so too does
Shmin.
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Extrapolating this modeling technique from well-scale, through reservoir-scale, to the basin-scale
for the Appalachian Basin could allow better prediction of in-situ stress magnitudes. In the
Appalachian Basin the stress likely evolved as a four step process, which may be similar to other
Devonian gas shales of North America. Future models can be refined as local lithologies and
burial histories are better understood. In the Appalachian Basin, the acquisition of more in-situ
stress measurements above and below potential industry targets will provide better calibration for
future in-situ stress basin models.
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