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A Geomechanical Model for the Appalachian Basin 

 

Executive Summary 

 

A geomechanical model is useful for predicting in situ stress and rock properties in places where drilling 

has yet to confirm such details.  Stress and rock properties are some of the most important input 

parameters in designing wells yet actual data can, and often is, limited.  Rock properties can encompass 

several types including elastic, strength, transport, pore space distribution, and natural fracture 

networks.  In situ stress, an extrinsic property of a basin, may be predicted providing an adequate 

combination of rock properties are known or adequately inferred.  This report describes the 

construction of an app designed to predict in situ stress in the Middle and Upper Devonian section of 

the Appalachian Basin.  The app, ‘Appalachian Basin stress calculator’ or ABSC is for the use of engineers 

when designing wells in the unconventional reservoirs in the Devonian section of the Appalachian Basin. 

The ABSC app is built upward from a platform of in situ measurements in two wells:  The McKean 

County calibration well (MCCW) and the Wilkins well of South Canisteo NY.  Stress measurements in the 

MCCW are part of this project and new to the literature whereas the Wilkins well has been in the 

literature for over 25 years (Evans et al., 1989; Plumb et al., 1991).  Sonic scanner logs (i.e., 

compressional and shear-wave travel times) were collected in both wells so that all five independent 

elastic stiffnesses are known for each Devonian section.  In situ stress in both wells was measured using 

a micro-hydraulic fracture device consisting of straddle packers with a 3 ft injection interval.  Stress in 

the MCCW was taken to depths of 4,700 ft where stress in the Wilkins well was limited to less than 

3,600 ft.  In both wells, the stiff layers of limestone and sandstone were subject to a higher stress than 

the interlayered shale.  This is a manifestation of a tectonic strain because original basin consolidation 

and lithification leaves at least the sandstone layers at a lower stress than bounding shale.   

An extrapolation of stress in the two calibration wells to the full basin requires information on rock 

properties across the region.  Sonic logs provide the most straight forward information on rock 

properties and these are far more common in basins than in situ stress measurements.  The elastic 

properties, mainly Young’s modulus and Poisson’s ratio are readily calculated from P-wave, S-wave, and 

Tube-wave velocities recorded by full waveform sonic logs.  These elastic properties are the constants 

necessary for calculating the horizontal stress most important to engineers, Shmin, where poroelastic 

conditions under uniaxial strain yields the best prediction of stress.  Without adding the effects of elastic 

tectonic strain and abnormal pore pressure, poroelastic behavior under just overburden loads 

underestimates the in situ stress in both the MCCW and Wilkins well.   

Because elastic tectonic strain is unknown, the stress prediction obtained from sonic logs through the 

application of poroelastic equation must be calibrated for pore pressure and tectonic strain by adjusting 

these parameters until the predicted stress from poroelastic behavior is minimized relative to the in situ 

stress measurements.  For the two calibration wells, the error between predicted and in situ stress was 

minimized when a tectonic strain is the order of 8 e-5 or somewhat less.  Minimizing the error also 

requires an abnormal pore pressure for the Marcellus but no other units in the Devonian section.  Pore 

pressure in the Marcellus was taken from an industry data set.  A stress calibration in the Marcellus is 
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consistent with pore pressure gradients as high as 0.9 psi/ft whereas the best match between predicted 

and in situ stress data for the Mahantango, the gray shale above the Marcellus, is obtained with the 

assumption of normal pore pressure.   

From rock properties in the MCCW, the Middle and Upper Devonian section is conveniently divided into 

seven mechanical units.  These mechanical units can be tied by sonic logs from 46 wells throughout the 

Appalachian Basin.  The ABSC app for constructing a geomechanical model of the Appalachian Basin is 

based on the extrapolation of in situ stress from two wells to the 46 wells with sonic data.  Because the 

sonic data are relatively granular over an area of tens of thousands of square miles, the granularity was 

reduced by using the 438 gamma ray logs within the app data set.  The ABSC app takes advantage of the 

general fact that when the seven mechanical units are lumped together, the correlation between sonic 

P-wave velocity and gamma ray API throughout the basin has coefficient determination of R2 > 0.8.  The 

correlation is non-linear.  This high correlation means that the fine granularity of gamma ray logs can be 

used to extrapolate in situ stress from the two calibration wells (i.e., the MCCW and the Wilkins well) to 

any Devonian section in the Appalachian Basin. 

Presently, the ABSC is a prototype.  There are several modifications that will be made before the app is 

released as a finished version.  The present working version is based on just a Pennsylvania data set.  It 

can and will be easily upgraded to work for the entire Appalachian Basin. 

A second calibration of the MCCW was attempted by matching the sonic with ultrasonic measurements 

from sidewall core taken within the MCCW.  This attempt is described in a separate paper attached to 

this report as Appendix 1.  A second well in the Marcellus was also tested during work on the ABSC app 

and some of this work appears in a paper attached to this report as Appendix 2.  The interim report for 

Subtask 5.1 is attached to this report as Appendix 3.   The interim report for Subtask 5.2 is attached to 

this report as Appendix 4.    
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Acronyms and abbreviations  

 

ABSC – the app, ‘Appalachian Basin stress calculator’ 

R – gamma ray log 

%Ro – vitranite reflectance (a measure of thermal maturity) 

API – American Petroleum Institute gamma ray number 

MCCW - McKean County calibration well (083-A) 

mfs – maximum flooding surface 

PA – Pennsylvania 

P-waves – Compressional seismic and sonic waves 

S-waves – Shear seismic and sonic waves 

Tcf – trillion cubic feet 

TOC – Total organic carbon 
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Constants and Variables 

 

 – Biot’s coefficient of poroelasticity 

Hmax – maximum tectonic strain (in the direction of SHmax) 

hmin – maximum tectonic strain (in the direction of Shmin) 

 – shear modulus 

 – Poisson’s ratio 

b – bulk density 

 

Cij – components of Nye’s elastic stiffness matrix 

Cijkl – components of the elastic stiffness tensor 

E – Young’s modulus 

Pc –confining pressure, a laboratory term for lithostatic stress (Sv) 

Pe – effective stress 

Pp - Pore pressure 

Pp/z – pore pressure gradient 

R2 – coefficient of determination 

Shmax – maximum horizontal stress 

Shmin – least horizontal stress 

Sv – vertical stress (lithostatic stress) 

V – sonic velocity 
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Introduction 

The Marcellus Formation of the Appalachian Basin is one of the world’s most valuable gas resources by 

virtue of its sheer size (Engelder, 2009).  The first Marcellus test took place in October 2004 and five 

horizontal wells were tested by late 2007 (Ventura et al., 2013).  A rush to lease acreage for exploitation 

of the Marcellus took place in 2008 (Engelder and Lash, 2008).  By 2014 production from the Marcellus 

reached 5 Tcf/yr, more than 20% of America’s entire demand for natural gas, a remarkable buildout of 

infrastructure in the seven years since the rush started.  This buildout required the optimization of a 

number of production techniques involving the spacing and length of laterals, the length of stages and 

number of perforation clusters per stage, the injection rate, the proppant load, and length of time 

pumping a stage (King, 2010).  In the Appalachian Basin, as in other gas shale plays, optimization of 

production techniques is influenced by the interaction between fracture propagation and the tectonic 

stress field within the upper crust of the Earth.   

The state of rock stress in the Appalachian Basin of eastern North America is manifest first and foremost 

by the orientation of laterals extending from a drill pad.  Because hydraulic fractures run in the direction 

of the maximum horizontal stress (SHmax), the optimum placement of the laterals is at a high angle to 

that direction (Fisher et al., 2004).  In the rocks of the Appalachian Basin, SHmax is roughly ENE-WSW 

(Plumb and Cox, 1987) so laterals are drilled in the NNW-SSE directions.  The Marcellus Formation is a 

heterogeneous rock as the result of a complex depositional, diagenetic, and deformational history (Lash 

and Engelder, 2011; Ver Straeten et al., 1994).  Such a complex history leads to variations in lithological 

characteristics within the gas shale such as volume % total organic carbon (TOC) and carbonate content.  

These two components of a gas shale give rise to extreme differences in elastic properties which can 

have a great influence on the variation of stress magnitude, particularly the least horizontal stress 

(Shmin), the stress component that influences the properties of fracture growth (Nolte and Smith, 1981).  

For example, in gas shale, thin limestone units may act as high stress layers that form pinch points for 

proppant placement should hydraulic fractures break through (Waters et al., 2011).  Other concerns 

associated with rock stress include excessive fracture height growth, markedly high fracture initiation 

pressures, and proper injection rates (Gidley et al., 1989).   

Aside from rock properties, pore pressure (Pp) is a major in situ parameter that affects the state of 

stress in rock (Engelder and Fischer, 1994; Salz, 1977; Segall and Fitzgerald, 1998).  By poroelastic 

deformation Pp drives up the horizontal stresses within a basin and this has a profound impact on the 

stress state in gas shale where the pore pressure gradient (Pp/z) may reach above 0.85 psi/ft (Higgins 

et al., 2008).  The Marcellus Formation is overpressured over a large portion of the PA Appalachian 

Plateau (Zagorski et al., 2010).  Depletion of an overpressured gas shale will follow a predictable stress 

path as long as the rock properties are well constrained (Shahri et al., 2013).  

The primary objective of this project is to develop a geomechanical model for the Marcellus gas system 

in the Appalachian Basin for the purpose of predicting a stress profile and fracture gradient in frontier 

areas which have been reduced to the size of townships by extensive drilling.  Presumably these data 

will then be used by the petroleum engineer in designing for an optimum hydraulic fracture stimulation.  

Geomechanical models are developed using known stress profiles as calibration points and then 

extrapolated using a broad suite of log- and core-based petrophysical data from gas wells throughout 

basin.  These efforts are viewed as an extension of the South Canisteo ( N Y) experiment where a stress 

profile was measured using  several dozen mini-hydraulic fracture measurements (Evans et al., 1989; 
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Plumb et al., 1991).  Similar stress profiles have been constructed using petrophysical properties 

(Abousleiman et al., 2009; Ahmed et al., 1991; Barree et al., 2009; Song and Hareland, 2012; Waters et 

al., 2011).  

The element that is unique with this present work is the construction of a basin-wide model for the 

Appalachian Basin.  Such a model involves the correlation of stratigraphic units that exhibit similar if too 

the same mechanical properties across the full extent of the Appalachian Basin.  These units then define 

a mechanical stratigraphy for the basin. 

 

Basin Stratigraphy 

The stratigraphy of the Middle and Upper Devonian sections of the Appalachian Basin is made complex 

by thickness variations and two sources of clastic particles (Figure 1).  To southeast the Acadian 

Mountains shed a flux of quartz and clay from a tectonic highland One (Woodrow and Sevon, 1985).  

This is manifest as the Mahantango  delta complex prograding toward the west-northwest during the 

later Middle Devonian (Ettensohn, 1985).  The Upper Devonian section consists of a westward 

prograding delta, the Catskill delta complex.  To the northwest the Findlay-Algonquin arch shed 

carbonates but at a much lower rate (Castle, 2001).  This gives the basin an asymmetry in both content 

of clastic flux and thickness that ultimately affects any model of Middle and Upper Devonian mechanical 

stratigraphy.  In matching mechanical stratigraphy with widely held stratigraphic cross sections of the 

Appalachian Plateau, the authorities include a section for PA (Harper and Piotrowski, 1979; Lash and 

Engelder, 2011; Van Tyne, 1983), a section for NY (Harper and Piotrowski, 1979; Lash and Engelder, 

2011; Van Tyne, 1983) and a Marcellus-specific section (Harper and Piotrowski, 1979; Lash and Engelder, 

2011; Van Tyne, 1983) (Figure 2).  Two limestones, the Onondage and Tully, subdivide the PA section 

with the Marcellus and Mahantango Formations of the Hamilton Group sandwiched between.  Several 

black shale formations punctuate the section above the Tully with the basal Middle Devonian Geneseo 

(NY)/Burket (PA) being the most laterally continuous across the Appalchian Plateau.  Other black shales 

that define the Upper Devonian section include the Middlesex, the Rhinestreet, and the Dunkirk 

(PA)/Huron (OH).  The Middlesex is the least extensive whereas the Rhinestreet and Dunkirk grow in 

prominence in both gamma ray and density logs toward the western edge of the basin but have little 

effect on mechanical stratigraphy for most of the PA portion of the Appalachian Basin.   The Marcellus 

has an internal stratigraphy based on the presence of one or more internal limestone units collectively 

called the Purcell (PA)/Cherry Valley (NY) (Figure 2).  However, for the general basin model, the 

Marcellus is treated as one mechanical unit. 

 

The Theory 

Industry-based geomechanical models for basins are built on the assumption that linear elastic behavior 

defines the most important processes in and around reservoir rocks.  This behavior is expressed in its 

most general form as the relationship between stress, ij, and its coupling to rock strain, ij, and pore 

pressure, Pp, through Hooke’s Law (Wang, 2000) 

pklijklij PC    (1) 
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where  is the Biot coefficient of poroelasticity and Cijkl, is the 81-component stiffness tensor.  Cijkl, is 

reduced to a stiffness matrix using the following convention (Nye, 1985): 
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where the off diagonal components are equal so that C12 = C21, C13 = C31, and C23 = C32.   Cij represents the 

orthorhombic symmetry of a tectonite, a deformed rock that has tectonic cleavage superimposed on a 

bed-parallel compaction fabric (Turner and Weiss, 1963).  Several of the off-diagonal components 

reduce to zero for orthorhombic symmetry.  As a general rule of thumb, deformed rocks in any foreland 

carry a layer-parallel shortening fabric that is manifest as an elastic anisotropy in the horizontal plane 

(Engelder, 1979).  Rocks of the Appalachian Basin including the Marcellus are fully anisotropic with an 

orthorhombic symmetry (Oertel et al., 1989). 

The uniaxial strain state applies to most, but not all basins during industry time frames of less than a few 

years.  Under uniaxial strain the general equation for Hooke’s Law is greatly simplified for prediction of 

Shmin which may be expressed in terms of two elastic properties and the overburden stress (Sv) plus pore 

pressure (Pp).  The additional constant, Biot’s coefficient of poroelasticity (), is required because stress 

is coupled to pore pressure through poroelastic behavior.  In an isotropic basin subject to uniaxial strain 

(Anderson et al., 1973) 

  ppvh PPSS 








1min  (3) 

where the elastic property, Poisson’s ratio (), must be measured in situ and confirmed by laboratory 

tests.  If tectonic strain affects the rock, then the poroelastic behavior becomes more complex 

(Thiercelin and Plumb, 1994)   
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where an additional elastic property, Young’s modulus (E) is required.  If the rock is a shale with a strong 

compactional anisotropy, the equation for Shmin is further complicated 
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where the elastic properties are different in the vertical and horizontal directions.  This formulation 

assumes no tectonic fabric which is not the case for the Appalachian Basin (Oertel et al., 1989).  The 

relative strength of the tectonic fabric in the Appalachian basin is seen in measurements of magnetic 

susceptibility (Hirt et al., 1995).  However, the assumption is made that the tectonic fabric is so much 
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weaker than the compaction-related fabric that the formed is ignored in most basin analyses as 

described below. 

Geomechanical models predict the state of stress which is the response of a rock to short-term loads of 

two forms, dynamic and static.  Dynamic loads are the very rapid but very low magnitude loads 

associated with the passage of seismic waves.  These loads are applied at frequencies between a few Hz 

and many kHz during seismic exploration, sonic logging, and laboratory ultrasonic measurements.  Static 

loads are much larger but applied at a rate significantly slower than the passage of seismic waves.  

Equation 3-5 are predictions of in situ stress from static loads.  From an industry point of view the most 

important static loads involve the fracture of rock as a consequence of the stress concentration around 

wellbores and hydraulic fracture stimulation.  The rock’s response to both dynamic and static loads 

depends on the state of stress in the rock which is set by its elastic properties, pore pressure and 

tectonic strain.  For example, the pressure for hydraulic fracturing is sufficient to breakdown rocks under 

lower horizontal stress without being sufficient to breakdown rocks under higher stress.  Classic 

engineering designs for hydraulic stimulation use this bed-by-bed stress difference for containment of 

fractures within beds (Nolte and Smith, 1981).  On the contrary, the lack of bed-by-bed differences in 

stress is the basis for engineering hydraulic fracture stimulation of gas shale where much larger vertical 

fracture growth is expected before higher-stressed beds are encountered (Maxwell et al., 2002).  

Engineers would like a prediction of this stress state before designing a well’s drilling and stimulation 

program but before equations 3-5 can be used to assess the state of stress, knowledge of the elastic 

properties of the rock plus pore pressure and tectonic strain are required. 

Sonic logs are the primary tool for estimating elastic properties in basins (Abousleiman et al., 2009; Song 

and Hareland, 2012; Tingay et al., 2009).  With the bulk density (b), elastic properties, mainly Young’s 

modulus (E) and Poisson’s ratio (), are known through the P-wave, S-wave and Stoneley wave velocities 

of the rock.  Before proceeding, the industry commonly simplifies the orthorhombic symmetry largely 

because bedding normal compaction creates a much stronger elastic fabric that layer-parallel shortening 

(Higgins et al., 2008; Thiercelin and Plumb, 1994).  The assumption is that the tectonic fabric does not 

significantly affect geomechanical models and that rocks of foreland basins transversely isotropic in the 

vertical direction (TIV).  With the assumption of TIV, the stiffiness matrix becomes:  





























66

44

44

333131

131121

131211

00000
00000
00000
000
000
000

C

C

C

CCC

CCC

CCC

Cij      (6) 

For the TIV matrix there are five independent elastic stiffnesses becasue C66 = (C11 – C12)/2. These elastic 

stiffnesses are readily available from full waveform sonic data.  In this case the relationship between the 

stiffness components and vertical sonic velocities are 

2
33 PVVC   (7) 

for the vertical compressional wave velocity (VPV) 
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2
44 SVVC   (8) 

for the vertically polarized shear wave velocity (VSV) and 

2
66 SHVC   (9) 

for the horizontally polarized shear wave velocity (VSH).  VSH is not available directly from sonic logs but 

the Stoneley wave (VT) is measured and this allows the calculation of C66 (Norris and Sinha, 1993): 
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and set to zero (Thomsen, 1986) to solve for C13.  It is assumed that C12 = C13 and then vertical and 

horizontal E and  are found using 
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Calibration Wells 

Mechanical earth models are based on the elastic properties of the host rock, its strength, its pore 

pressure, and earth stresses.  Validation of the model comes from in situ stress measurements in wells 

where both stress measurements and sonic log data exist.  Prior to this work, deep stress measurements 

in the Appalachian Basin consisted of a study near Auburn, NY, in the Cambrian Theresa sandstone and 

Ordovician Queenston and Lorraine shales (Hickman et al., 1985) and a study near South Canisteo, NY, 

(Figure 3) in Middle and Upper Devonian clastic and carbonate rocks (Evans et al., 1989; Plumb et al., 

1991).  This report adds to the inventory of deep Appalachian Basin stress measurements.  This 

inventory will be used as calibration points for a basin-wide geomechanical model. 

An idea calibration well should be situated to reflect a number of geological parameters including 

section thickness, clastic influx, and depth of burial.  No one site is perfect but some sites are better than 

others for capturing the essence of most geological variables affecting mechanical stratigraphy.  A site 

was selected to capture the dual nature of the clastic flux into the Appalachian Basin (i.e., a siliciclastic 

source to the SE and a carbonate source to the WNW).  Selection was also guided by finding a location 

along strike with the South Canisteo well (Figure 3). 

A pilot well was drilled by Shell Appalachia Exploration and Production in McKean County, PA, hence 

forth called the McKean County Calibration Well (MCCW: 083-B in Figure 3).  Shell conducted a full 

geophysical log suite on the well allowing specific horizons of interest to be identified.  A Schlumberger 

Modular Dynamic Testing (MDT) tool was lowered into the open hole following the geophysical log 

suite.  The well was cased down to 2540 feet, with open hole down to 4910 feet.  Ten horizons were 

selected to minifrac from the initial Platform Express well log, representing a wide range in depths and 

lithologies.  The series of ten measurements covered an interval between the Middle Devonian 

Onondaga Limestone and the Upper Devonian Rhinestreet Fm.  Several measurements were taken in 

the Marcellus gas shale.  Each measurement was based on a pressure-time curve that allowed an 

interpretation of Shmin and occasionally breakdown pressure (Pb).  Additional FMI data also allowed SHmax 

orientation to be confirmed as 65o ENE (WSW).   

Ten stations (Table 1) were tested by cycling pressure until the rock broke down (the first cycle) or an 

induced fracture reopened (the subsequent cycles).  After each pressure-time cycle which injects 

between a fraction of a liter and up to two liters into the induced crack, the packed-off interval was shut 

in and fluid is allowed to leakoff into the formation.   In tight rocks like gas shale leakoff to closure 

pressure (i.e., Shimn) can take as much as 10,000 sec.   The behavior of leakoff can vary from station to 

station depending on whether the rock allows normal (i.e., pressure independent) or pressure-

dependent behavior.  If the induced fracture taps into a larger preexisting fracture or fracture network, 

leakoff can be more complex.  The McKean County experiment displayed normal leakoff at one station, 

pressure-dependent leakoff at five stations, and transient storage (i.e., intersection one or more natural 

fractures) at three stations.  The tenth station consisted of short cycles without enough time to 

determine leakoff behavior or closure pressure.   

Shmin (i.e., closure pressure) in the Devonian section of MCCW is consistent with data from the South 

Canisteo experiment below the depth at which topography affects the state of stress (Figure 4).  There, 

the overburden gradient is controlled by the density of the Devonian section (Sv/z = 1.17 psi/ft).  A 

normal fracture gradient should be on the order of Shmin/z ≈ (75%-85%)(Sv/z).  When the South 
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Canisteo data for Shmin is extrapolated to the MCCW data, fracture gradient follows the overburden 

gradient but is offset to a lower pressure by about 1500 psi (10.3 MPa).  This is characteristic of 

compaction disequilibrium during burial but the Appalachian Basin is fully lithified and partially 

exhumed.  Another explanation for Shmin following the overburden gradient when extrapolated from 

South Canisteo to the MCCW is that Marcellus is overpressured in McKean County whereas the shale at 

South Canisteo was not.   The stress in the Geneseo/Burket is on a normal fracture gradient relative to 

the South Canisteo data.  The interpretation for the MCCW data is that pore pressure driven poroelastic 

deformation has driven Shmin up above a normal fracture gradient. 

The MCCW stress profile displays a layered Shmin which is consistent with a mechanical stratigraphy 

(Figure 4).  As is the case at South Canisteo, sandstone layers are more highly stressed than shale, an 

indication of the effect of tectonic strain on the section.  Limestones above and below the Marcellus 

carry a higher stress, an indication that unlimited upward and downward growth is less likely than 

outward growth.  This supports the notion that the tectonic strain is uniform through the Devonian 

section and without a strain gradient.  Fractures are likely to be contained within the reservoir shale by 

these stress barriers. 

One station was placed above a natural fracture that appeared in images from an FMI log.  This 

experiment was to develop leakoff data for a known fractured interval.  The shut-in curve from leakoff 

at two other stations was consistent with the presence of natural fractures even though they could not 

be detected in a pre-drill FMI image.  The significance of evidence for transient storage at three stations 

is that it demonstrated the presence of a pre-drill natural fracture network that is open and permeable 

(i.e., not sealed veins).  There is some debate concerning the extent to which gas shale is naturally 

fractured.  Certainly, outcrops display plenty of evidence for natural fractures but there is still some 

doubt about their presence in the deep subsurface.  Leakoff behavior in the McKean County experiment 

demonstrates the presence of open fractures at depth, indeed a significant result. 

 

Sonic Velocity to Stress Calibration 

A geomechanical model of any basin is inexact because there are more variables than can be 

constrained by in situ measurements.  This is also true when matching sonic data to stress 

measurements in a calibration well.  Variables include pore pressure (Pp), Biot’s Coefficient (), the 

anisotropy of the rock, and the difference between static versus dynamic moduli.  Some of these 

parameters can be narrowed with appropriate assumptions.  For example, if the host rock is fractured,  

= 1.  The magnitude of Pp is known from production tests to a first approximation and these data are 

available in the Appalachian Basin (Figure 5).  Even if these parameters are known accurately, the 

prediction of stress based poroelastic models and elastic properites from sonic data usually 

underestimates the horizontal stress relative to in situ measurements.  This is taken as evidence that 

tectonic strain affects the lithosphere (Thiercelin and Plumb, 1994). 

The variable that is hardest to estimate is the tectonic strain (xx).  In the Appalachian, the mechanism of 

strain is uncertain and could arise from one of at least three sources:  lithospheric flexure associated 

with glacial rebound; elastic relaxation associated with exhumation following the relaxation of the 

Alleghanian Orogeny;  uplift associated with the Miocene denudation of the Appalachian Basin with the 

exposure of the Adirondacks being the most prominent feature;  or post-Miocene tectonic loading 
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through the effect of plate tectonics on the eastern seaboard of North America.  Even if the mechanism 

for generating tectonic strain is understood, the ratio of the two horizontal strain components (xx v yy) 

may not be known.   Finally, the strain profile may not be known with certainty with strain either being a 

constant value with depth or it develops as a strain gradient.   

An estimation of the tectonic strain is the reason that calibration wells are required for basin-wide 

geomechanical models.  With one measured stress value, the calibration could be easily made by 

shifting the stress profile to match the measured value (Song and Hareland, 2012). When there are 

multiple stress measurements at different depths, nonlinear optimization is generally necessary in 

calibration.  Calibration in the Appalachian Basin is possible with two wells:  the MCCW and the Wilkins 

well at South Canisteo (Plumb et al., 1991).  The former has multiple measurements of Shmin, whereas 

the latter has multiple measurements for both Shmin and SHmax.  

The minimum horizontal stresses are measured at ten depths in Shell well (083-B), in McKean County of 

Pennsylvania. The calibration is conducted by minimizing the function: 

  


n

i hih SS
1

2
min                          (18)                                                                                                   

where n is the number of locations where minimum horizontal stresses are measured,  hiS  is the ith 

measured minimum horizontal stress, and Shmin is the corresponding predicted value given in Eq. 5 for 

TIV formations (Thiercelin and Plumb, 1994).  Initially the maximum tectonic strain Hmax = xx is assumed 

to be two times the minimum tectonic strain hmin = yy. (Song and Hareland, 2012).  For the variation of 

tectonic strain over depth, two conditions are considered based on the literature. One assumes a 

constant strain (Thiercelin and Plumb, 1994), and the other one assumes a constant strain gradient 

which leads to zero tectonic stress at ground level (Song and Hareland, 2012). 

Stress calibrations are given in terms of stress gradients.  For the MCCW the predicted minimum 

horizontal stress gradient is underestimated using just poroelastic deformation (i.e., Eq. 5) without the 

superposition of a component of tectonic strain (Figure 6).  To calibrate for stress in the MCCW, the hmin 

is continually adjusted until the function in Eq. 18 is minimized.  The calibrated values match the in situ 

data (i.e., the ten Schlumberger MDT stress tests) and the error between predicted stress and the MDT 

measurement is within 10% when the minimum horizontal strain is a constant 7.98 e-5 entire Devonian 

section.  The stress values predicted by Schlumberger also generally match the in situ measurements but 

there are three data with an error > 10% and one datum with an error of 27% (Figure 6).  

The difference between the present calibration and that presented by Schlumberger is that this report 

assumes a bimodal Pp distribution (Pp/z = 0.71 psi/ft in the Marcellus and Pp/z = 0.46 psi/ft in the 

section over the Marcellus and in the Onondaga) and one value for tectonic strain (i.e., 7.98 e-5).  

Schlumberger appealed to a constant Pp/z = 0.57 psi/ft and a larger tectonic strain in the Marcellus 

relative to overburden.    

Schlumberger chose a bimodal tectonic strain which is not consistent with the larger plastic strains 

imposed by the Alleghanian Orogeny.  Layer-parallel shortening of the Devonian shale section is uniform 

up and down the section (Engelder and Engelder, 1977; Oertel et al., 1989).  Schlumberger did recognize 

that the Marcellus was over pressured and, thus, set a Pp/z above hydrostatic but applied this 

throughout the Devonian section.  Our result gives smaller errors in calibration of the sonic-based stress 
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curves if a bimodal Pp/z is used with abnormally high Pp restricted to the Marcellus section.  This 

exercise in the MCCW which reduces the calibration error gives us some confidence that the correct 

geomechanical model for the Appalachian Basin is the extrapolation of a bimodal Pp/z across the 

basin.   

The use of a bimodal Pp/z across the basin is further reinforced by examining the stress datum in the 

Oatka Creek Member of the Marcellus (i.e., OCK in Figure 6).  By setting a low Pp/z Sclumberger 

underestimated the stress in the Oatka Creek Member by 16%.  This error reflects the strong role that 

poroelastic deformation plays in setting stress in the Marcellus.   

Sensitivity analysis is conducted to analyze how the ratio of maximum tectonic strain over minimum 

tectonic strain effects the calibration results (Figure 7).  By increasing the Hmax, hmin decreases from 9.23 

e-5 to 4.75 e-5 when Hmax/hmin increases from 1 to 7. The average error of minimum horizontal stress, 

defined as the average of the absolute error values, decreases from 4.9% to 4.6%. 

The literature contains some examples of a sonic log-stress calibration that assumes a constant tectonic 

strain gradient (Song and Hareland, 2012).  The calibrated values also generally match well with the 

measured data and the error is within 13%, and the calibrated minimum horizontal strain gradient 

minh  is 1.89 e-8/ft (Figure 8). By comparing the stress gradients with constant strain and constant 

strain gradient, they are generally close at depths with stress measurements but different at shallower 

depths. In the former condition, the minimum horizontal stress gradient generally increases with 

decreasing depth, and it exceeds the overburden stress gradient (1.17 psi/ft) at shallow depth. In the 

latter condition, the minimum horizontal stress gradient is smaller than that in the former condition and 

it is always smaller than the vertical stress gradient. As extensive experiment results show that the 

minimum horizontal stress is larger than vertical stress at shallow depth (Nadan and Engelder, 2009), 

the former assumption with constant strain is regarded to be better and it is adopted in the 

“Appalachian Basin Stress Calculator” app. 

Both the minimum and maximum horizontal stresses are measured at several depths in Wilkins well, 

near South Canisteo NY (Plumb et al., 1991). The stresses measured in two directions make it possible to 

calibrate both the minimum and maximum tectonic strains by minimizing the function: 
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where n is the number of locations where two horizontal stresses are measured, 
HiS  is the ith measured 

maximum horizontal stress, and SHmax  is the corresponding predicted value given as follows for TIV 

formations (Thiercelin and Plumb, 1994): 
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The stresses are measured at 28 depths ranging from 1837 ft to 3325 ft, and 13 of them shallower than 

2375 ft are used in the calibration as stresses drop significantly starting from that depth. Both the 

minimum and maximum tectonic strains are assumed to be constant, and two conditions are considered 

with assumed isotropy and TIV formations respectively.  
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For isotropy formations, the calibrated minimum and maximum tectonic strains are 6.33 e-5 and 4.41 e-4 

respectively, and the maximum tectonic strain is around seven times the minimum tectonic strain. The 

predicted minimum and maximum horizontal stresses match well with the measured values, and the 

error is within 14% (Figure 9).  For TIV formations, the calibrated minimum and maximum tectonic 

strains are 5.72 e-5 and 3.82 e-4 respectively, and the maximum tectonic strain is around seven times the 

minimum tectonic strain.  The predicted minimum and maximum horizontal stresses also match well 

with the measured values, and the error is within 17% (Figure 10). By comparing the tectonic strains in 

the MCCW (83-B) and the Wilkins well (South Canisteo, NY), it is shown that tectonic strain is on the 

same order of magnitude across the Appalachian Basin (Figure 3).  

 

Mechanical Stratigraphy 

Establishing a mechanical stratigraphy for the Middle and Upper Devonian section of the Appalachian 

Plateau requires a suite of digital logs (i.e., LAS files) that are reasonably common across the areal extent 

of the Marcellus gas play.  In this region there are 436 wells with both gamma ray and density logs in our 

data base mainly downloaded from PA-IRIS, the PA-DCNR website for maintaining a log data base in PA.   

Of these logs, 145 come from wells with Marcellus penetrations.  Even without a Marcellus penetration 

LAS files are useful for correlation of mechanical units and establishing structural contours within the 

basin.  While the gamma ray and density logs give no direct measure of mechanical properties within 

the Devonian section, sonic logs do.  There are 46 sonic logs spread somewhat uniformly throughout the 

Pennsylvania Plateau and these are the basis for establishing a mechanical stratigraphy (Figure 3).  The 

MCCW is one of the 46 wells with a sonic data penetrating the Marcellus (Table 2). 

The  Marcellus gas shale is about 80 feet thick in the MCCW (Figure 11).  The transition between the 

Onondaga and Union Springs Member of the Marcellus is about 10 feet on which sits the maximum 

flooding surface (mfs) with an API of 799 (Lash and Engelder, 2011).  The bottom 200 ft of the MCCW 

runs from the Onondaga Limestone up through the lowest portion of the Mahantango Formation.  A 

compressional and shear sonic scanner log was run between the shoe of the intermediate casing at 2540 

ft and 4911 ft.   Unfortunately, the well washed out in six intervals through the Marcellus but fortunately 

not in the organically richest section which included the mfs.  The placement of the MDT tool for stress 

measurements was dictated by the need to avoid the washouts.  This meant that only one measurement 

came from the Oatka Creek Member.  Other stress measurements came from the Onondaga (1 datum), 

a limestone layer in the transition between the Onondaga and Marcellus (2 datum), the Union Springs (2 

data), and the Stafford Limestone at the base of the Mahantango (1 datum).  Other stress measurement 

came from the Mahantango (1 datum), the Geneseo black shale (1 datum), a shale in the Rhinestreet (1 

datum) and a sandstone in the Rhinestreet (1 datum) (Figure 12). 

Based on the characteristics of the P-wave sonic travel time in the MCCW, the section was divided into  

seven mechanical units starting with the Onondaga (Figure 12).  Moving upward, these units include the 

Marcellus, Mahantango (including Centerville Limestone and Moscow Fm in NY), Tully (missing in the 

MCCW), Geneseo (Burket in PA), Braillier (Ithaca through Middlesex in NY), and Upper Devonian 

(Rhinestreet and above in NY) (Figure 13).  This same division of the Middle and Upper Devonian section 

is seen in each of the Appalachian Basin wells for which sonic data was gathered (Figure 14).  The 

Marcellus and Geneseo have the slowest sonic travel times whereas the Onondaga and Tully have the 

fastest sonic velocity.  The most difficult mechanical bed boundary to identify is that found at the 
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bottom of the Rhinestreet where there is a distinct step to slower travel times throughout much of the 

basin.  The slow Middlesex is included within the Brallier package because it becomes rapidly less 

distinct to the south and east of the MCCW.  The logic of the distinction between the Brallier and Upper 

Devonian is apparent in the 2000 ft log displayed in the right tracks of Figure 12.  The Upper Devonian 

gradually increases in grain size which is reflected in a consistently faster travel time.  In the MCCW, the 

Upper Devonian is the thickest section.  It’s possible to subdivide the Mahantango based on the 

presence of two basin-wide limestone layers but these remain as internal members of the Mahantango 

gray shale.  The Marcellus may also be divided by the presence of the Purcell Limestone (Cherry Valley in 

NY) but for this report, the two members of the Marcellus are combined.      

For a basin-wide geomechanical model, the seven mechanical units of the Middle and Upper Devonian 

may be traced from the MCCW to the east and to the southwest (Figure 15).  In a west to east section 

the mechanical units of the Middle Devonian expand in thickness (Figure 16).  At the MCCW (83-B) the 

Tully Limestone is missing by an erosional unconformity which is indicated by the sharp upper boundary 

of the unit in well 47-A.  Further east in wells 105-A and 117-B the upper surface of the Tully Limestone 

is not abrupt, thus indicating a normal stratigraphic boundary.  The Tully is characterized by a low sonic 

travel time, high density, and high Poisson’s ratio.  The Genesee thickens to the east but loses its high 

gamma ray signature at well 117-B.  The Genesee is denoted by a low density, high sonic travel time, 

and low Poisson’s ratio.  The Marcellus is characterized by an eastward thickening with high sonic travel 

times, low densities, and low Poisson’s ratio.  In a north to south cross section, the Tully limestone is 

missing at both the northern and southern ends due to an erosional unconformity (Figure 17).  The 

Brallier to Upper Devonian bed boundary is particularly clear when moving to the south in the basin. 

 

Basin-wide extrapolation of geomechanical properties 

A basin-wide geomechanical model requires the quantitative correlation of mechanical units as done in 

a qualitative manner by the fence diagrams of Figure 16 and Figure 17.  Construction of the model 

started by calibrating sonic logs against ground truth, in situ stress measurements in the MCCW and the 

Wilkins well at South Canisteo, NY (Figure 4 through Figure 10).  Sonic logs were than correlated across 

the basin just like the classical correlation of gamma ray logs.  Sonic logs, particularly the P-wave travel 

time logs, are just as effective for correlation as gamma ray logs, particularly in thick but monotonous 

shale sections found in the Devonian section of the Appalachian Basin.  Despite the ‘stratigraphic’-like 

correlation of mechanical units, the spatial distribution of sonic logs is too thin to use for constructing 

geomechanical models at the scale of townships.  Sonic data are available in only 46 of 436 wells in our 

data base.  Consequently, the much more pervasive gamma ray logs may be of great help in providing 

geomechanical data on the scale of townships provided there is a quantitative justification for using the 

gamma ray log as the primary measure of geomechanical behavior.   

To proceed with a geomechanical model correlations were established between sonic properties and 

more readily available logs, such as density and gamma ray logs.  For this correlation 14 wells with the 

most complete sonic data were selected (Figure 18).  The correlation between P wave velocity and 

density in the seven mechanical units based on eleven selected wells because two of the selected wells 

do not have density data (Figure 19).  Based on a general trend in the data and quanlitative judgment, 

there are four groups of data which might include the two black shales, the two limestones, the two 

gray shales and the Upper Devonian.  The correlation coefficient (R2) for all seven mechanical units is 
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very low at best and certainly not good enough to make any statistical judgments.  As a qualitative 

statement, the P wave velocity generally increases with density in most units including two black shales, 

the Geneseo and the Marcellus.   In the black shales density inversely correlates with organic matter 

(TOC) and P wave velocity decrease as TOC increases.  These are the slowest of the four mechanical 

groups.   The fastest of the mechanical groups include the two limestones but there is no correlation 

between sonic velocity and density.  The slope of the P-wave velocity versus density curve is positive 

and a little steeper for the gray shale of the Mahantango and Brallier.  Here the stiffness of the shale 

increases fast enough to negate the effect of density in the denominator of the P-wave velocity 

equation.  At least in the Mahantango, carbonate in the matrix adds to this stiffness.  The P-wave 

velocity vs. density regression line is negative in the top mechanical unit of this study, the Upper 

Devonian.  Here, the P wave velocity decreases as the density increases.  It is found that higher content 

of clay minerals such as illite and chlorite do tend to attenuate sonic waves (stiffness decreases) while 

density increases (Han et al., 1986).   Arguably, the hook at the bottom of the Upper Devonian data 

consists of rock displaying the same behavior as the Mahantango and Brallier.   

A statistical correlation coefficient improves for some of the mechanical units when the P-wave velocity 

is correlated against gamma ray API (Figure 20).  All seven plots have a negative slope with four 

mechanical units having R2 > 0.5 which given the geological variables across the basin seems reasonably 

good.  The black shales seem to produce a shallow negative slope.   In a clay rich unit such as the Upper 

Devonian, higher clay content also leads to higher Gamma ray and lower P wave velocity.  The 

Mahantango is poorly correlated at best and this may reflect the variation from a small amount of TOC 

(< 2 wt%) coupled with variable carbonate content.  By comparing the correlation between P-wave 

velocity and density versus P-wave velocity and gamma ray API, the latter correlates much better and 

thus gamma ray API is adopted to predict P wave velocity for wells without sonic data.  

Combining all the P-wave velocity versus gamma ray API data into one plot give another look at the 

robust nature of using gamma ray API as a proxy for P-wave velocity (Figure 21).   For an attempt to 

derived a general curve for the correlation between P wave velocity and gamma ray API, data were 

smoothed by averaging over 5~20 ft intervals to reduce data scatter.   The correlation between vertical 

P-wave velocity and S-wave velocity is as expected (Figure 22). The goodness of fit is suggested by high 

values of R2 (> 0.8) in two correlations, which are expressed as follows: 

31614047 009364.0  eVp                                                                              (21) 

ps VV 4865.0392                                                                                         (22) 

where Vp and Vs are vertical P wave velocity and S wave velocity respectively with unit of m/s, and   

represents Gamma ray with API units.  Because P-wave velocity is more common throughout the 

Appalachian Basin (46 wells), Eqs. 21 and 22 are used to extrapolate between wells to predict a 

geomechanical model for new locations in the Appalachian Basin.    

 

Pore Pressure in the Appalachian Basin. 

An important early observation concerning the transmission of seismic waves in the Earth was that 

seismic waves traveling obliquely downward into the Earth are refracted back to the surface.  Refraction 
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of waves takes place when their velocity changes.  In the case of seismic waves in the earth, their 

velocity increases and their refraction may be predicted by Snell’s Law.  Rock properties change when 

subject to higher lithostatic stresses and temperatures in such a way that they transmit seismic waves 

faster with depth.  This effect of lithostatic stress (i.e., confining pressure, Pc) was confirmed with 

laboratory ultrasonic velocity measurements on dry rock samples (Anderson et al., 1968).  The 

interpretation was that rocks contain a porosity in the form of microcracks that close under increasing Pc 

(Batzle et al., 1980).  Waves which are attenuated by pervasive microcracks are freer to travel without 

the interference of microcracks if they pushed together by higher Pc and in greater frictional contact.  

Another observation from ultrasonic velocity measurements was that if porosity in the form of 

microscracks is filled with water, compressional waves (P-waves) and shear waves S-waves) react 

differently.  A saturated sample will transmit P-waves faster than a dry sample at the same confining 

pressure.   Saturation will slow S-waves but not as dramatically as P-waves increase.  This difference in 

behavior is useful for developing an understanding of fluids in the Earth. 

There are a couple other phenomena associated with the transmission of seismic waves as documented 

in the laboratory.  While transmission of P-waves increases with confining pressure, it is really the 

effective stress on the rock sample that ultimately governs transmission.  Keeping a rock at one 

confining pressure and increasing Pp has the effect of reducing the effective confining pressure (Pe) 

Pe = Pc - Pp. (23) 

This causes the relaxation of the frictional stress between microcracks and slows the transmission of P-

waves.  Replacing water in pore spaces with gas has the same effect on slowing P-wave transmission. 

Both of these phenomenon may be observed in the shales of the Appalachian Basin. 

When using the correlation of sonic logs to construct cross sections of the Appalachian Basin, the 

Devonian section was divided into seven geomechanical units (Figure 15). Of course, the elastic moduli 

of the carbonate units, the Tully and Onondaga limestones, played a primary role in separating the 

Devonian section into recognizable units.  The shales of the section may also self-identify by differing 

amounts of TOC, carbonates, and clay with their concomitant effect on sonic velocity.  However, the 

sonic travel time of one sonic unit also varies depending on location within the basin.  This is more a 

function of either Pc or Pe.  The effect of Pc is illustrated on a simple sonic velocity vs. depth diagram 

where a best-fit curve show that on average the P-wave velocity in Marcellus gains 0.41 m/s of speed for 

every m of depth or 15.5 m/s for every MPa of additional lithostatic stress (Figure 23).  S-wave velocity 

gains 7.9 m/s for every MPa of additional Sv.  The zero intercept of the regression line for the P-wave 

velocity is 2591 m/s and 1678 m/s for the S-wave velocity.   

Outliers are those median data points that sit either above or below the regression line by 400 m/s or 

more.  The four outliers on the high side of the regression line for P-wave velocity come from the far 

northeastern part of the Marcellus play (the 127-x samples).  The P-wave velocity within the Marcellus 

in the 127 samples is between 400 and 700 m/s above the best fit line.  The S-wave velocity for the 127-

x samples is also high relative to regression line.  These are four wells falling within the region of 

Marcellus containing very little gas as a consequence of being too thermally mature (%Ro > 3.1).  In 

effect dead carbon has replaced any of the porous kerogen that was present when the rock was at a 

lower thermal maturity.  The markedly low sonic travel time for the 127-x samples may be a 

consequence of three competing factors.   First, these samples come from the thickest part of the 

Marcellus where sedimentation rate may have diluted the deposition of organic carbon, thus leaving a 
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shale with the lower TOC.  It is an observation from laboratory measurements that high vol% TOC 

reduces the sonic velocity of samples (Vernik and Nur, 1992).  Second, dead carbon is graphite which 

may promote a higher sonic velocity relative to the same volume fraction of kerogen in a black shale.  

Third, the 127 samples do not have the abnormal pore pressure that their lower thermal maturity 

neighbors have so these samples are at a higher Pe than neighbors to the west.  The position of these 

samples as outliers relative to the regression P-wave and S-wave velocity vs. depth plots could be an 

effect of all three phenomena.   

One outlier on the low side of the regression curve (i.e., the 007 sample) may be explained as coming 

from a very thin (< 20 ft) Marcellus in the extreme foreland.  Gamma ray logs from these very western 

samples of Marcellus show an extremely rich sample.  Most the sonic data for the Marcellus come from 

shale with R API of about 200-220.  The 007 sample has a median API of nearly 400 which means that 

the organic carbon of the sample has a large effect on attenuation of the P-wave velocity than most 

other samples.  The S-wave velocity is also low although not as dramatically so.   

But, these sonic velocity data come from a regional sample of Marcellus where the Pp gradient varies 

from near hydrostatic to > 0.85 psi/ft.  A majority of the highest Pp Marcellus fall below the regression 

line, mainly the 081- and 015-samples. The deepest samples are the 081 samples and these are also 

from a region of the Marcellus subject to the highest pore pressures.  This third explanation listed above 

for outliers is verified by the pore pressure indicated for each sample.  At any given depth, the samples 

taken from the Marcellus at a higher pore pressure gradient display a lower P-wave velocity (Figure 23).  

Reploting the sonic data as a function of effective stress seems to tighten the clustering of the data 

along the regression line for the P-wave velocity data (Figure 24).  The outliers remain and have a strong 

effect on the R2 for the data set.  The slope of the regression line is less as might be expected for a 

smaller range of stress.   

The ultrasonic velocity of laboratory samples from the Marcellus indicate a higher velocity at the same 

effective stress (Figure 24).   The slope of the in situ P-wave velocity regression line is steeper than the 

laboratory data and gradually converges toward but has not reached the laboratory P-wave velocity at 

an Pe > 27 MPa.  The laboratory S-wave data also predicts a higher velocity that the in situ velocity 

regression line by about 300 m/s.  The two have about the same slope.   

Just above the Marcellus, the p-wave velocity of the Mahantango is faster in sonic logs all wells across 

the basin.  This is the reason that in a basin model for sonic stratigraphy the Mahantango is identified as 

a separate unit.  In a velocity v. depth plot, the P-wave and S-wave velocities display about the same 

behavior as the Marcellus except that regression line passes through the midpoint along ordinate about 

700 m/s faster (Figure 25).  The four 127-x samples sit about 400-700 m/s above the regression line as 

was the case for the Marcellus.  Outliers below the regression line are the same (an 007 and an 015 

samples).  The 015 sample is the only data of nine from the 015 county that sits below the regression 

line and so much so relative to the other eight that there may be some problem the entire log.   

All sonic velocity versus depth plots would display a best fit if the shale were subject to a hydrostatic 

pore pressure.  For the Marcellus the coefficient of determination (R2) was improved by plotting the 

Marcellus sonic data as a function of effective stress.  If the Mahantango sonic data are replotted in 

effective stress space using the pore pressure given for the Marcellus, the regression line has a lower R2 

(Figure 26).  
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The literature on ultrasonic velocity demonstrates that the presence of TOC increases the sonic travel 

time for black shales (Vernik and Nur, 1992).  This phenomenon is also true for in situ samples where the 

regression line for a plot of sonic velocity (both P-wave and S-wave) versus TOC has a negative slope 

(Figure 27). 

 

Extrapolation Across the Basin 

In situ stress trends extrapolate across the Appalachian Basin.  This may be illustrated using the 

Appalachian Basin stress calculator app.  Consider the prediction of stress in an as-yet undrilled but 

permitted well (Figure 28).  Not all the nearest surrounding wells have Marcellus penetrations and those 

with gamma ray API penetrations of the Marcellus have density logs.  In this example, of the five nearest 

wells (A, B, C, D, and E), just the A well in the public domain has a Marcellus log and a density log.  The 

nearest wells (A thru E) are used to predict the depths of formation contacts.  Otherwise, the nearest 

five logs with Marcellus penetrations and density logs include 1, 2, 3, 4, and 5 and these are 

extrapolated to the permitted well site to predict a gamma ray log for the new well (Figure 29).   A 

density log for the permitted well is constructed by extrapolating the nearest density logs with Marcellus 

penetrations (Figure 30).  The pore pressure profiles include the thickness of the Marcellus by 

extrapolation whereas the gradient is taken from the regional pore pressure map (Figure 31).  In this 

figure the hydrostatic pore pressure gradient in shown as 0.43 psi/ft as this is gradient used in the proto-

type app.  The gradient will be upgraded when the final working app is ready at the end of our project.  

The thickness and depth of the Marcellus are projected from the nearest wells (i.e., A, B, C, D, and E). 

Using our calibration of basin-wide sonic logs (none are within the immediate vicinity of the permitted 

well), the properties of the permitted well are predicted using the Appalachian Basin stress calculator 

app (Figure 32).  These properties include gamma ray API, bulk density, sonic velocities vertical and 

horizontal Young’s modulus, vertical and horizontal Poisson’s ratio, the pore pressure gradient, and the 

stress gradient.  Using the app, a minimum horizontal stress gradient is constructed for each of the five 

nearest wells with Marcellus penetrations (Figure 33).  Finally, the data are replotted on stress versus 

depth diagram where the predicted Shmin is compared with Sv and a hydrostatic Pp (Figure 34). 
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Figure Captions. 

 

Figure 1 Generalized Middle Devonian Acadian foreland basin paleogeography (Kohl et al., 2014).  The 

western part of the basin was persistent paleotopographic high and carbonate depocenter. The 

central basin was dominated by argillaceous strata; the eastern basin contains a clastic 

dominated shoreline fed by the Acadian highlands farther to the east. 

 

Figure 2   The stratigraphic sections that inform a prediction on the least horizontal stress in the 
subsurface of the Appalachian Plateau.  A. Schematic diagram of the Middle and Upper 
Devonian units of the surface and subsurface of central and western PA (Harper and Piotrowski, 
1979).  B. Composite gamma ray and density logs representing the Marcellus black shale (Lash 
and Engelder, 2011).   This sequence-stratigraphic type section of the Marcellus Formation 
encompasses the upper part of the underlying Onondaga Formation and the lower interval of 
the Skaneateles Formation. TST = transgressive systems tract; RST = regressive systems tract; 
MFS = maximum flooding surface; MRS = maximum regressive surface. 

 

Figure 3  Map of Pennsylvania geology with the location of 46 wells (Table 2) with Marcellus 

penetrations and both gamma ray plus sonic log data that includes at least P-wave travel times 

(dots).  The location of the South Canisteo, NY, (star) stress measurements (Evans et al., 1989). 

 

Figure 4 Stress (Shmin) from South Canisteo (ISIP - Wilkins, Appleton, and O’Dell wells) and McKean 

County calibration well (closure pressure – 83-B).  Lithostatic gradient (Sv/z) is 1.17 psi/ft 

(overburben density = 2.71 g/cm3).  South Canisteo data normalized to a surface gradient for the 

Wilkins well following (Evans et al., 1989).   McKean County data plotted on the same gradient 

as the Wilkins well.  The South Canisteo Shmin data projects along a gradient of about 1.17 psi/ft 

(100% of overburden) (heavy black dashed line).   An overburden gradient is projected through 

the South Canisteo data down to the McKean County Marcellus (light black dashed line).  

Fracture gradient (Shmin/z = 0.76 psi/ft) is projected through South Canisteo and McKean 

County Shmin (light red dashed line).  Hydrostatic pressure gradient is 0.45 psi/ft (light blue 

dashed line).  Overpresssure gradient of 0.65 psi/ft (heavy blue line). 

 

Figure 5   An estimation of pore pressure gradient (Pp/z) in the Marcellus.  Contour lines (red) given 

for every 0.05 psi/ft between 0.5 psi/ft and 0.9 psi/ft (Zagorski et al., 2010).  The location and 

depth of the Marcellus are input parameters for geomechanical models of the Appalachian 

Basin.  More wells were logged for compressional- than shear-wave data. 

 

Figure 6   Calibration of the sonic data assuming constant tectonic strain in TIV formations for the 

MCCW.   A.) Green curve is the predicted minimum horizontal stress gradient using Eq. 5 
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without a tectonic strain.  Blue curve is the Schlumberger calculation assuming a constant Pp 

gradient of 0.57 psi/ft.  Red curve is a calculation assuming a constant tectonic strain with a 

bimodal Pp gradient of 0.71 psi/ft for the Marcellus and a Pp gradient of 0.46 psi/ft for the 

Onondaga and the section above the Marcellus.  B.)  Error between calibrated values and 

measured values for the ten in situ stress measurements in the MCCW.  Blue – Schlumberger 

error.  Red – Error using a bimodal Pp gradient. 

 

Figure 7   Sensitivity analysis of the ratio of maximum tectonic strain over minimum tectonic strain for 

the MCCW. 

 

Figure 8   Calibration of the sonic data assuming tectonic strain gradient in TIV formations for the 

MCCW.  The strain gradient is set to take tectonic strain back to zero at the surface.  A.) Green 

curve is the predicted minimum horizontal stress gradient using Eq. 5 without a tectonic strain.  

Blue curve is the Schlumberger calculation assuming a constant Pp gradient of 0.57 psi/ft.  Red 

curve is a calculation assuming a constant tectonic strain with a bimodal Pp gradient of 0.71 

psi/ft for the Marcellus and a Pp gradient of 0.46 psi/ft for the Onondaga and the section above 

the Marcellus.  B.)  Error between calibrated values and measured values for the ten in situ 

stress measurements in the MCCW.  Blue – Schlumberger error.  Red – Error using a bimodal Pp 

gradient. 

 

Figure 9   Calibration sonic log data against in situ stress measurements for the Wilkins well, South 

Canisteo, NY, assuming an isotropic Devonian section.  Data from (Plumb et al., 1991). 

 

Figure 10   Calibration sonic log data against in situ stress measurements for the Wilkins well, South 

Canisteo, NY, assuming a TIV for the Devonian section.  Data from (Plumb et al., 1991). 

 

Figure 11   Gamma ray and sonic logs of 200 feet from the McKean County calibration well (MCCW) 

showing the location of MDT stress measurements (red stars) and sidewall cores (#).  The 

gamma ray track (GR) runs between 180 API and 380 API units with the cyan shading cutoff at 

180 API units.  Sonic slowness for the compressional wave velocity (DTCO) is plotted between 60 

s/ft and 100 s/ft with the red shading cutoff at 80 s/ft.  Sonic slowness for the shear wave 

velocity (DTSM) is plotted between 90 s/ft and 170 s/ft with the chartreuse shading cutoff at 

130 s/ft.  Stratigraphic units for the Middle Devonian section follow a NW Pennsylvania to SW 

New York nomenclature.  The Marcellus MFS is found at a well depth of 4748 ft (API = 800).  To 

the right is a condensed gamma ray track of the same section with the usual range between 0 

and 200 API units and three wraparounds.  Several washouts between 2 and 3 inches deep are 

shown as cyan shading superimposed on the convention gamma ray track (right).  
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Figure 12   Gamma ray, sonic, bulk density and poisson’s ratio logs of 1000 ft (left) and 2000 ft (right) 

from the McKean County calibration well (MCCW) showing the location of MDT stress 

measurements (red stars) and sidewall cores (#).  The gamma ray track (GR) runs between 180 

API and 380 API units with the cyan shading cutoff at 180 API units.  Sonic slowness for the 

compressional wave velocity (DTCO) is plotted between 60 s/ft and 100 s/ft with the red 

shading cutoff at 80 s/ft.  Sonic slowness for the shear wave velocity (DTSM) is plotted 

between 90 s/ft and 170 s/ft with the chartreuse shading cutoff at 130 s/ft.  The bulk 

density log is plotted between 2.4 and 2.8 g/cc with the fuchsia shading cutoff at 2.6 g/cc.  False 

density is recorded across the washouts within the Marcellus.  The poisson’s ratio log is plotted 

between 0.1 and 0.4 with the dark green shading cutoff at 0.25.  Stratigraphic units for the 

Middle and Upper Devonian sections follow NW Pennsylvania to SW New York nomenclature.   

 

Figure 13  Correlation between P-wave velocity and gamma ray API for the MCCW (83-B).  The color 

code identifies the seven mechanical units in the Appalachian Basin from top to bottom:  Upper 

Devonian (cyan), Brallier (red), Geneseo (gray), Mahantango (green), Marcellus (black), and 

Onondaga (magenta). 

 

Figure 14  Correlation between P-wave velocity and gamma ray API for well 51-A.  The color code 

identifies the seven mechanical units in the Appalachian Basin from top to bottom:  Upper 

Devonian (cyan), Brallier (red), Geneseo (gray), Mahantango (green), Marcellus (black), and 

Onondaga (magenta). 

 

Figure 15 Cross sections used to extrapolate the calibration well across the Appalachian Basin to the east 

and southwest respectively. 

 

Figure 16  Gamma ray, sonic, bulk density and Poisson’s ratio logs correlated between McKean to Tioga 

Counties.  Cross section viewed by looking from the hinterland to the foreland.  The section is 

flattened on the maximum flooding surface for the Geneseo.  The cross section involves a 

stratigraphic column from 100 feet below the Marcellus MFS to 600 ft above the Geneseo MFS.  

The Tully Limestone and the Mahantango Formations are seen expanding down into the 

Appalachian Basin from west to east.   

 

Figure 17 Gamma ray, sonic, bulk density and poisson’s ratio logs correlated between McKean to Fayette  

Counties.  Cross section viewed by looking from the hinterland to the foreland.  The section is 

flattened on the maximum flooding surface for the Geneseo.  The cross section involves a 

stratigraphic column from 100 feet below the Marcellus MFS to 600 ft above the Geneseo MFS.  

The Tully Limestone and the Mahantango Formations are approximately  the same thickness in 

the north to south cross section of the Appalachian Basin.   



Final Report: RPSEA Project 09122-32 27 6/24/2016 

 

Figure 18   Selected 14 wells used for correlation between P-wave velocity and gamma ray API (yellow).  

Correlation between P-wave velocity and density is based on 11 wells in yellow which exclude 

015-D and 051-F that did not offer a density log in their data set and 117-C as an outlier.  Blue 

wells denote those wells with enough sonic information to obtain the stiffness moduli C66. 

 

Figure 19  Correlation between P wave velocity and density for the seven mechanical units of the Middle 

and Upper Devonian section in the Appalachian Basin.  The plot combines data from 11 wells 

identified in Figure 18. 

 

Figure 20  Correlations between P wave velocity and gamma ray API for the seven mechanical units of 

the Middle and Upper Devonian section in the Appalachian Basin.  The plot combines data from 

14 wells identified in Figure 18. 

 

Figure 21   Correlation between P wave velocity and gamma ray API for the seven mechanical units of 

the Middle and Upper Devonian section with data averaged over 5~20 ft intervals.  (A.) different 

correlations for different units;  (B.) one correlation using one non-linear equation for all units.  

The plot combines data from 14 wells identified in Figure 18. 

 

Figure 22   Correlation of P-wave and S-wave velocity for the seven mechanical units of the Middle and 

Upper Devonian section of the Appalachian Basin with data averaged over 5~20 ft intervals.  (A.) 

different correlations for different units;  (B.) one correlation using one linear equation for all 

units.  The plot combines data from 14 wells identified in Figure 18. 

 

Figure 23   Median compressional- and shear-wave sonic velocity data for the Marcellus as a function of 

depth.  Marcellus data excludes data from any portion of the Marcellus with a gamma ray API of 

less than 180.  Excluded lithologies are mainly carbonate rich layers including the Cherry 

Valley/Purcell, thinner layers of carbonate, and concretions.  The error bars encompass the full 

range of data.   

 

Figure 24  Median compressional- and shear-wave sonic velocity data for the Marcellus as a function of 

effective stress.  Triangles are laboratory ultrasonic data for the Marcellus from (Meglis and 

Engelder, 1994).  Marcellus data excludes data from any portion of the Marcellus with a gamma 

ray API of less than 180.  Excluded lithologies are mainly carbonate rich layers including the 

Cherry Valley/Purcell, thinner layers of carbonate, and concretions.  The error bars encompass 

the full range of data.   
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Figure 25 Median compressional- and shear-wave sonic velocity data for the Mahantango as a function 

of depth at the base of the Mahantango.  This plot assumes a hydrostatic pore pressure gradient 

which means that depth is a proxy for effective stress.  These data include the entire thickness 

of the Mahantango regardless of API.   The error bars encompass the full range of data. 

 

Figure 26 Median compressional- and shear-wave sonic velocity data for the Mahantango as a function 

of effective stress assuming the pore pressure gradient indicated in Figure 5.  Triangles are 

laboratory ultrasonic data for the Marcellus from (Meglis and Engelder, 1994).   

 

Figure 27 Median compressional- and shear-wave sonic velocity data for the Marcellus as a function of 

gamma ray API.  Marcellus data excludes data from any portion of the Marcellus with a gamma 

ray API of less than 180.  Excluded lithologies are mainly carbonate rich layers including the 

Cherry Valley/Purcell, thinner layers of carbonate, and concretions.  The error bars encompass 

the full range of data.   

 

Figure 28   Example of the well data available for the prediction of a geomechanical model for an 

arbitrary new well.  A prediction depth to seven mechanical units is based on the five nearest 

wells with gamma ray logs regardless of whether the Marcellus was penetrated (A, B, C, D, and 

E). As density logs are required for the geomechanical model, the five nearest wells with density 

logs through the Marcellus (1, 2, 3, 4, 5) are not necessarily going to be the closest wells. 

 

Figure 29   Extrapolation of the five nearest gamma ray logs (1, 2, 3, 4, 5) that penetrate the Marcellus to 

predict a gamma ray log for an arbitrary new well.  The new gamma ray log is used to predict the 

sonic velocities of the seven mechanical units within the new well.    

 

Figure 30  Extrapolation of the five nearest density logs (1, 2, 3, 4, and 5) that penetrate the Marcellus to 

predict a density log for an arbitrary new well.  The new density ray log is used to predict the 

mechanical properties of the new well based on sonic velocities as indicated by the function 

between gamma ray and P-wave velocity established in Error! Reference source not found.   

 

Figure 31  The pore pressure gradients are taken from the data presented in Figure 5. 

 

Figure 32  Predictions of the important parameters required to assess the state of stress in the new well 

as located in Figure 28. 
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Figure 33  Prediction of the gamma ray and stress gradient logs for a new well located according to 

Figure 28 

 

Figure 34   Prediction of stress (red - Shmin) and pressure (blue - Pp) as a function of depth for the new 

well as indicated in Figure 28 based on the extrapolation of five gamma ray and stress gradient 

logs surrounding the new wells.  All logs are partial with the most complete sections ending at 

the base of the surface casing.  The surface elevation of each well is given as the solid line in 

negative feet above sea level.  Overburden stress is based on integrated density logs from the 

Appalachian Basin showing a lithostatic gradient of 1.17 psi/ft. 
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Tables 

 

Table 1 - Ten stations for stress measurements in the McKean County Calibration Well (MCCW or 83-B). 

 

       
Name DEPT(ft) TZSG (psi/ft) SG(psi/ft) PPG(psi/ft) Sh(psi) Sh(Mpa) 

USS 3425 1.17 0.95 0.46 1576 109 

USH 3492 1.17 0.87 0.46 1606 111 

GEN 4367 1.17 0.72 0.46 2009 139 

MAH 4506 1.17 0.94 0.46 2073 143 

STF 4656 1.17 0.88 0.46 2142 148 

OCK 4720.5 1.17 0.81 0.71 3352 231 

US2 4745 1.17 0.82 0.71 3369 232 

US1 4750 1.17 0.87 0.71 3373 233 

TOM 4754 1.17 1.03 0.71 3375 233 

OND 4766 1.17 1.01 0.46 2192 151 

       
  DTCO.US/F DTSM_FAST.US/F RHOZ(g/cm^3) GR GAMMA_TIV. 

USS 3425 64.8467 106.58113 2.57227 85.09243 0.00477 

USH 3492 77.67047 136.49368 2.65865 189.26486 0.22556 

GEN 4367 91.29259 147.12808 2.42788 261.98526 0.27051 

MAH 4506 75.96104 135.93707 2.72228 149.65787 0.33087 

STF 4656 68.38432 121.39116 2.66856 124.26886 0.22558 

OCK 4720.5 100.63364 148.42578 2.57558 176.9247 0.10252 

US2 4745 99.73952 163.577 2.36225 581.21246 0.28578 

US1 4750 98.77596 164.08238 2.39614 571.05768 0.31724 

TOM 4754 89.47478 146.83701 2.51221 299.19217 0.40003 

OND 4766 57.00002 99.9803 2.68087 103.83415 0.14242 
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Table 2 – A list of well API numbers for the sonic logs used in this study.  Wells appear in this study under 

the auspices of the Pennsylvania Oil and Gas Acts** which were most recently amended by Act 13. Logs 

turned into the PA-DEP as required by the Pennsylvania Oil and Gas Acts are archived in a website 

known as PA-IRIS as administered by the PA-DCNR. 

 

 

  Well Labels API 

  007-A 37-007-20304 

  015-A 37-015-20075 

  015-B 37-015-20093 

  015-C 37-015-20104 

  015-D 37-015-20081 

  015-E 37-015-20890 

  015-F 37-015-20944 

  015-G 37-015-21622 

  015-H 37-015-21666 

  015-J 37-015-21701 

  015-K 37-015-21702 

  019-A 37-019-21569 

  027-A 37-027-21672 

  033-C 37-033-27033 

  033-D 37-033-26834 

  047-A 37-047-24310 

  047-B 37-047-24586 

  051-A 37-051-24270 

  051-E 37-051-23958 

  051-F 37-051-24303 

  051-G 37-051-24318 

  059-A 37-059-25893 

  063-B 37-063-35940 

  081-A 37-081-20764 

  081-B 37-081-20146 

  081-C 37-081-20091 

  081-D 37-081-20132 

  083-B 37-083-55942 

  085-A 37-085-20116 

  085-B 37-085-21291 

  105-A 37-105-21645 

  105-B 37-105-21781 

  113-A 37-113-20075 

  115-A 37-115-20169 
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  115-B 37-115-20099 

  115-C 37-115-20032 

  117-A 37-117-20198 

  117-B 37-117-20257 

  117-C 37-117-20260 

  117-D 37-117-20413 

  127-A 37-127-20020 

  127-C 37-127-20022 

  127-D 37-127-20013 

  127-F 37-127-20006 

  129-B 37-129-27857 

  131-A 37-131-20015 

 

   

**Regarding Pennsylvania logs, Section 212(d) of the Pennsylvania 1984 Oil and Gas Act (58 P.S. § 

601.212(d)) provided:   

“All electrical, radioactive or other standard industry logs, drill stem test charts, formation water 

analyses, porosity, permeability or fluid saturation measurements, core analysis and lithologic logs or 

sample description or other similar data as compiled, required under subsection (b) or drill cuttings 

required under subsection (c) shall be retained by the well operator and shall be retained by the well 

operator and shall be filed with the department three years after completion of the well.  Upon request 

of the well operator, the department shall extend the date for filing the data, but the extension shall not 

exceed five years from the date of completion of the well. . .” 

And Section 78.123 (25 Pa. Code § 78.123) provides: 

“a)  If requested by the Department within 90 calendar days after the completion of drilling or 

recompletion of a well, the well operator shall submit to the Department a copy of the electrical, 

radioactive or other standard industry logs run on the well. In addition, if requested by the Department 

within 1 year of the completion of drilling or recompletion of a well, the well operator shall file with the 

Department a copy of the drill stem test charts, formation water analysis, porosity, permeability or fluid 

saturation measurements, core analysis and lithologic log or sample description or other similar data as 

compiled. No information will be required unless the operator has had the information described in this 

subsection compiled in the ordinary course of business. No interpretation of the data is to be filed.” 

The provisions in the 1984 Act were repealed by Act 13 and the provisions in Act 13 supersede what is in 

Chapter 78.  Prior to Act 13, there was some confusion, given the language above, about whether other 

standard industry logs had to be submitted within 90 days or within 3 years.  Again, Act 13 cleared that 

up.  
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Figure 1 Generalized Middle Devonian Acadian foreland basin paleogeography (Kohl et al., 2014). The western part of the basin was persistent

paleotopographic high and carbonate depocenter. The central basin was dominated by argillaceous strata; the eastern basin contains a clastic

dominated shoreline fed by the Acadian highlands farther to the east.



A B

Figure 2 The stratigraphic sections that inform a prediction on the least horizontal stress in the subsurface of the Appalachian Plateau. A. Schematic diagram of
the Middle and Upper Devonian units of the surface and subsurface of central and western PA (Harper and Piotrowski, 1979). B. Composite gamma ray and
density logs representing the Marcellus black shale (Lash and Engelder, 2011). This sequence-stratigraphic type section of the Marcellus Formation
encompasses the upper part of the underlying Onondaga Formation and the lower interval of the Skaneateles Formation. TST = transgressive systems tract;
RST = regressive systems tract; MFS = maximum flooding surface; MRS = maximum regressive surface.



South Canisteo

Figure 3  Map of Pennsylvania geology with the location of 46 wells (Table 2) with Marcellus penetrations and both gamma ray plus sonic log data that 
includes at least P-wave travel times (dots).  The location of the South Canisteo, NY, (star) stress measurements (Evans et al., 1989).
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Figure 4 Stress (Shmin) from South Canisteo (ISIP -
Wilkins, Appleton, and O’Dell wells) and McKean
County calibration well (closure pressure – 83-B).
Lithostatic gradient (DSv/Dz) is 1.17 psi/ft
(overburben density = 2.71 g/cm3). South Canisteo
data normalized to a surface gradient for the Wilkins
well following (Evans et al., 1989). McKean County
data plotted on the same gradient as the Wilkins
well. The South Canisteo Shmin data projects along a
gradient of about 1.17 psi/ft (100% of overburden)
(heavy black dashed line). An overburden gradient
is projected through the South Canisteo data down
to the McKean County Marcellus (light black dashed
line). Fracture gradient (DShmin/Dz = 0.76 psi/ft) is
projected through South Canisteo and McKean
County Shmin (light red dashed line). Hydrostatic
pressure gradient is 0.45 psi/ft (light blue dashed
line). Overpresssure gradient of 0.65 psi/ft (heavy
blue line).



Figure 5   An estimation of pore pressure gradient (DPp/Dz) in the Marcellus.  Contour lines (red) given for every 0.05 psi/ft between 0.5 psi/ft

and 0.9 psi/ft (Zagorski et al., 2010).  The location and depth of the Marcellus are input parameters for geomechanical models of the 

Appalachian Basin.  More wells were logged for compressional- than shear-wave data.



Figure 6 Calibration of the sonic data assuming constant tectonic strain in TIV formations for the MCCW. A.) Green curve is the predicted minimum

horizontal stress gradient using Eq. 5 without a tectonic strain. Blue curve is the Schlumberger calculation assuming a constant Pp gradient of

0.57 psi/ft. Red curve is a calculation assuming a constant tectonic strain with a bimodal Pp gradient of 0.71 psi/ft for the Marcellus and a Pp
gradient of 0.46 psi/ft for the Onondaga and the section above the Marcellus. B.) Error between calibrated values and measured values for the

ten in situ stress measurements in the MCCW. Blue – Schlumberger error. Red – Error using a bimodal Pp gradient.



Figure 7   Sensitivity analysis of the ratio of maximum tectonic strain over minimum tectonic strain for the MCCW.



Figure 8 Calibration of the sonic data assuming tectonic strain gradient in TIV formations for the MCCW. The strain gradient is set to take tectonic

strain back to zero at the surface. A.) Green curve is the predicted minimum horizontal stress gradient using Eq. 5 without a tectonic strain.

Blue curve is the Schlumberger calculation assuming a constant Pp gradient of 0.57 psi/ft. Red curve is a calculation assuming a constant

tectonic strain with a bimodal Pp gradient of 0.71 psi/ft for the Marcellus and a Pp gradient of 0.46 psi/ft for the Onondaga and the section

above the Marcellus. B.) Error between calibrated values and measured values for the ten in situ stress measurements in the MCCW. Blue

– Schlumberger error. Red – Error using a bimodal Pp gradient.



Figure 9   Calibration sonic log data against in situ stress measurements for the Wilkins well, South Canisteo, NY, assuming an isotropic Devonian section.  
Data from (Plumb et al., 1991).



Figure 10   Calibration sonic log data against in situ stress measurements for the Wilkins well, South Canisteo, NY, assuming a TIV for the Devonian section.  
Data from (Plumb et al., 1991).
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Figure 11 Gamma ray and sonic logs of 200 feet from the McKean County calibration well (MCCW) showing the location of MDT stress measurements (red stars) and sidewall cores (#). The gamma ray track

(GR) runs between 180 API and 380 API units with the cyan shading cutoff at 180 API units. Sonic slowness for the compressional wave velocity (DTCO) is plotted between 60 ms/ft and 100 ms/ft with

the red shading cutoff at 80 ms/ft. Sonic slowness for the shear wave velocity (DTSM) is plotted between 90 ms/ft and 170 ms/ft with the chartreuse shading cutoff at 130 ms/ft. Stratigraphic units for

the Middle Devonian section follow a NW Pennsylvania to SW New York nomenclature. The Marcellus MFS is found at a well depth of 4748 ft (API = 800). To the right is a condensed gamma ray

track of the same section with the usual range between 0 and 200 API units and three wraparounds. Several washouts between 2 and 3 inches deep are shown as cyan shading superimposed on the

convention gamma ray track (right).
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Figure 12   Gamma ray, sonic, bulk density and poisson’s ratio logs of 1000 ft (left) and 2000 ft (right) from the McKean County calibration well (MCCW) showing the location of MDT stress measurements (red stars) and 

sidewall cores (#).  The gamma ray track (GR) runs between 180 API and 380 API units with the cyan shading cutoff at 180 API units.  Sonic slowness for the compressional wave velocity (DTCO) is plotted between 60 

ms/ft and 100 ms/ft with the red shading cutoff at 80 ms/ft.  Sonic slowness for the shear wave velocity (DTSM) is plotted between 90 ms/ft and 170 ms/ft with the chartreuse shading cutoff at 130 ms/ft.  The bulk 

density log is plotted between 2.4 and 2.8 g/cc with the fuchsia shading cutoff at 2.6 g/cc.  False density is recorded across the washouts within the Marcellus.  The poisson’s ratio log is plotted between 0.1 and 0.4 

with the dark green shading cutoff at 0.25.  Stratigraphic units for the Middle and Upper Devonian sections follow NW Pennsylvania to SW New York nomenclature.  



Figure 13 Correlation between P-wave velocity and gamma ray API for the MCCW (83-B). The color code identifies the seven mechanical units

in the Appalachian Basin from top to bottom: Upper Devonian (cyan), Brallier (red), Geneseo (gray), Mahantango (green), Marcellus

(black), and Onondaga (magenta).



Figure 14  Correlation between P-wave velocity and gamma ray API for well 51-A.  The color code identifies the seven mechanical units in the Appalachian 

Basin from top to bottom:  Upper Devonian (cyan), Brallier (red), Geneseo (gray), Mahantango (green), Marcellus (black), and Onondaga (magenta).



MCCW

Figure 15 Cross sections used to extrapolate the calibration well across the Appalachian Basin to the east and southwest respectively.



83-B 47-A 105-A 117-B

Figure 16  Gamma ray, sonic, bulk density and Poisson’s ratio logs correlated between McKean to Tioga Counties.  Cross section viewed by looking from the 

hinterland to the foreland.  The section is flattened on the maximum flooding surface for the Geneseo.  The cross section involves a stratigraphic column 

from 100 feet below the Marcellus MFS to 600 ft above the Geneseo MFS.  The Tully Limestone and the Mahantango Formations are seen expanding 

down into the Appalachian Basin from west to east.  



83-B47-A51-A

Figure 17 Gamma ray, sonic, bulk density and poisson’s ratio logs correlated between McKean to Fayette  Counties.  Cross section viewed by looking from the 

hinterland to the foreland.  The section is flattened on the maximum flooding surface for the Geneseo.  The cross section involves a stratigraphic 

column from 100 feet below the Marcellus MFS to 600 ft above the Geneseo MFS.  The Tully Limestone and the Mahantango Formations are 

approximately  the same thickness in the north to south cross section of the Appalachian Basin.  



Figure 18   Selected 14 wells used for correlation between P-wave velocity and gamma ray API (yellow).  Correlation between P-wave velocity 

and density is based on 11 wells in yellow which exclude 015-D and 051-F that did not offer a density log in their data set and 117-C as 

an outlier.  Blue wells denote those wells with enough sonic information to obtain the stiffness moduli C66.



Figure 19 Correlation between P wave velocity and density for the seven mechanical units of the Middle and Upper Devonian 
section in the Appalachian Basin.  The plot combines data from 11 wells identified in Figure 18.



Figure 20 Correlations between P wave velocity and gamma ray API for the seven mechanical units of the Middle and Upper Devonian section in the 
Appalachian Basin.  The plot combines data from 14 wells identified in Figure 18.



Figure 21 Correlation between P wave velocity and gamma ray API for the seven mechanical units of the Middle and Upper Devonian section with data 
averaged over 5~20 ft intervals.  (A.) different correlations for different units;  (B.) one correlation using one non-linear equation for all units. The plot 
combines data from 14 wells identified in Figure 18.



Figure 22   Correlation of P-wave and S-wave velocity for the seven mechanical units of the Middle and Upper Devonian section of the 

Appalachian Basin with data averaged over 5~20 ft intervals.  (A.) different correlations for different units;  (B.) one correlation using one 

linear equation for all units.  The plot combines data from 14 wells identified in Figure 18.



Figure 23   Median compressional- and shear-wave sonic velocity data for the Marcellus as a function of depth.  Marcellus data 

excludes data from any portion of the Marcellus with a gamma ray API of less than 180.  Excluded lithologies are mainly 

carbonate rich layers including the Cherry Valley/Purcell, thinner layers of carbonate, and concretions.  The error bars 

encompass the full range of data.  



Figure 24  Median compressional- and shear-wave sonic velocity data for the Marcellus as a function of effective stress.  Triangles are laboratory 

ultrasonic data for the Marcellus from (Meglis and Engelder, 1994).  Marcellus data excludes data from any portion of the Marcellus with a 

gamma ray API of less than 180.  Excluded lithologies are mainly carbonate rich layers including the Cherry Valley/Purcell, thinner layers of 

carbonate, and concretions.  The error bars encompass the full range of data.  



Figure 25 Median compressional- and shear-wave sonic velocity data for the Mahantango as a function of depth at the base of the 

Mahantango.  This plot assumes a hydrostatic pore pressure gradient which means that depth is a proxy for effective stress.  These 

data include the entire thickness of the Mahantango regardless of API.   The error bars encompass the full range of data.



Figure 26 Median compressional- and shear-wave sonic velocity data for the Mahantango as a function of effective stress assuming the pore 
pressure gradient indicated in Figure 5.  Triangles are laboratory ultrasonic data for the Marcellus from (Meglis and Engelder, 1994).  



Figure 27 Median compressional- and shear-wave sonic velocity data for the Marcellus as a function of gamma ray API. Marcellus data excludes data

from any portion of the Marcellus with a gamma ray API of less than 180. Excluded lithologies are mainly carbonate rich layers including the

Cherry Valley/Purcell, thinner layers of carbonate, and concretions. The error bars encompass the full range of data.



Figure 28   Example of the well data available for the prediction of a geomechanical model for an arbitrary new well.  A prediction depth to seven 
mechanical units is based on the five nearest wells with gamma ray logs regardless of whether the Marcellus was penetrated (A, B, C, D, and E). 
As density logs are required for the geomechanical model, the five nearest wells with density logs through the Marcellus (1, 2, 3, 4, 5) are not 
necessarily going to be the closest wells.



Figure 29 Extrapolation of the five nearest gamma ray logs (1, 2, 3, 4, 5) that penetrate the Marcellus to predict a gamma ray log for an

arbitrary new well. The new gamma ray log is used to predict the sonic velocities of the seven mechanical units within the new well.



Figure 30  Extrapolation of the five nearest density logs (1, 2, 3, 4, and 5) that penetrate the Marcellus to predict a density log for an arbitrary new well.  The 
new density ray log is used to predict the mechanical properties of the new well based on sonic velocities as indicated by the function between gamma ray 
and P-wave velocity established in Figure 21. 



Figure 31  The pore pressure gradients are taken from the data presented in Figure 5.



Figure 32  Predictions of the important parameters required to assess the state of stress in the new well as located in Figure 28.



Figure 33  Prediction of the gamma ray and stress gradient logs for a new well located according to Figure 28



Figure 34 Prediction of stress (red - Shmin) and pressure (blue - Pp) as a function of depth for the new well as indicated in Figure 28 based on the
extrapolation of five gamma ray and stress gradient logs surrounding the new wells. All logs are partial with the most complete sections ending at the
base of the surface casing. The surface elevation of each well is given as the solid line in negative feet above sea level. Overburden stress is based on
integrated density logs from the Appalachian Basin showing a lithostatic gradient of 1.17 psi/ft.
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1. INTRODUCTION 

The value of laboratory testing to enhance our 
understanding of subsurface geomechanical properties to 
better explore and exploit a hydrocarbon reservoir is 
well known (Plumb et al., 2000; Cook et al., 2007). 
Important parameters that provide baseline information 
for constructing a geomechanical model of the 
subsurface include the in situ stress state, strength 
properties, and stress-strain behavior (Zoback, 2007). 
Among these parameters, strength and stress-strain 
behavior can be measured in the laboratory whereas in 
situ stress can be estimated via a combination of well-
logs, laboratory and field measurement (Thomsen, 1986; 
Thiercelin and Plumb, 1994). Thus it is imperative to 
have good quality laboratory data since that would in 
turn improve estimation of in situ stress state (Higgins, 
2006) and help geoscientists solve wellbore stability 
issues and hydraulic fracture design. In this direction, 
ASTM and ISRM provided enormous assistance via 
creating standard protocols on how to conduct a test in 
the laboratory.  

According to ASTM, core plugs used to estimate stress-
strain behavior of rock should have a length to diameter 
ratio of 2 to 1. The process of acquiring and storing 
cores is a costly operation and lack of core material 
constrains laboratory testing and generation of 

geomechanical parameters. Sidewall cores, acquired by 
attachments to wireline logging tools provide a cost-
effective alternative as they can be (a) acquired 
relatively quickly and (b) can be acquired when there is 
a failure to collect core by conventional coring 
techniques (Agarwal et al, 2014). However, samples 
with a length to diameter ratio of less than 2 to 1 are less 
suitable for laboratory testing. We report a solution to 
issues related to shorter core plugs during geomechanics 
testing. In this paper, ultrasonic velocity was measured 
on sidewall core plugs through various stress paths. A 
unique experimental setup allows measurement of 
ultrasonic velocity both parallel and perpendicular to 
bedding. The results are then compared with velocity 
measurements obtained from sonic logs. It is observed 
that velocity measured within an isostatic stress path 
provides the closest match to log velocities in most of 
the samples. The velocities obtained throughout various 
stress paths were compared and efforts were made to 
address the discrepancies between them. 

2. BACKGROUND 
Two main methods are employed to acquire rock 
samples (also known as core) from subsurface in the oil 
and gas industry – whole coring and sidewall coring. 
The whole cores are continuous segments of subsurface 
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strata obtained using a hollow coring bit. The segments 
of rock come in 9 m lengths although longer segments 
can be cut without fearing of jamming the core barrel or 
recovery of damaged material (Agarwal et al, 2014). 
Sidewall cores, on the other hand, are samples taken 
perpendicular to wellbore via a tool attached to wireline 
assembly. They can be acquired lot quicker and from 
multiple zones of interest in the same wireline drop. 
However, due to the smaller size of sidewall core 
compared to whole core, scale of sidewall core can be an 
issue when coming from heterogeneous reservoir.  

Sample dimension is important in laboratory 
geomechanics testing (Bienaiwaski, 1968). Brady (1969) 
concludes that the effect of radial end-constraint on 
measurements of the Young's modulus and Poisson's 
ratio is insignificant once the length to diameter ratio of 
the specimen is at least two, provided these 
measurements are made in the central portions of the 
specimen. Hodgson and Cook (1970) measured 
unconfined compressive strength of Witwatersrand shale 
and quartzite for samples with a length to diameter ratio 
of 3 to 1 and found that strength is almost independent 
of sample diameter and size. Following ASTM’s 
recommendation, Turk and Dearman (1986) propose an 
equation for the correction of uniaxial compressive 
strength obtained from samples that do not exceed a 
length to diameter ratio of two. Thuro et al. (2001) 
investigated the effect of both sample size and shape on 
unconfined compressive strength. They report a 5% 
reduction in unconfined compressive strength while the 
length to diameter ratio increased from 1 to 3, while the 
modulus of elasticity increased by over 40% for 
kersantite, an igneous rock. For limestone, unconfined 
compressive strength increases slightly with diameter 
whereas a reduction is reported for granite. Moreover, 
the increase in modulus of elasticity was insignificant 
with increase in sample diameter. To analyze the effect 
of sample size, Thuro et al (2001) compare result from 
the literature (Hoek and Brown, 1980; Hawkins, 1998) 
with their measurements and were unable to find any 
size effect, contrary to earlier reports. Van der Merwe 
(2003) report an increase in strength of coal with a 
decrease in length to diameter ratio. In a recent study, 
Jamishidi et al. (2014) report a significant reduction in 
unconfined compressive strength with increase in sample 
diameter. However, they fail to observe any definitive 
trend for Young’s modulus and Poisson’s ratio.  
In the rock physics community, early measurement of 
ultrasonic velocity are decades old (King, 1966). 
Challenged by the fissile nature of shale, Tosaya (1982) 
measured ultrasonic velocity of saturated shale samples 
that have a diameter of 25 mm but of length 14 mm. 
Vernik and Nur (1992) measured ultrasonic velocity of 
Bakken shale for sample diameters ranging from 19 to 
25 mm and length 30 – 35 mm. Hornby (1998) reported 

ultrasonic velocity measurement on fluid saturated 
Jurassic and Kimmeridge clays shale with a diameter of 
38.5 mm and length of 25 mm with increasing confining 
pressure. Pena (1998) reports velocity measurements in 
sandstone and shale samples of length between 28 to 50 
mm and diameter between 25.4 to 38 mm under an 
isostatic stress state. However, they measured velocities 
under both a isostatic and triaxial stress state. Sone 
(2012) reports measurements on sample diameters of 
25.4 and 38 mm with lengths between 28 to 50 mm. He 
followed a stress path similar to Pena (1998), i.e., 
isostatic compression followed by triaxial loading. 
However, unlike Pena’s experiments, he took the 
samples to failure during triaxial loading. 

The above discussion indicates that isostatic or triaxial 
loading measurements should adhere to strict sample 
size and length to diameter standards. The dimension 
and/or shape of samples subject to small strain 
(ultrasonic velocity) measurement, on the other hand, do 
not have similar constraints. However, no effort was 
made to compare ultrasonic velocity measurements 
conducted along various stress paths nor was there an 
effort to explore the reason behind their discrepancy. 
The following sections describe ultrasonic data from 
sidewall cores and the data’s application for building a 
geomechanical model. 

3. EXPERIMENTAL WORK 

3.1. Sample Description 
Six sidewall core plugs were obtained from within or 
just above an unconventional reservoir, the Marcellus 
gas shale in the Appalachian Basin of eastern North 
America. All samples were acquired between a depth 
interval of 915 and 1,525 m and a bulk density range 
between 2.4 and 2.7 g/cc. The details of the samples are 
provided in Table 1. Mineralogy and TOC data of the 
samples are provided in Table 2. 

 

 
Table 1. Sample Dimension.  

Sample 
ID OR Depth 

(m) 
L 

(mm) 
D 

(mm) 

Bulk 
Density 
(g/cc) 

matrix 
Poro 

(%) 
76 || 1033.8 38.1 25.4 2.71 0.571 
46 || 1419.1 38.1 25.4 2.68 0.842 
38 || 1438.9 38.1 25.4 2.71 0.504 
23 || 1447.6 38.1 25.4 2.37 0.908 
17 || 1448.5 38.1 25.4 2.34 1.379 
14 || 1449.4 38.1 25.4 2.48 4.126 

OR - orientation 
|| - parallel to bedding 
Poro - porosity 

 



Table 2. XRD and TOC data of samples. 

Sample 
ID 

TOC 
(wt. %) 

I/S I/M QFP Ca Total 
Clay 

76 0.21 6 36 46 1 42 
46 0.43 3 14 27 52 17 
38 0.30 Tr 4 5 91 4 
23 11.20 7 22 66 5 29 
17 13.00 9 25 60 6 34 
14 6.02 6 32 34 28 38 
I/S – illite/smectite 
I/M – illite/mica 
QFP – quartz, feldspar, pyrite, plagioclase 
Ca – total carbonates 
Tr - TRACE 

3.2. Experimental Setup 
An experimental setup was designed to simultaneously 
acquire ultrasonic velocity at both axial and radial 
direction on a cylindrical rock sample. Figure 1 provides 
a schematic of the setup.  

 

 
Fig. 1. Experimental setup for simualtaneous measurement of 
axial and and radial ultrasonic velocity. 

The setup has the ability to apply axial stress and 
confining pressure independently while monitoring axial 
and radial strain. Additionally, the setup can measure 
one compressional and two shear wave velocities 
between top and bottom platen and compressional 
velocity inclined at 45O w.r.t to axial direction. Finally, 
the inclusion of radial P velocity ring allows 
measurement of compressional wave velocity at every 

45o along the circumference (Aldin, 2015). However, for 
the current experimental program, the P velocity ring 
was only used during isostatic stress path.  

3.3. Experimental Program 
For each sample, the stress path was a combination of 
isostatic, uniaxial strain and triaxial loading. The sample 
was first loaded along an isostatic stress path. This was 
made possible by gradually increasing the confining 
pressure to 20.7 MPa at steps of 3.45 MPa with axial and 
radial ultrasonic velocity acquisition at each confining 
pressure step. For the uniaxial strain stress path 
(hereafter referred as uniaxial stress path), the sample 
was first loaded to a confining pressure of 8.97 MPa 
with differential stress replicating reservoir stress state 
(~6.71 MPa for sample 14). Axial stress was then 
increased gradually to 34.5 MPa in steps of 3.45 MPa 
with acquisition of axial ultrasonic velocity at each step. 
Zero lateral strain condition was maintained throughout 
the entire duration of this loading phase by increasing 
confining pressure.  Finally, the sample was loaded in 
triaxial stress path with a confining pressure of 8.97 MPa 
(equal to in situ effective horizontal stress) with axial 
ultrasonic velocity measurements with steps of 3.45 MPa 
in axial stress. 

4. RESULTS 
The experimental program detailed in previous section 
was conducted on six samples. As the samples were 
subjected to three different stress paths with acquisition 
of static and dynamic data at each phase of loading, large 
amounts of data were acquired during the entire 
program. This paper concentrates on the dynamic 
measurements with some static data collected whenever 
needed.  To illustrate the mode of loading of each 
sample, stress path of sample 14 is provided in Figure 2 
and 4. During the isostatic loading, radial and axial P 
wave velocities were acquired using the setup shown in 
Figure 1. As the sample was oriented parallel to bedding, 
two shear velocities (fast and slow) were acquired only 

 
Fig. 2. Isostatic stress path for Sample 14. 



 

  

3a - CT image of Sample 14 3b - CT image of Sample 17 3c - CT image of Sample 23 

   

3d - CT image of Sample 38 3e - CT image of Sample 46 3f - CT image of Sample 76 

 

Fig. 3. CT image of samples.

 
Fig. 4. Uniaxial stress path for Sample 14. 

 

 

in bedding parallel direction. Measured velocities were 
then plotted as a function of confining stress as shown in 
Figure 5 for sample 14. P wave velocity perpendicular to 
bedding was almost 25% less than that measured parallel 
to bedding. Moreover, shear wave anisotropy exists, 
which agrees with the observation from CT image of 
sample 14 shown in Figure 3. According to Sayers 
(2010), the shear wave velocity propagating parallel to 
bedding with polarization perpendicular to bedding 
equals to shear wave velocity propagating perpendicular 
to bedding polarized parallel to bedding. Hence, 
measurements indicated in Figure 5 provides P and S 
wave velocity both perpendicular and parallel to 
bedding. The ratio between Vp90 and Vp0 was then 
calculated for each sample and is presented in Figure 6.  



 
Fig. 5. Variation of ultrasonic P and S wave velocities with 
confining stress during isostatic stress path for sample 14. 

 
Fig. 6. Ratio between compressional wave velcity paralellel 
and perpendicular to bedding under isostatic tress path for all 
samples. 

Following this, samples were loaded along unaxial stress 
path, as illustrated in Figure 4 for sample 14. As 
maintaining unaixial strain condition requires complete  

 
Fig. 7. Axial P and S wave velocity measured on sample 14 
under unaixal stress path. 

control of horizontal strain recorded via the radial strain 
gauges (see Figure 1), radial P velocity ring was not 
mounted on the sample, as indicated in section 3.2. 
Thus, only axial P and S wave velocity was measured 
within the unaixial stress path. Figure 7 presents velocity 
measured for sample 14. As expected, Vp90 is higher 
than Vp0 and shear wave anisotropy exists in uniaxial 
stress path. As in the case of isostatic stress path, 
Vs90_slow was used instead of Vs0. As Vp0 was not 
measured, it was estimated using the measured Vp90 
and measured ratio between Vp90 and Vp0 presented in 
Figure 6. 

Finally, in triaxial stress path, each sample was first 
subjected to a confining stress of 8.97 MPa (1300 psi) 
and then loaded to failure. Ultrasonic velocities were 
recorded and Vp0 and Vs0 were estimated from Vp90  

 
Fig. 8. Estimated Vp0 under differeent stress paths for all 
samples. 

 
Fig. 9. Measured Vs0 under differeent stress paths for all 
samples. 

and Vs90_slow as in the case of uniaxial stress path. 
Following this, velocities from various stress paths were 
compared, as shown in Figure 8 for Vp0 and in Figure 9 
for Vs0. These velocities were then compared with log-  



 

 
Fig. 10. Comparision of P and S wave velocity measured 
under different stress path with log-derived velocity for the 
entire depth range. 

measured velocity. The results are shown in Figure 10 
and 11. 

5. DISCUSSION 
Examining Figures 10 and 11 reveals some interesting 
features. Firstly, all three lab measured velocities are 
significantly higher than log velocity for sample 38 
(depth 1438.9 m). A possible explanation for this would 
be the existence of a thin bed with thickness less than the 
resolution of sonic log. A small concretion might also 
have this effect.  As illustrated in Table 2, the sample 
has a very high QFP and carbonate content, which in 
turn produced high velocity during lab measurement for 
all three stress paths. Second, with exception of sample 
23 (depth = 1,447.6 m), Vpo estimated under isostatic 
stress path is closest to that obtained from the sonic logs. 
Third, with exception of sample 38, Vso obtained under 
the isostatic stress path is closest to log velocity for all 
samples. Since all samples were first subjected to 
isostatic followed by uniaxial and finally triaxial stress 
path, one may suspect that isostatic loading may have 
resulted into crushing of grains and/or closing of some 
cracks. However, confining pressure was kept below 22 
MPa during the isostatic stress path for all samples as 

indicated in Figure 2. Moreover, figures 8 and 9 do not 
reveal any obvious pattern between variability of 
velocities measured at various stress paths other than 
sample 38 has the highest measured velocity for all 
stress paths while sample 17 has lowest. It is noted from 
table 2 that sample 38 has lowest TOC content whereas 
sample 17 has highest. To further investigate this, 
velocity measured under various stress path was first 
plotted against weight % of TOC as dependence of 
velocity on organic content has been reported earlier 
(Carcione et al., 2011). This is shown in Figure 12, 
which only illustrates the trend between velocity and 
TOC weight percentage without distinguishing between 
TOC content of the samples. Both P and S wave velocity 
is, irrespective of stress path, found to decrease with 
increase in TOC content. The rate of decrease is, 
however, not uniform among the various stress paths. 
Using the equations of the trend lines shown in the plot 
as a guide, it can be estimated that under an isostatic 
stress path, the rate of decrease of compressional 
velocity as a function of TOC weight percentage is more 
than 20% lower than that observed under uniaxial and 
triaxial loading. On the other hand, for the shear wave 
velocity, the rate of decrease for isostatic stress path is 
more than 35% higher than that observed under uniaxial 
and triaxial stress path. As there are very few instances 
of this type of study (Sayers, 2013), no effort was made 
to analyze the mechanism producing this observation. 
The authors do believe that answering this may benefit 
geophysics community. 

 



 
Fig. 11. Comparision of P and S wave velocity measured 
under different stress path with log-derived velocity between 
1,410 and 1,450 m. 

Other than TOC, wave velocity in shale is also impacted 
by amount of siliceous and calcareous material present 
(Suarez-Rivera and Fjaer, 2013). Hence the same 
exercise was repeated for non-compliant materials, 
which is sum of total carbonates and quartz, feldspar and 
pyrites. This is shown in Figure 13. The velocity was 
found to increase with increase in non-compliant volume 

 
Fig. 12. Variation of velocity against TOC (weight %) for all 
stress paths for all samples. 

 
Fig. 13. Variation of velocity against volume % of non-
compliant (= QFP + carbonates) for all stress paths for all 
samples. 

fraction. The rate of increase is once again different for 
an isostatic stress path and the difference was more 
pronounced for P than S wave. More studies need to be 
conducted to corroborate this observation.  

As already mentioned, few investigations have been 
reported earlier comparing ultrasonic velocity under 
various stress paths. Figure 14 and 15 shows results from 
Sone’s (2012) research. He plotted variation of Cij 
(components of elastic stiffness tensor) as a function of 
axial stress. C11 and C33 are estimated using bedding 
parallel and perpendicular compressional velocity while 
C44 and C66 are estimated using shear velocity (see 
Sayers, 1995). The results provide some insight on 
velocity variability as function of stress and stress path. 

 

 



 
Fig. 14. Variation of C11 and C33 parameters as a function of 
total axial stress from Sone (2011). C33 is represented by 
circles. 

 
Fig. 15. Variation of C44 and C66 parameters as a function of 
total axial stress from Sone (2011). C44 is represented by 
circles. 

 

In the figures, the vertical dashed line indicates the 
magnitude of in situ effective stress. The value of 
stiffness tensor increases less rapidly once the stress is 

above in situ effective stress. This was expected due to 
closure of soft pores. In all plots, Sone joined the 
isostatic and triaxial stress path data with dotted line. All 
moduli increase while stress path changes from isostatic 
to triaxial, which is in accordance with the observation 
for Vp0 in Figure 8 with exception of Sample 23 and 76. 
In Figure 14, for C33 (analogous to Vp0), the change is 
most pronounced for Eagle Ford (lowest porosity and 
non-compliant content, see Table 2.1 of Sone, 2012) 
followed by Barnett samples. Similarly, the highest 
variation of Vp0 between isostatic and triaxial stress 
path is observed for sample 38. However, for Vs0 
(analogous to C44), similar observation cannot be found. 

6. CONCLUSION 
This paper presented a research effort directed towards 
enhancing the usability of sidewall core plugs in 
geomechanics analysis. As their length to diameter ratio 
is not suitable for static measurements, an experimental 
program was conducted to measure their dynamic 
properties and calibrate them against log-measured 
velocities. Velocity of six sidewall plugs was measured 
under three separate stress paths. Velocity measured 
under an isostatic stress path produced results closest to 
log velocity. As there are not enough data present in the 
literature, this study serves as a basis for future work.   
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Summary 
 
This contribution describes an entirely new method for determining the neostress (present-day stress) in reservoirs 
using passive seismic data from surface arrays.  Until now the only stress information available from passive seismic 
methods has been derived from the focal mechanism solutions of microearthquakes (MEQs).  This method has 
several weaknesses:  
• The P and T axes of the solution do not correspond to the maximum and minimum compressive stress axes even 

though they are often used as proxies.  
• MEQs that are sufficiently strong and clear to determine focal mechanism solutions are relatively rare.  
• Both surface and downhole microseismic methods are limited in their ability to accurately determine focal 

mechanism solutions.   
• The method provides information on the orientations, but not magnitudes, of the three principal stresses.  
• Focal mechanism solutions yield two potential fault plane solutions which are not determined uniquely.  

 
The new method relies on analysis of the orientation, size, and seismic activity of surface segments of Tomographic 
Fracture Images℠ (TFIs).  TFIs are direct images of both induced fractures and natural fractures stimulated by 
fracking (Geiser et al, 2012; Doe et al, Lacazette et al URTeC 2013, Lacazette et al, Sicking et al, URTeC 2014).  
The method uses passive seismic data acquired with surface arrays.  
 
TFIs can be generated as tessellated surfaces.  A tessellated surface is a continuous surface composed of triangles 
with common edges.  Slip Tendency Analysis uses the orientations, areas, and cumulative seismic activities of 
individual triangular facets of tessellated TFIs to find the orientations and relative magnitudes of the principal 
stresses that best fit the properties of the population of facets.  If independent stress magnitude information is 
available then quantitative estimates of the reservoir stresses can be determined.  The method has the advantage of 
working with large data sets (tens of thousands to millions of facets) that are distributed across the region of the 
reservoir affected by a hydraulic fracture treatment.  The large sample leads to robust solutions.  Also, it may be 
possible to extend the method to map reservoir stress variations.  Other important advantages of the method are that 
it is not dependent on determining first arrivals and is independent of fault plane orientation or MEQ location. 
 
Introduction  
 
The stress state of unconventional reservoirs is a critical consideration in planning unconventional oil and gas 
development.  Stress data is among the first collected when a new play or area is assessed.  The orientations, relative 
and absolute magnitudes of reservoir stresses control the orientations and pumping pressures of hydraulic fractures.  
Conventional data on reservoir stress is limited to borehole measurements (e.g. Zoback, 2007), information gleaned 
from microearthquake focal mechanism solutions, and velocity and velocity anisotropy information from 3D 
reflection seismic surveys.  Borehole measurements are local, microearthquake focal mechanism solutions do not 
uniquely constrain the stress state, and seismic velocity is affected strongly by natural fracture systems and 
lithological anisotropy.  This contribution is a preliminary report on a new stress inversion method based on passive 
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seismic data recorded on surface arrays.  Unlike other methods, the new method uniquely determines the average 
orientations and ratios of the three principal stresses in the rock volume represented by the TFI that is analyzed.  
 
The technique is based on Tomographic Fracture Images (TFI), which are direct images of seismically active 
subsurface fractures.  The inversion technique uses TFIs in the form of tessellated surfaces.  An example of a 
tessellated TFI is given in Figure 1.  See Lacazette et al (2014) for a comparison of raster and vector TFIs.  The 
inversion technique assumes that the cumulative seismic activity on the triangular TFI facets is a proxy for the slip 
tendency of the fracture represented by the facet.  The method has the potential to fully describe the reservoir stress 
state.  The method is still under development, but we expect to be able to extended this work to estimation of the 
stress magnitudes by incorporation of independent stress data and to areal and volumetric stress mapping by 
subsampling TFIs.  
 
The first two sections of this manuscript describe Tomographic Fracture Imaging and Slip Tendency Analysis.  The 
final section gives examples of using Slip Tendency Analysis for stress inversion.   
 

 
 
Figure 1.  Map view of tessellated Tomographic Fracture Image showing induced fractures in a section of a horizontal wellbore in the Marcellus 
Fm.  200 ft grid for scale.  Data from this well is used as one of the stress inversion examples.   
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Method 1 - Tomographic Fracture Imaging℠  
 
Tomographic Fracture Imaging℠ (TFI) is an extension of Seismic Emission Tomography (SET). TFI has been 
previously described in a number of publications (Geiser et al, 2012; Sicking et al, 2012; Lacazette and Geiser, 
2013; Sicking et al, 2014). SET was originally developed for nuclear test ban monitoring and is widely used with 
data from surface or shallow buried arrays for monitoring tectonic and volcanic tremor and in the oil and gas 
industry for determining hydrofracture-induced microearthquakes. 
The SET procedure is as follows: 

1. Passive seismic data is recorded continuously throughout the time period of interest with a surface or 
shallow buried array using vertical component or multi-component receivers. More uniform grid 
geometries are preferred. 

2. Similar to reflection seismic processing, the data is cleaned of coherent noise, static corrections are made 
etc.  

3. Sonic logs, stacking or depth imaging velocities from reflection seismic data, checkshots, or VSP surveys 
are compiled into an initial velocity model with as much detail as possible.  3D spatially-varying, 
anisotropic velocity models can be used if adequate data is available. The initial model is fine-tuned using 
perforation shots or string shots.  TFI (described subsequently) provides additional options for velocity 
model calibration by focusing seismic activity at the perforations. 

4. Cubic voxels are defined for the study volume. Typical edge lengths are 25 ft. or 10 m. One-way travel 
times from every voxel to every receiver are computed using ray-tracing (Kirchhoff migration). 

5. After aligning the traces from every receiver in time for each voxel, the semblance or other quantity (such 
as covariance) is computed for overlapping time windows to produce a five-dimensional data volume. The 
dimensions are the X, Y, Z coordinates of the voxels; the time-step; and the semblance. 

 
TFI extends SET in the following manner: 

1. The volumes computed for each time step are analyzed, edited, and summed to produce a stacked depth 
volume. The summation can represent minutes to hours or, in the case of ambient images, days. TFIs of 
individual frac stages typically represent the entire pumping time of a frac stage. 

2. The stacked volume is then clipped to eliminate low-level noise leaving clouds of stacked semblance which 
represent cumulative seismic activity (Lacazette et al, 2014).  If coherent noise was not cleaned adequately 
at the trace processing stage it will become apparent at this stage.  Random noise is largely canceled by the 
stacking process.  Clipping is necessary because some low-amplitude false structure can be produced by 
random processes. 

3. The Tomographic Fracture Images are produced from the clouds.  In the simplest method, the surfaces are 
single-voxel thick raster images that represent the central surfaces of the semblance clouds.  Single-voxel 
thick raster TFIs can also be generated by finding the highest activity surfaces through the clouds, which 
often correspond to the central surfaces.  Tessellated TFIs are tessellated surfaces which can be generated 
either from raster TFIs or directly from the stacked semblance volumes.  The former method is not used 
because it generates TFIs with an imprint of the processing grid.  The process of generating TFIs directly 
from the stacked semblance volumes is described in Copeland and Lacazette (URTeC 2015, in press), 
which provides a number of figures.  Lacazette et al (2014) provides a comparison of raster and vector 
TFIs.  TFIs discussed in this work were produced by this latter method which produces TFIs optimally with 
no imprint of the processing grid.  Previous work shows how such tessellated TFIs are directly applicable 
to Discrete Fracture Network modeling (Lacazette et al, 2014).  This paper demonstrates a new use for 
these surfaces.  Figure 1 provides an example of such a tessellated TFI.  

 
TFI combines two multiplicative stacking steps resulting in great sensitivity. The initial stacking step is simply fold 
as in reflection seismic processing (trace fold). The second stacking step (time fold - summation of time steps) 
cancels random noise and accumulates spatially stable signals. (Again, coherent noise is removed in trace-
processing.) Both stacking steps cancel random noise and enhance stable signal. The time fold is a function of the 
length of the length and overlap of time steps.  The trace fold is a function of the number of receivers.  The product 
of trace and time fold for one hour of data typically exceeds 100 million for a surface array. 
 
The SET method that is the basis of TFI is an important source of sensitivity.  SET assimilates total trace energy.  In 
other words, it incorporates all seismic activity, not just discrete microearthquakes. This aspect therefore 
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incorporates energy from the following additional sources: Small microearthquakes are exponentially more 
abundant than large ones so that substantial energy is contained in earthquakes too small to be amenable to 
conventional microseismic methods.  Long-Period, Long-Duration (LPLD) activity produces substantially more 
energy than microearthquakes during hydraulic fracture treatments (Das and Zoback, 2013a, 2013b).  Extended 
Duration Signals (EDS, Sicking et al, 2014) are low frequency P-wave emissions that persist for extended periods of 
time.  Both LPLD and EDS are ignored completely by methods focused only on microearthquakes because they do 
not have distinct, pickable first arrivals and can persist for tens of minutes or longer.  EDS likely represent fluid 
resonance and/or water/gas hammering (comparable to “singing pipes” in household plumbing).  Such fluid 
resonance has also been reported by downhole microseismic workers (e.g. Tary and van der Baan, 2012).  SET 
captures total trace energy in individual time steps.  Stacking of the time steps in the TFI process allows sensitive 
imaging of hydraulic fractures and natural fractures stimulated by increased fluid pressure. 
  
TFIs represent the main fracture surfaces for two reasons:  First, fracture mechanics shows stress concentrations 
around fractures and field (e.g. Vermilye and Scholz, 1998) and laboratory studies (e.g. Janssen et al, 2001) show 
that large fractures are embedded in clouds of smaller fractures and acoustic emissions that become exponentially 
more dense near the main fracture surface. Second, fluid resonance and hammering directly illuminate fracture flow 
paths. 
 
The earth’s brittle crust is in a state of unstable frictional equilibrium due to pervasive fracturing and behaves as a 
self-organized critical system (Leary, 1997; Zoback, 2007).  Frictional slip occurs in response to even very small 
stimuli (Gomberg et al, 1998). Ziv and Rubin (2000) show that stress changes <0.01 atmospheres can cause slip. 
This unstable equilibrium is drastically disturbed by hydraulic fracturing as the added volume alters the stress state 
around the wellbore and reduces the normal stress on preexisting fractures by increasing their internal fluid pressure. 
Seismic waves are emitted as the rock releases stored elastic strain energy, some of which is provided by pumping. 
 
Microseismic activity at great distances from a wellbore can indicate hydraulically conductive fractures even if frac 
fluid is not transmitted to these distances. A positive correlation between resolved shear stress on natural fractures 
and hydraulic conductivity is demonstrated by a large body of literature (see Hennings et al, 2012, and Lacazette et 
al, 2013, for extensive references). Since microseismic activity is also a function of resolved shear stress on a 
fracture, positive correlation between seismicity and hydraulic conductivity is expected. Some seismicity generated 
by fracture treatments is “dry” seismicity, i.e. it does not directly indicate the presence of fracture fluid. Such dry 
seismicity results from the strain wave caused by inflation around the wellbore. However, even dry fractures are 
expected (in general) to be hydraulically conductive because of the aforementioned relationship. See Geiser et al 
(2012) and Lacazette and Geiser (2013) for additional discussion.  
 
The previous paragraph requires an important caveat: Zones of high hydraulic conductivity may not produce much 
seismicity. For example, zones of heavy fault damage are weak and consequently may not support much shear 
stress. Also, high fluid pressures may not be reached if the hydraulic conductivity is high. Experience shows that 
patchy seismicity occurs along such zones. 
 
Independent data sets have validated the imaging method in a number of studies (Geiser et al., 2012; Lacazette et al., 
2013; Lacazette and Geiser, 2013; Sicking et al, 2014).  
 
Several variations exist on the processing flow. The high activity semblance cloud around the wellbore is a direct 
representation of SRV. The highest energy TFIs directly connected to the perforations show induced features.  More 
subtle activity throughout the processed volume can be imaged. The former tends to show induced fractures while 
the latter illuminates the natural fracture system. Lacazette et al (2014) provide additional detail.  
 
Method 2 - Slip Tendency Analysis  
 
Slip tendency analysis provides useful insights into the distribution of past slip on faults and fractures and the ability 
to predict current and future behavior of these structures (Morris et al., 1996; Lisle and Srivastava, 2004; Streit and 
Hillis, 2004; Collettini and Trippetta, 2007; Moeck et al., 2009).  Analysis of slip tendency (Morris et al., 1996) is 
predicated on: 
(1) The ability to calculate the state of normal and shear stress for a fault or fracture of any orientation within a 

stress tensor (e.g., Ramsay, 1967). 
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(2) The assumption that the resolved shear and normal stresses on a surface are strong predictors of both the 
likelihood and direction of slip on that surface (Wallace, 1951; Bott, 1959; Lisle and Srivastava, 2004). 

 
Slip tendency (Ts) is the ratio of maximum resolved shear stress to normal stress (τ/σ) acting on a surface and is 
therefore sensitive to the orientation of the surface of interest and the form of the stress tensor (Morris et al., 1996). 
Values of slip tendency, therefore, are not direct measures of slip on surfaces, but represent the potential for slip in 
some applied stress state. The Navier-Coulomb failure criterion is an intuitive way of thinking about stress and faulting 
(e.g., Price, 1966, p. 27). In this treatment, in order to form and cause slip on a fault, the applied shear stress must 
exceed some threshold value – the cohesive strength of the material – plus the frictional resistance to sliding on the 
fault surface. 

τ = S + μ.σ                 (1) 
Whether slip occurs depends not only on the value of σ, but also on the two constants S (cohesive strength) and μ 
(coefficient of friction). There is also likely to be a range of threshold values contingent upon whether a new fracture 
surface is being formed, an existing fracture with no cohesion is slipping, or an existing fracture with some limited 
residual cohesion is slipping (Figure 2).  
 

 
 
Figure 2. Mohr circle construction showing stress states required for slip within a normal faulting regime on (a) newly developing failure surfaces, 
(b) existing surfaces with limited cohesion, and (c) existing surfaces with no cohesion. σv is assumed to be σ1 (normal faulting) and therefore 
essentially constant for a given depth, magnitude of σ3 at any point in the rock mass would then determine whether slip would occur. Also shown 
is the relationship between the various values of slip tendency required for slip on optimally oriented surfaces. 
 
In a rock mass under critical stress conditions, i.e., poised for failure, faulting is likely to occur on surfaces with high 
slip tendency orientations. Depending on the nature of the stress tensor, this range of orientations could be narrow or 
broad (Figure 3). There will therefore be a range of orientations represented in the population of faults that develops, 
and this range is a function of stress tensor characteristics (Morris and Ferrill, 2009), and the material properties of 
the rock.  
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Figure 3. Range of fault strikes for which appropriately dipping faults will experience 90 % of the maximum slip tendency plotted versus Φ in a 
normal faulting stress regime. Insets are slip tendency plots for Φ = 0, 0.5, and 1 for (σ′1 - σ′3) = 70 MPa (Morris and Ferrill, 2009). 
 
Some threshold of shear stress is required either to initiate a fracture followed by slip or to reactivate an existing 
fracture by further slip; therefore not all slip tendencies will generate slip, there will be a lower bound below which 
faults can neither form nor slip, and so not all orientations will be represented in the fault population. For the example 
shown in figure 3, if a slip tendency of 0.72 is required for any slip to occur, then the fault population should be limited 
to the orientations represented by poles in the red colored regions of the lower hemisphere projections. However, if a 
slip tendency of 0.56 is sufficient to cause slip on some surfaces, then the fault population should include orientations 
represented by poles in the yellow through red colored regions. 
 
Over time, and under stable stress conditions, we would expect that fault orientations experiencing high slip tendency 
would accumulate more displacement than those with lower slip tendencies, and that some orientations would not be 
represented at all. Conceptually there would be a positive correlation between slip tendency and cumulative fault slip, 
but with a non-zero slip tendency intercept (Figure 4). A slip surface that has a high slip tendency orientation will not 
necessarily have accumulated a large amount of slip, it may have been in the stress shadow of a larger slip surface and 
only have become active late in the deformation history. Because new slip surfaces may form at any time, surfaces 
with high slip tendencies may be represented by multiple displacement values from high to low, but surfaces with 
lower slip tendencies will only exhibit lower values of displacement (Figure 4). 
 
Use of slip tendency to estimate stress 
 
It is well documented that the distribution of slip directions on variously oriented faults is sensitive to the stress state, 
specifically the stress ratio, that generates the slip, and many stress inversion techniques utilize this property to 
estimate stress conditions (Angelier, 1979, 1984; Gephart and Forsyth,1984; Morris et al., 1996; Tezuka and Niitsuma, 
2000; Blenkinsop et al., 2006). Patterns of slip tendency are also sensitive to the stress ratio (Morris et al., 1996; 
Morris and Ferrill, 2009), and can be used to estimate both paleostress and in situ stress states (McFarland et al., 2012). 
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Figure 4. Conceptual form of the relationship between slip tendency and observed (cumulative) fault displacement. Data could fall anywhere within 
the shaded areas. Two bounding scenarios are illustrated, one with a narrow peak, the other with a broad peak. A narrow peak would be expected 
where rock properties are consistent through the rock mass; a broad peak would be expected where rock properties are inconsistent, leading to slip 
accumulation over a wide range of slip tendencies. Another factor affecting the shape of this distribution is the consistency of stress conditions, 
particularly orientation, over the time during which the faults accumulate slip.  
 
There is a conceptual link between slip tendency and fault displacement – faults in high slip tendency orientations are 
likely to experience more slip per slip increment, and to accumulate more slip over time than faults in low slip tendency 
orientations. This is not a linear relationship, and is not likely to be continuous. For example, for a fault to form, the 
resolved shear stress on the putative fault must exceed both the frictional resistance to sliding plus a threshold value 
that represents the cohesive strength of the rock (equation (1); Figure 2). Once formed, and in terms of stress 
magnitudes, a fault can accumulate slip more readily than it can propagate if the cohesion of the fault is less than the 
cohesion of the intact rock (Figure 2).  
 
Assuming a constant far-field stress tensor, the fault population will evolve by displacement accumulation on, and 
linking of existing faults, and nucleation of new faults. We postulate that existing faults with the most favorable 
orientations (highest slip tendencies) would accumulate the most displacement over time. In addition, newly formed 
faults would likely display a distribution about a mean close to the most favorable orientations. Interactions between 
faults developed as a result of overlap and the formation of relay structures could introduce a secondary population of 
faults reacting to local stress perturbations and with orientations at high angles to the dominant trend. Once linked into 
the predominant fault network, these secondary faults would continue to accumulate displacement but would have 
seemingly anomalous orientations (i.e., low slip tendency) with respect to the far-field stress system. 
 
Identification of a best-fit stress tensor to fault data and extension to TFI analysis 
 
Slip tendency can therefore be used as proxy for actual fault displacement. Here we define fault displacement using a 
modification of the method outlined by McFarland et al. (2012). In this application, we assume that the cumulative 
seismic semblance of facets of tessellated TFI surfaces generated from hydraulic fracturing well completions can be 
used as a proxy for displacement. Our approach obviates the need for slip vector information from microseismic events 
for inversion. This allows evaluation of the quality of a candidate stress tensor based on the degree of agreement 
between the slip tendency values and the corresponding seismic semblance for a set of observed surfaces. Stress 
inversion is then achieved by identifying the stress state that optimizes this measure of agreement. The inverted stress 
tensor will be the tensor that best fits the input displacement/semblance data.  
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Example  
 
In this section we present a test of the proposed new stress inversion method from a multi-stage horizontal well in the 
Marcellus Fm. in the Appalachian Basin, U.S.A.  Additional examples will be provided in the presentation associated 
with this contribution.  The TFI based stress inversions are tested against the independent data sets of wellbore stress 
indicators measured in borehole images and natural fracture orientations measured in borehole and outcrop.  
 
Figure 5, top shows a TFI data set from the first well that was hydraulically fractured on a multiwall pad.  The TFI 
represents all of the highest cumulative activity surfaces directly connected to the perforations of each stage and are 
interpreted to represent the induced fractures and strongly reactivated natural fractures (Near-Well TFIs in the 
terminology of Lacazette et al, 2014).  Figure 5, bottom shows the principal stress axes resulting from inversion of the 
TFI together with the slip tendency of planar features as a function of orientation.  Also shown are the stress axes 
resulting from the TFI-based inversion method and the average horizontal stress axes of Wilkins et al (2014).  The 
data of Wilkins et al (2014) are high-quality borehole data, from the area of this study, and are interpreted as the best 
available representation of the undisturbed (i.e. pre-frac) stress state at this pad. The two sets of stress data are in good 
agreement.  
 
Additional insight into the TFI geometry is gained from looking at the orientation distributions of natural fractures.  
Figure 5, bottom shows Kamb density contours of fracture poles.  The lowest contour represents the 2σ significance 
level (Kamb, 1959).  Fractures measured in the borehole image of the pilot hole for the well are corrected for the 
sampling problem and are shown in transparent gray.  Hachured contours show measurements of joints (natural 
extensional fractures) measured in the Pennsylvanian rocks that crop out in the general vicinity of the pad.  The outcrop 
data are not corrected for the sampling orientation.  Both J1 (roughly E-W striking) and J2 (N-S and NW-SE striking) 
joint sets are apparent in the subsurface data (Engelder et al, 2009).  Only the J2 joint set is visible in the surface 
because these strata were at or near the surface during Alleghanian deformation.  Two sets of J2 joints are clearly 
defined in both data sets.  These J2 sets represent two phases of the Alleghanian orogeny.  Stress rotation during 
Alleghanian deformation is well-documented (Geiser and Engelder, 1983; Lacazette, 1991; Wise, 2004; Sak et al, 
2014).  In this area, the rotation was about 45° clockwise, so that the early J2 joints strike NW-SE and the later joints 
strike N-S to slightly West of North (Lacazette, 1991).  The early J2 joints often show shear reactivation compatible 
with the late J2 orientation (Lacazette, 1991; Sak et al, 2014).  
 
Comparing the two diagrams of Figure 5 shows that the J1 joints accumulated the most seismic activity during fracing.  
This is expected because the stress data shows that this set is oriented so that it experiences a low normal stress and 
high shear stress.  Although some orientations of the J2 joints show a high slip tendency, they generally show less 
activity because they are under high normal stress and hence less likely to have the normal stress offset by frac-derived 
fluid pressure.  Nevertheless, the TFI shows subvertical features in a wide range of orientations. Many of these features 
are likely hybrid features due to laddering of activity between the J1 and J2 joints sets below the resolution of the TFI.  
Subsequent wells fracked on this pad showed greater activity on the J2 set and perhaps evidence of frac-induced stress 
rotation, although this work is ongoing as of this writing.  
 
Conclusions 
 
We conclude that the new method of stress inversion from passive seismic data described in this paper holds 
promise as a new and independent method for assessing reservoir stress.  
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Figure 5.  Appalachian Basin Example.  Lower hemisphere equal-angle projections of Tomographic Fracture Image (TFI) data and stress inversion 
for a horizontal well in the Marcellus Fm. with multiple frac stages.  Red and green arrows show respectively SHmax and Shmin orientations of 
Wilkins et al (2014).  Black and gray arrows show respectively SHmax and Shmin from TFI based stress inversion.  TOP – Density contour of 
14,966 poles to TFI facets weighted for facet area.  This is the entire TFI connected to the perforations.  BOTTOM – Stress inversion results for 
the TFI shown in the top image and natural fracture orientations. Labeled white dots are the orientations of the maximum (σ1), intermediate (σ2), 
and minimum (σ3) principal stress axes. Color fill shows the slip tendency on a planar element as a function of the orientation of the pole to the 
element. Contours with transparent gray fill show density of poles to subsurface natural fractures measured in the pilot hole of this well.  Contours 
with hachured fill show density of poles to natural fractures measured in outcrops in the vicinity of the wellpad.  
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Executive summary 

The objective of RPSEA Project 09122-32 is to develop a geomechanical model for the Marcellus gas 
system in the Appalachian Basin. This geomechanical model will be developed using stress profiles and a 
broad suite of log‐ and core‐based petrophysical data from the vicinity of three Marcellus gas well pads.  
The overall project is viewed as an expansion of the South Canisteo experiment to four locations for the 
purpose of a regional assessment of basin wide stress.  Subtask 5.1, the subject of this report, deals with 
the collection of data at the first of the three Marcellus gas well pads, the Cornwall-A pad in Lycoming 
County, PA.  

The core of the Cornwall-A experiment was a geophysical survey conducted by Global Geophysical 
to establish a coarse stress profile based on the emission of seismic energy from a 4000’ wide by 8300’ 
long by 4000’ high volume of middle Paleozoic rocks centered along the axis of two Cornwall-A 
horizontal wells, the 1H and the 2H.  The experimental setup is explained in sections 3 and 4 of this 
report.  The basic data are seismic traces recorded during the stimulation of the two laterals and the 
pumping data from the stimulation (section 5).  These data are used to derive earthquake focal 
mechanisms which give an indication of stress orientation and to derive a sense of the absolute stress ratio 
in the Marcellus.  The basic interpretations from the analysis of the seismic traces are discussed in section 
6.   

Section 6.1 is an analysis both near well and reservoir scale Tomographic Fracture Images (TFI) as 
presented by Global Geophysical.  This was more or less a turnkey operation.  While TFI analysis is a 
relatively new technique, the information from the near well TFI analysis was routine.  Section 6.2 
explains the technique that Penn State developed for stress inversion for hypocenters.  This technique is 
now used by a number of organization doing microseismic analysis but Penn State has added a new twist 
or two.  

The singular breakthrough in this first phase of data gathering was the demonstration that there is a 
mechanical stratigraphy in the Appalachian Basin which reflects the interaction of fractures and in situ 
stress (section 6.3).  The analysis employed TFI data but added detail that gives another level of validity 
to the TFI technique.  The non-intuitive result is that the most highly stressed layers, the Tully and 
Onondaga Limestone, emit the least seismic energy.  This reflects a lower fracture density which, in turn, 
allows for the accumulation of the greatest elastic strain (i.e., stress).  The gas shales of the basin emit 
seismic energy from vertical zones that correlate with well-developed vertical joint sets.  The TFI 
technique detects seismic energy coming from fractures with same orientation as those seen in outcrop.  
In sections below the Onondaga Limestone, TFI takes place along zones that dip in much the same 
manner as splay thrusts breaking from a regional detachment in the Silurian salt.   

The combination of stress orientation (focal mechanisms), stress magnitude (Marcellus stimulation 
pressure curves), and a mechanical stratigraphy (TFI images of thin vertical slices of the middle Paleozoic 
section) of the Appalachian Basin, give the construction of a basinwide geomechanical model a good 
start.  
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1. Objectives of subtask 5.1 

RPSEA Project Subtask 5.1 is a microseismic experiment during the stimulation of two Marcellus 
wells on the Cornwall-A pad in Lycoming County, PA.  The objective of the experiment is to gather data 
on in-situ stress in the Appalachian Basin.  These and other data will ultimately allow us to build a 
geomechanical model for the black shale gas system of the Appalachian Basin which includes the 
Marcellus gas shale.   

Geomechanical properties, especially stress, play a critical role in the hydraulic fracturing process. 
Hydraulic fractures always propagate perpendicular to the minimum principal stress with the most 
successful propagation in rock volumes of lower minimum horizontal stress (i.e., Shmin).  Past research 
in the Appalachian Basin has shown that the stress is heterogeneous in different lithologies (Evans et al., 
1989). The in-situ stress in the limestone layers (e.g. Tully Limestone and Onondaga Limestone) are 
much higher than the surrounding shale formations (e.g. Marcellus and Mahantango) (Evans, 1989a, b). 
Therefore, the limestone is likely to act as a fracture barrier during the stimulation process.  

In addition, the level of success of the stimulation of an unconventional reservoir greatly depends on 
the natural fracture (joint) system. Two joint systems are recognized in the Appalachian Basin, Middle 
and Upper Devonian section.  These are called the J1 and J2 joint sets (Engelder et al., 2009). The J1 joint 
set is mainly in the ENE-WSW orientation, which coincides with the current day maximum horizontal 
stress field. The J2 joint set is perpendicular to the J1 joint set, striking predominantly NW-SE. Companies 
have been taking advantage of these joint sets during the development of the Marcellus Shale. They 
typically drill in a NNW orientation so the hydraulic fractures can propagate perpendicular to the 
minimum horizontal stress (Shmin) and take advantage of the cross cutting J1 and J2 joint sets. 

The pre-existing joint sets are hydraulic fractures. Natural hydraulic fractures of the Appalachian 
Basin formed during the maturation of hydrocarbons in the Marcellus gas shale and other organic-rich 
Devonian shales. The overpressured methane caused poroelastic shrinkage of the shale matrix to the 
extent that fractures propagate in these shales (Engelder and Lacazette, 1990; Engelder and Lash, 2008; 
Lacazette and Engelder, 1992). 

2.  Overview of the subtask 5.1 

A near surface array of 50 geophones was installed around the Cornwall well pad in Lycoming 
County, Pennsylvania by Global Geophysical. Microseismic signals were recorded during massive 
slickwater fracturing of the Cornwall 1H and 2H well. The recorded signals were later processed to obtain 
Tomographic Fracturing Images (TFI) of each stage using Global Geophysical’s patented TFI workflow. 
Additionally the hypocenters of several microseismic events were located using the data. Due to the 
quality of the data, it was possible to only get the focal mechanisms of a few larger microseismic events. 
Focal mechanisms allow the contemporary in-situ stress orientation to be determined. The open hole log 
data, which was documented in detail in a previous report, was also used to constrain the contemporary 
stress orientation and magnitude. Comparing the TFI derived rose diagram and local joint mapping 
results, it is inferred that the reservoir scale TFI is a reflection of the fracture systems that were 
reactivated due to the perturbation of strain field during the hydraulic fracturing process. Furthermore, it 
is possible to see the interaction between the 1H and later 2H well through connection of the hydraulic 
fracture systems. 
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3. Experiment set up 

3.1 Regional background 

Lycoming County is located in North-East Pennsylvania, North of the Appalachian Front. The 
Marcellus Shale is relatively deep and thick in this area (200-250ft thick) (Figure 3.1). This area is also a 
highly overpressured region. There is evidence that the pore pressure gradient can be as high as 0.8 psi/ft. 
Other companies have achieved high production rates near this location (e.g. Seneca Resources). 

 

Figure 3.1. Marcellus Shale thickness map with location of the Cornwall well indicated as a star. 

The world stress map shows there is little regional stress data in NE PA, however the overall stress 
orientation should still be ENE-WSW, similar to other locations in Northeast America (Figure 3.2). 
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Figure 3.2. Maximum horizontal stress orientations, from the World Stress Map. Pink outline is the 
Appalachian Basin. The rose diagram displays the picked nodal plane of microseismic focal mechanisms 
from other microseismic monitoring results in the Marcellus or Utica shale (Ellison). 

The Cornwall well is located in a syncline. The Marcellus Shale is approximately 8000 ft deep and 
dips gently to the south, making it a good target for horizontal drilling and hydraulic fracturing. The 
Silurian salt acts as a detachment below the Marcellus Shale. The Tully limestone is relatively thick >100 
ft in this region, providing a good fracture barrier over the target horizon. 
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Figure 3.3. Location of the buried geophones for the 1H experiment. Triangles are the geophones with 
their numbers labeled. 

3.2 Geophones 

Fifty (1H) and then 54 (2H) velocity geophones were installed around the Cornwall pad located in 
Lycoming County of Pennsylvania.  Of the 50 sondes, 49 have a natural frequency of 10 Hz, while one 
has a natural frequency of 4.5 Hz (Figure 1, 10055003; red circle).  Sonde 10055003 was buried near the 
Cornwall well pad to capture low frequency information. Cornwall well 1H was stimulated in March, 
2013. Cornwall well 2H was stimulated in Nov, 2013. Both stimulations were recorded by the Global 
Geophysical Buried Array (Figure 3.3). 

Each sonde is composed of 12 three component geophones. The geophones were Amphenol Steward 
GMSI-A3104A with GPS connected to each of the buried sondes. At the time of starting the frack job, the 
sondes were activated to record the seismic waves. Surface elevation is dramatic in this area. The surface 
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elevations of the sonde installations ranged from 700-1300 ft above sea level. The grid covered 
approximately 26 square miles. 

3.3 Orientation calibration 

The first step after installing the geophones was to determine the orientation of the components. 
Every geophone has three components: one vertical and two horizontal. The vertical component 
orientation is set while the two horizontal components are not. To determine the horizontal components 
orientation, Global Geophysical did eight hammer shots around each geophone (Figure 3.3). The 
geophones were synchronized using the GPS time and preset to wake up at the start of the stimulation. 

 

Figure 3.4. Hammer shot diagram. 

3.4 Perforation calibration 

Perforation is the action of using a shaped charge to penetrate the wellbore steel casing to connect the 
reservoir with the wellbore. Before hydraulic fracturing, each stage is perforated to concentrate the 
slickwater at specific sites. The perforation setup varies quite a bit in terms of phase and yield of the 
shaped charge between companies. Generally speaking, the perforation shots use 20 grams of explosive. 
The energy of the perforation is close to that of a hand grenade and equivalent to magnitude zero natural 
earthquakes. Perforations have known locations and approximately known origin time; therefore they are 
really useful as calibration data for the velocity model and test of detection ability of the array geometry. 
To accurately record the origin time of the perforation shots, Global wrapped wires around the fire lines 
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of the perforation. The electronic pulse to trigger the perforation will generate a signal in the electro-
magnetic wire wrap (Figure 3.4).  

 

Figure 3.5. The electro-magnetic pulse shown in the wrapped wire around the fire cord. Circled signals 
are the onset of the perforations. 

Unfortunately, in this project, Global Geophysical was not able to correlate any visible hypocenter 
events to the perforations shots. Previous microseismic projects usually can find a couple of perforations 
on the surface, for example in the Troyer experiment in Southwest PA. This lack of perforation shots is 
partly due to the Marcellus in this region being deeper (2000 ft more). Another possibility is the small 
number of geophones used in the stacking of data. In this buried array we only have 50 geophones (54 for 
2H), far fewer than the surface array (usually on the order of 1000 geophones). However, Global 
Geophysical was still able to calibrate a velocity model using the semblance stratigraphy that will be 
discussed in later sections. TFI uses stacking of semblance over time, which will cancel out the 
uncorrelated noise and amplify the real signal associated with the formation. 

 

4. Method 

4.1 Travel time calculation 

In almost all microseismic projects, the travel time is needed for the beam forming processing to 
locate the events. Most projects only need a layered 1-D velocity model. The 1-D velocity model is based 
on a sonic log or VSP measurement. 

The sonic logs acquired have a resolution that is higher than necessary for a velocity model 
calculation.  Consequently, the sonic logs are up-scaled to approximately 50 ft.  This is accomplished by 
using a moving average method. Afterwards, the travel time oblique to bedding is calculated using 
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slowness and Snell’s law. The horizontal slowness of each layer does not change with the layers. Once 
calculated, the travel time can be saved in a separate file. 

More complicated velocity models require a 3-D velocity structure. Usually the 3-D structure is 
known when 3D seismic data is available. In this case the travel time is calculated using an eikonal 
equation with a finite difference grid. In this project, the velocity structure is not that complicated, 
therefore a 3D velocity structure is not necessary. 

4.2 Tomographic Fracture Imaging (TFI) processing 

The microseismic data was processed using Global Geophysical’s Tomographic Fracture Imaging 
(TFI) workflow. For TFI processing in this project, only the vertical component was used. The three-
component record was later used to find the larger magnitude events primarily through the S wave 
information.  

The raw data is pre-processed using several methods: 1) a 20Hz high-pass filter to filter the low 
frequency noise, 2) a HANK (high amplitude noise kill) filter to get rid of the high noise traces, and 3) a 
trace-equivalence filter to balance the energy of each trace. 

The reservoir is divided by a three dimensional grid defining cubes called “voxels”. The voxel 
dimension is 25x25x25 feet. The TFI workflow calculates the semblance of each voxel using a predefined 
travel time table.  

After pre-conditioning, the data was divided into 1 min files, each of which is called a “FFID”. The 
FFID is the most basic unit of the data used for processing. Each FFID is further divided into 200ms 
pieces to calculate the semblance for each voxel. Using the travel time derived from the velocity model, 
the semblance of the microseismic record was calculated for each 200ms pieces. The record was moved 
by every 60ms in time and the process repeated. The semblance volumes for each of the 200ms time 
sections were all stacked together and a statistical approach was used to extract the fracture system 
information. 

 

4.3 Hypocenter processing 

Like many other companies, Global Geophysical uses a “beam forming” technique to locate the 
hypocenter of the microseismic events. The idea of beam forming is simple. First, an algorithm tests 
every voxel (i.e., every location) to compute the arrival time of a possible microseismic event from that 
voxel. There is only one voxel from which the signal at the time of arrival will be coherent for a given 
microseismic event. The criterion of coherence used by Global Geophysical is “semblance”.  For signals 
coming from the voxel emitting seismic energy, there will be a high value of “semblance”. Since 
semblance is used to produce the Tomographic Fracture Images (TFI), this process can identify regions of 
higher fracture activity. Global Geophysical created criterion to automatically pick the hypocenter of 
events as long as there is a focus of semblance (Figure 4.1). They further classified the picked events into 
two classes: Class I when there is a focus of semblance and the waveform is visible on the raw record; 
Class II when only the focus of energy is visible but not on the raw waveform record. Again, the ability to 
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detect hypocenter events relies on the Signal Noise Ratio (SNR) and the correction of statics, both of 
which are very challenging in this project. 

 

Figure 4.1. example of hypocenter detection using vertical component record. The warm color region is 
one detected event. However, the waveform is not clear. Therefore it is a Class II event. 

Global Geophysical first processed the Cornwall 1H data using the vertical components of the 
geophone records only. They were not able to find any Class I hypocenters using P wave information 
alone. Further examination of these Class II events detected revealed that they are not stable. A 
“bootstrap” approach was attempted by eliminating part of the noisy traces from the calculation and the 
concentration of high semblance disappeared. Therefore, it was concluded that these Class II events are 
not meaningful for further studies. Global Geophysical thinks the reason that so few events were detected 
is a consequence of the surface geophones suffering from significant attenuation, noise and scattering. 

Later, a workflow was revised to use the horizontal components as additional constraint for the 
detection of hypocenters. Since S wave amplitude is about 3 times larger than P wave amplitude in the 
buried geophones, looking for S wave will enhance the SNR. Therefore, the new processing workflow 
used an S wave velocity model (P wave velocity divided by √3 ) to calculate the theoretical travel time 
and semblance. The semblance of the S wave is shown in Figure 4.2. The S wave hypocenter has a wider 
high energy concentration region than the P wave (Figure 4.1). This is because S wave frequency is lower 
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and the wave train is longer. Therefore, although S wave is very helpful in detecting the events, the 
resolution of the location is limited. 

 

Figure 4.2, semblance concentration of one microseismic event. 

The S wave form can be seen directly in the raw record (Figure 4.3). It is clear from this figure that 
the S wave energy is much higher than the P wave energy. P wave has a shallower move out which 
indicates a higher velocity. The difference between the travel time of P and S waves is about 500 
milliseconds. 
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Figure 4.3, the waveform of one microseismic event that is visible. H1 and H2 are the two horizontal 
components of the geophone. 

Eventually, from the microseismic data of Cornwall 1H, 52 microseismic events were found. 
However, many of these microseismic events are outside the region of stimulation. These events might be 
from a nearby Marcellus well that was being stimulated during this experiment. This will be discussed in 
the next section. Detecting the hypocenters of Cornwall 2H well was much more successful than the 
Cornwall 1H. Global Geophysical was able to pick the first motion on 12 microseismic events and do the 
focal mechanism analysis. They will be further discussed in the next section. 

5. Data 

5.1 Hydraulic fracturing  

Hydraulic fracturing operations were performed by Weatherford which provided the post-frac report 
in which the pump pressure curves and the slurry rate were recorded. The Cornwall 1H well had 13 frac 
stages while the Cornwall 2H well had 18 stages. Range Resources also provided the frac pumping curve 
record from a nearby well named Laurel Hill. 

Instantaneous Shut In Pressure (ISIP) is treated as the minimum principal stress. It is the point which 
the pumped fluid leaks off into the formation. It can be picked from the pump pressure curve. Below is an 
example of picked ISIP. 
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Figure 5.1. Pump pressure curve of Cornwall 2H stage 3. ISIP and break down pressure is indicated 
on the graph. 

Cornwall 1H had 13 stages, all of which the ISIPs were recorded. The average ISIP is 6169 psi with 
an average fracture gradient of 1.13 (Figure 5.2 (A)). Of the 18 stages of Cornwall 2H, 16 ISIPs were 
recorded. Despite small fluctuation, the ISIP is 6197 psi (Figure 5.2 (B)). The average fracture gradient of 
Cornwall 2H is about 1.14. 

In Cornwall wells 1H and 2H the ISIP is similar. According to the linear elastic fracture mechanics 
theory, the propagation of fractures is controlled by the fracture toughness of the rock and the stress 
intensity factor of the hydraulic fracture itself. The stress intensity factor is a function of the length of the 
fracture. Immediately after the hydraulic fracture propagates longer than 1 meter, the stress intensity 
factor will be so large that the strength of the rock does not affect the propagation of fractures. The only 
factor that could affect the stress needed to keep the fractures propagating is the friction of the fracture 
wall. However, the ISIP is recorded when injection is stopped and therefore should be a reliable number 
for minimum in-situ stress. 

It is important to notice that the pump pressure is the pressure recorded at the surface. To calculate the 
real minimum horizontal stress, the weight of the frac fluid column in the wellbore needs to be added. 
Considering the depth of the wellbore (8800 ft) and a hydrostatic pressure gradient (0.45 psi), the real 
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minimum horizontal stress will be on the order of 10157 psi at the level of Marcellus in the Cornwall 
well. 

 (A) 

 (B) 

Figure 5.2. ISIP of Cornwall completion stages. Horizontal axis is the frac stage number. Vertical axis 
is the pressure (psi). (A) is the ISIP of Cornwall 1H, (B) is the ISIP of Cornwall 2H. 

 

5.2 Hypocenters 

As mentioned above, 52 Class I hypocenters were recorded from Cornwall 1H and 12 Class I 
hypocenters were detected from Cornwall 2H. Of the 53 hypocenters in the Cornwall 1H well, the 
majority of the events are outside the stimulation zone (Figure 5.3), which indicates the stimulation of a 
nearby well or an active fault zone that was triggered by the hydraulic fracturing operation. In the 
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processing of the Cornwall 2H well, Global Geophysical narrowed the search zone and only searched the 
region immediately around the wellbore. The Cornwall 1H hypocenters are mostly at the toe of the 
horizontal wellbore implying the high energy events are in the early stages of the stimulation. The 
hypocenters detected in Cornwall 2H are more widely spread over all of the stages. 

 

Figure 5.3. Map view of the hypocenters of the Cornwall 1H events. Red dots are the detected 
hypocenter events. White dots are the buried geophones. The grid is the TFI searching grid. Global 
Geophysical expanded the search region for more hypocenter events. Blue line indicates the horizontal 
lateral of the wellbore Cornwall 1H. 

Cornwall 2H hypocenters are shown in Figure 5.4. The hypocenters are colored according to the 
stimulation stages. The high energy microseismic events have clear waveform on the raw record. The P 
wave first motion was picked from the raw record to obtain the focal mechanisms as indicated by the 
beach balls in Figure 5.4. 
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Figure 5.4. Map view of the microseismic event hypocenters of the Cornwall 2H. Both the Cornwall 
1H and Cornwall 2H well trajectories are shown on the map. 

Focal mechanism solutions provide good constraint on the local stress field. Geophysicists use focal 
mechanisms to invert for stress state either directly or invert for some representative combination of stress 
(e.g. stress ratio). 

Individual focal mechanisms are represented by “beach ball” plots (Figures 5.5 and 5.6). It is 
represented by the dilatational and compressional quadrants. The three axis are named “P, T, B” axes 
which represent the maximum principal stress orientation, least principal stress orientation and 
intermediate stress orientation respectively. The two planes are called nodal planes, which represent the 
fault plane of the earthquake events. There is only one real fault plane. The other one is called “auxiliary 
plane”. There are no geophysical methods available to discern these two planes. Usually people rely on 
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the geologic knowledge to identify the real plane.  An example of the Cornwall 2H focal mechanism 
analyses is shown in Figures 5.6 and 5.7. 

 

Figure 5.5. Focal mechanism represented by the beach ball plot. Shaded region is the dilatational 
quadrant and the other one is the compressional quadrant (Shearer, 2009).  
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Figure 5.6. Example of focal mechanism. The figure shown is an equal area plot of the P wave first 
arrivals. Triangles and circles represent the inward/outward initial movement of the ground. The spread of 
the arrivals depend on the azimuthal coverage and take-off angle of the microseismic events. 
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Figure 5.7. Waveform of one of the Cornwall 2H hypocenters. The first arrival of the P wave is clear 
on the record.  

The semblance slices recognize the double couple pattern by not focusing the energy at the center of 
the hypocenter but rather in two nearby areas (Figure 5.8).  
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Figure 5.8. Semblance slices of one microseismic event in the Cornwall 2H well. There are several 
lobes of high semblance around the hypocenter. These are caused by the radiation pattern rather than 
several microseismic events. 

6. Interpretation 

6.1 Near Well (NW) and Reservoir Scale (RS) TFI 

Global Geophysical provided the Near Well (NW) and Reservoir Scale (RS) TFIs for both Cornwall 
1H and 2H stimulation stages. The NW TFI is stacked by examining the activities of semblance volume 
on one minute records. By doing this, it is possible to pick the fracture system that is activated by the 
hydraulic fracturing process. 
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Figure 6.1. Example of the Near Well (NW) TFI and the rose diagram of lineament of NW TFI. 

Figure 6.1 shows that the NW TFI lineaments have 3 very distinct clusters of orientations: 2 ENE and 
1 WNW cluster. These are probably related with the natural fracture systems plus the influence of 
regional stress orientation. The data below indicates the maximum horizontal stress orientation is likely to 
be around N68E degrees. The green bars in the rose diagram are the strike of joint systems mapped on 
surface outcrops. The TFI clusters have similar orientations as the surface fractures, supporting the natural 
fracture system hypothesis. 

6.2 Stress Inversion from hypocenters 

Seismologists use a group of focal mechanisms to derive the local or regional stress field (Gephart 
and Forsyth, 1984; Hardebeck and Michael, 2006; Zoback, 1989). Two assumptions are made in order to 
perform the stress inversion: 1) the deviatoric stress is uniform over the region of study; and 2) the fault 
plane is in the maximum shear stress orientation. The most popular method is called Focal Mechanism 
Solution Inversion (FMSI) developed by Gephart and Forsyth (1984). FMSI uses a grid search method 
and tries to find the three principal stress orientation to minimize the misfit between the theoretical stress 
orientations and the nodal planes. By assuming the slip on the plane is in the direction of the resolved 
shear stress, or equivalently, that there is zero shear stress on the plane in the direction normal to the slip, 
the stress ratio can be calculated: 
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𝑅 =
𝜎2 − 𝜎1
𝜎3 − 𝜎1

 

The FMSI is better in the inversion for stress than calculating the average of the P, T, B (or N) axes of 
the focal mechanism. Not only a stress ratio be calculated, therefore a sense of anisotropy of the stress 
magnitude, but the “real” fault plane can be determined from the best fit stress orientation. 

 

 

Figure 6.2. Beach ball plot of the focal mechanisms of the Cornwall 2H microseismic events. The 
shaded quadrant is the dilatational quadrant while the white one is the compressional. P, T, B (or N) axes 
are indicated on the beach ball plot. 

The 12 focal mechanisms from Cornwall 2H are shown above (Figure 6.2). The majority of the 
events are strike slip with 2 dip-slip event. This is different from the conventional microseismic focal 
mechanism patterns (mostly dip slip). The depths of these events are about 10000 ft, in the Trenton-Black 
River Formation which is 2000 ft deeper than the Marcellus Formation at about 8000 ft. This indicates 
that these microseismic events are unlikely to be “opened” by the high pressure fracturing fluid that was 
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injected in the formation. They are triggered by the changed of stress/strain field associated with the 
stimulation. Therefore, they should be double couple events and the assumptions for the FMSI method 
should stand. 

Using the FMSI algorithm, the following principal stress orientations (plunge and azimuth) can be 
inverted: 

𝜎1: 90, 45, 𝜎2: 0, 153, 𝜎3: 0, 243 

𝑅 =
𝜎2 − 𝜎1
𝜎3 − 𝜎1

= 0.95 

The maximum principal stress is vertical. Therefore, it is in the normal stress regime, which is 
consistent with our knowledge of Northeast US. The magnitudes of 𝜎2  and 𝜎3 are approximately the 
same (R is close to 1). The orientations of the two smaller principal stresses indicate that the strike of 
maximum horizontal stress is 153 or 333, the strike of minimum horizontal stress is 243 or 63. Although 
the orientations concur with our knowledge of the regional stress field, the magnitude is different. During 
the inversion, I eliminated the suspicious focal mechanisms (strike=0 or 90) and only used the more 
convincing ones. However, the orientation is reliable. 

6.3 Mechanical Stratigraphy based on TFI analysis 

Semblance stratigraphy is observed in this dataset. Here the abstract of the study on semblance 
stratigraphy is presented below. It mainly examines the different response of the mechanical layers 
(limestone vs. shale) to the perturbation of stress field revealed on the TFI dataset. A draft for a peer-
reviewed article on semblance stratigraphy is attached (Appendix 1).  

Mechanical stratigraphy is based on the Earth being in a state of frictional equilibrium which means 
that even small changes in stress cause frictional slip and the concomitant release of seismic 
energy.  Stress changes as low as 0.001 MPa, the level of stress changes during Earth tides, can activate 
slip on critically oriented fractures. The strain and/or pore pressure changes accompanying hydraulic 
fracture stimulation causes changes in normal stress of at least 0.001 MPa and probably much more in the 
vicinity of the horizontal well.  The seismic energy released during such low-stress slip events can be 
detected using seismic emission tomography which identifies the location of slip events by the semblance 
of seismic waves emerging from a rock volume 25’ on a side, a voxel.  The patterns of higher seismic 
emission voxels define fracture pattern, a tomographic fracture image (TFI).  Using a buried array of 50 
sondes over a 26 mi2 area during stimulation of two wells drilled from the Cornwall-A pad in Lycoming 
County PA, the TFI pattern defines a mechanical stratigraphy of eight layers of the mid-Paleozoic section 
of the Appalachian Basin, PA (see Appendix 1).   

The mechanical stratigraphy includes two layers emitting relatively little seismic energy, the Tully 
Limestone and the Onondaga/Oriskany pair.  These are the most highly stressed but also the least 
fractured in outcrop.  Thick shale sections of the Hamilton Group including the Marcellus gas shale and 
the Geneseo Group including the Geneseo/Burket gas shale exhibit a TFI pattern of vertical voxels which 
reflect through going vertical joint zones.  The lower density of high energy voxels suggest that relatively 
few joints emit seismic energy as a consequence of strain during hydraulic fracture stimulation.  The 
section below the Onodaga/Oriskany pair displays tilted zones in seismic energy consistent with ramp 
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faults climbing from the regional decollement at the base of the salina salt.  The eight mechanical layers 
as defined by the pattern of voxels emitting seismic energy is faithful to the outcrop pattern of fracturing, 
hence further validating the use of TFI to understand fracture distribution in the subsurface. 

 

7. Conclusions 

Two Marcellus wells (Cornwall 1H and 2H) are monitored using the buried array near surface 
microseismic system during the hydraulic fracturing operation. Tomographic Fracturing Imaging (TFI) 
were calculated using Global Geophysical’s patented program. The TFI images illustrate the fracture 
systems that were activated during the completion process. 12 microseismic events are identified and 
picked using the P wave amplitude to derive the focal mechanisms of Cornwall 2H well (Figure 6.2). The 
focal mechanisms were used to invert for regional stress field using the Focal Mechanism Solution 
Inversion algorithm. The inverted results show that this is a normal stress regime. The maximum 
horizontal stress is around 63 degrees, the minimum horizontal stress is around 333 degrees. The 
magnitude of the minimum horizontal stress is about 10100 psi at the depth of the Marcellus Formation. 
TFI also demonstrates the relatively quiet formations (Tully and Onondaga) during the hydraulic 
fracturing process. 
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Abstract 

The Earth is in a state of frictional equilibrium which means that even small changes in stress cause 

frictional slip and the concomitant release of seismic energy.  Stress changes as low as 0.001 MPa, the 

level of stress changes during Earth tides, can activate slip on critically oriented fractures.  The strain 

and/or pore pressure changes accompanying hydraulic fracture stimulation causes changes in normal 

stress of at least 0.001 MPa and probably much more in the vicinity of the horizontal well.  The seismic 

energy released during such low-stress slip events can be detected using seismic emission tomography 

which identifies the location of slip events by the semblance of seismic waves emerging from a rock 

volume 25’ on a side, a voxel.  The patterns of higher seismic emission voxels define fracture pattern, a 

tomographic fracture image (TFI).  Using a buried array of 54 sondes over a 26 mi2 area during 

stimulation of two wells drilled from the Cornwall-A pad in Lycoming County PA, the TFI pattern defines 

a mechanical stratigraphy of eight layers of the mid-Paleozoic section of the Appalachian Basin, PA.  The 

mechanical stratigraphy includes two layers emitting relatively little seismic energy, the Tully Limestone 

and the Onondaga/Oriskany pair.  These are the most highly stressed but also the least fractured in 

outcrop.  Thick shale sections of the Hamilton Group including the Marcellus gas shale and the Geneseo 

Group including the Geneseo/Burket gas shale exhibit a TFI pattern of vertical voxels which reflect 

through going vertical joint zones.  The lower density of high energy voxels suggest that relatively few 

joints emit seismic energy as a consequence of strain during hydraulic fracture stimulation.  The section 

below the Onodaga/Oriskany pair displays tilted zones in seismic energy consistent with ramp faults 

climbing from the regional decollement at the base of the salina salt.  The eight mechanical layers as 

defined by the pattern of voxels emitting seismic energy is faithful to the outcrop pattern of fracturing, 

hence further validating the use of TFI to understand fracture distribution in the subsurface.   
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Introduction 

Plate tectonics assures that the upper crust of the Earth is continuously strained and thus stress is 

renewed after brittle failure by frictional slip on fractures of various surface areas.  The concept of stress 

renewal was understood when earth scientists first realized that earthquakes repeat along the major 

fault zones of the Earth (Reid, 1910).  The mechanisms for stress renewal were not understood until the 

plate tectonics paradigm was specified in the late 1960s (Isacks et al., 1968).  As a consequence of plate 

tectonics the upper crust of the Earth is a self-organized system of fractures in a state of frictional 

equilibrium (Leary, 1997; Townend and Zoback, 2000; Zoback, 2010).  On the scale of continents, the 

differences between regions of high earthquake frequency and low frequency are a consequences of the 

rate at which the crust is strained in response to the tractions that maintain lithospheric plate motion 

(Bakun and McEvilly, 1984).  On the local scale, earthquake frequency may also depend on parameters 

as rock properties and structural discontinuities. This latter assertion leads to the possibility that there is 

information on the variation of stress between different lithological layers provided each layer is in 

frictional equilibrium.  

Frictional equilibrium means that even the smallest changes in stress can cause frictional slip, albeit very 

small amounts (Gomberg et al., 1998).  By its very nature, the energy expended in frictional slip is 

absorbed by at least three mechanisms including the transmission of seismic (elastic) waves (Scholz, 

2002).  Direct observation demonstrates that natural stress changes of < 0.01 atmosphere (0.001 MPa) 

can drive slip that is manifest by the release of seismic waves (Ziv and Rubin, 2000).  Changes in normal 

stress of 0.001 MPa are in the range of those generated by daily earth tides (Stein, 1999).  The 

implication of this is that some fractures in the Earth should slip in response to stresses developed as the 

Earth tides cycle twice each 24 hours.  With the continuous change in stress caused by Earth tides, some 

small subset of fractures in the Earth should slip and emit seismic waves during every 12-hour tidal 

cycle. 

Another mechanism for driving low level stress change on the same time scale as Earth tides, is the 

volumetric strain associated with the injection of high volumes of water during hydraulic fracture 

stimulation (Evans et al., 1982).  A third mechanism for small scale stress change on a time scale of hours 

to days is the increase in fluid pressure accompanying hydraulic fracture stimulation (Hubbert and 

Rubey, 1959).  Although single-phase Darcy flow can bring about a pore pressure change, a more 

effective means of penetrating a volume of fractured rock is through the transmission of a pressure 

wave like the Biot ‘slow wave’ (Biot, 1962).  This combination of volumetric strain and transmission of a 

pressure waves during hydraulic fracture treatments cause a significant increase in seismic activity in the 

vicinity of a stimulated reservoir volume (Maxwell et al., 2010).  The release of seismic energy extends 

well down into the region of ambient Earth noise where individual microearthquake events cannot be 

identified.  The standard earthquake magnitude-frequency relationship suggests that interrogating the 

region where the signal to noise ratio < 1 will be fruitful (Frankel, 1991; Scholz, 1968).  In principle, it 

should be possible to detect the elastic waves from slip-induced events caused by either Earth tides or 

hydraulic fracture stimulation if the seismic energy is coherent over extended periods (i.e., 200 ms).   

When working at low signal to noise ratio, coherent events are likely to be akin to long-period, long-

duration events (Das and Zoback, 2011). 
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Tomographic Fracture Imaging 

Seismic emission tomography (SET) is a technique for imaging sources of seismic energy contained 

within the volume being imaged provided the location of that source can be identified with confidence. 

The seismic energy is recorded by a beam forming surface array. The collected data is processed to 

provide a 3D grid of voxels (3D pixels) with node points at the body center of each voxel cube. The 

semblance value for the seismic energy associated with each voxel is calculated and assigned to its node 

point.  Semblence indicates the coherence of a seismic signal from multiple channels and is measured as 

the rato of the energy of a stacked trace divided by the energy of all the traces that make up the stack. If 

data from all channels are perfectly coherent, or show continuity from trace to trace, the semblance has 

a value of unity.   

Tomographic Fracture Imaging™ (TFI ) uses Seismic Emission Tomography (SET) in combination with 

empirical data on fracture geometry, to directly image and map both natural fracture/fault networks 

and those induced by hydraulic fracturing.  There are a number of techniques for validating TFI including 

blind studies to image ambient fracture/fault networks (Geiser et al., 2012).  To date, the major 

application of TFI comes in imaging reservoir permeability fields (Geiser et al., 2006).  Because the TIF 

technique is still in its early development, other blind tests will add further credibility to the TFI 

technique.  The objective is this paper is to test the hypothesis that fabric of the Earth’s response to very 

small stress changes is lithology specific and maybe an indication of a layer-by-layer variation in Earth 

stress.  TFI will be employed to test the hypothesis that a layer-by-layer fracture fabric exists and can be 

detected by TFI. 

 

The experiment 

Reservoir stimulation has reached a relatively sophisticated stage of development with its use to recover 

oil and gas from unconventional reservoirs such as the Marcellus gas shale (Matthews et al., 2007).  The 

basic idea is that sand-ladened water will prop open a combination of natural and hydraulic fractures to 

allow economic rates of flow into horizontal oil and gas wells.  Horizontal wells are fractured in stages of 

about 100 m so that a 2000 m well can be treated with over 20 stages.  Despite the amount of work on 

hydraulic fracture stimulation some fundamental questions remain unanswered.  It is clear that there is 

a great variation in performance from one stage to the next but the reason is not clear except to infer 

that the quality of fracture development is not uniform between stages.  One of the most effective tools 

for understanding the stage-by-stage variation of fracture development is microseismic analysis.  TFI is 

one of the products from the microseismic analysis of reservoir stimulations.  Unlike classic microseismic 

analyses that locate higher energy, shorter duration events, TFI locates lower energy but more pervasive 

fracture slip.  One advantage of TFI is that it might allow the mapping of the 3-D natural fracture fabric 

within and surrounding target reservoirs. 

To study the nature of natural fractures in the Appalachian Basin including the Marcellus, Global 

Geophysical buried a shallow array of 54 3-component sondes in the vicinity of the Cornwall-A drill pad 

in Lycoming County PA (Figure 1). One sonde was configured with both 4.5 Hz and 10 Hz elements, the 

rest with 10 Hz elements only. Surface elevations of the sonde installations ranged from 700 – 2000 ft 

above sea level. The grid covered approximately 26 mi2. The processing grid azimuth was 341°, 
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approximately parallel to the well path.  The sondes were continuously recorded during the stimulation 

of the Cornwall-A 1H in October of 2012 and the stimulation of the Cornwall-A 2H during March of 2013.   

During processing, the data were loaded, corrected for errors and filtered to remove various types of 

noise. A velocity model was developed with a sonic log from the Cornwall-A-1H well, provided by Range 

Resources. The velocity model was calibrated with semblance stratigraphy because no perf shots were 

identified confidently in the trace data.  Semblance stratigraphy reflects the varying amounts of 

cumulative seismic activity due to variations in rock properties (Figure 2). Experience shows that 

reprocessing data with a smooth ramp velocity instead of the actual velocity model does not change the 

stratigraphy or other features in the data. Instead, features are only depth-shifted, indicating that these 

results are stable and do not represent an image of the velocity model.  The semblance for each voxel 

was then computed in overlapping time windows to produce a 5-dimensional (X, Y, Z, time-step, 

semblance-value) hypervolume of the data set. This hypervolume was then used to display TFI image of 

all or part of the hypervolume. 

 

TFI images 

The TFI image is a record of seismic emissions from voxels or sample cubes of 25 ft on a side (15,625 ft3).  

The total sample volume, known as a semblance volume, was designed to encapsulate all stages of the 

Cornwall-A-1H and -2H wells.  Each semblance volume is centered on the well bore and extends 2000 ft 

 

Figure 1.  Geology of north central PA.  Location of the Cornwall-A pad (081-20764) and the State 

Forest Tract 552 well #1 (37-081-20028). 



RPSEA Project 09122-32 32 Subtask 5.1 Interim Report 
 

above and below the well, 2000 ft on either side of the well bore and 8300 ft parallel to the well bore for 

a total semblance volume of 8,499,200 voxels (Figure 3).  The semblance of seismic energy emission 

from each voxel is the calculated during 200 ms windows.   The semblance of each voxels is recomputed 

after moving the 200 ms window 60 ms down the trace.  Over the period of stimulation for one stage, 

which is approximately 90 minutes, semblance in seismic energy emitted from each voxel is recalculated 

90,000 times and summed.  TFI images are created cutting off the voxels with a lower semblance 

(cumulative energy) which are between 90% and 99% of the total of 8+ million voxels.  Subsequent TFI 

images are based on the illumination of the ±10% voxels emitting the highest seismic energy.  The voxels 

that are illuminated are ranked by a color code.  With this analysis which integrates throughout a cube 

of 25 feet, one of the uncertainties is the surface area that emits seismic energy.  Seismic emissions 

coming from a single voxel could originate as one relatively large slip event or relatively modest slip 

events on several fractures.   

To gain some insight into fracture fabric in the Paleozoic section encapsulating the Marcellus of 

Lycoming County, PA, the hyervolume was interrogated using vertical slices 20 voxels thick (Figure 3).  

Views included a panel cut parallel to the borehole and centered on the borehole for the 1H and 2H 

 

Figure 2.  Semblance stratigraphy with well logs and stratigraphy. The Cornwall A 2H horizontal 

wellbore runs through the middle of this plot at about 8750 ft depth. The semblance 

stratigraphy perfectly matches the log data in the pilot hole. Semblance stratigraphy reflects 

the differing levels of cumulative seismic activity as a function of rock properties with red 

representing voxels with the highest semblance and blue representing voxels with the 

lowest semblance. 
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wells, respectively.  A second view is the 20 voxel-thick slice cutting at right angles to the central portion 

of both the 1H and 2H wells.  Another 20 voxel thick panel was constructed about 1000 ft to the NNW of 

the toe of the 1H well (Figure 3).  The same 20-voxel thick slice was constructed for each stage to assess 

the extent to which the pattern of seismic energy emission was uniform over the 2-3 day period of 

completion of 13 (1H) and 18 (2H) stages, respectively.  Seismic emission is not continuous so it is 

unlikely that emission patters will be identical.    

In a 20-voxels cross sections, the seismic emission patterns through 4000 ft of Appalachian Plateau 

section appear to define several layers which are independent of view (borehole parallel and borehole 

perpendicular) and persistent in time (1H v 2H) (Figure 4 a-e).  Eight layers are defind by voxel pattern 

 

 

Figure 3.  Map of the 20 voxel thick slices of TFI images in the vicinity of the Cornwall-A 1H and 2H 

wells.  UTM locations in feet. 
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with the thinnest layers, 4-5 voxels in height, having the lowest density of illuminated voxels.  This 

pattern is characteristic of relatively poor emitters of the seismic energy (layers 2 and 5 in Figure 4a).  

These layers (i.e., 2 and 5) are most likely to contain no illuminated voxels in any of the 20 single voxel 

slices.  Layers 2 and 5 also appear as boundaries separating different patterns of illuminated voxels 

above and below the boundary.  These are also the layers that defined the broad semblance 

stratigraphy on which the velocity model for TFI semblance was calibrated (Figure 2).   

The zone between the boundaries of 2 and 5 has a distinctly vertical fabric relative to layers 1, 6, 7, and 

8 (Figure 4a).  This same pattern is seen in each of the 20 voxel thick cross sections (Figure 4b to 4e).  

The pattern reflects vertical zones of seismic emission that are restricted to a very limited number of 

voxels in map view.  This zone of vertically aligned voxels also appears to have a slightly different pattern 

in their upper and lower halves, hence the zone of thin, vertically illuminated voxels is subdivided into 

layers 3 and 4.    

Layers 1, 6, 7, and 8 are more completely infilled with illuminated voxels.  Layer 1 which has the 

appearance of vertical groups of illuminated voxels is distinguished from the three lower layers which 

have groups of illuminated voxels that that appear to cluster in a tilted manner.  Of the three lower  

layers, the middle layer has the most complete set of low angle zones.  It is this attribute that permits a 

distinction to be drawn between the lower three layers. 

 

 

Figure 4a.  20-voxel thick TFI image of the stimulation of Cornwall-A 1H stage 6.  Voxels with the 

lowest semblance in white and highest semblance in green.  Vertical and horizontal scales in 

feet.  See Figure 3 for location relative to the Cornwall horizontal wells.  
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Figure 4b. 20-voxel thick TFI image of the stimulation of Cornwall-A 2H stage 2.  Voxels with the 

lowest semblance in white and highest semblance in green.  Vertical scale in feet.  See Figure 

3 for location. 

 

 

 

Figure 4c  20-voxel thick TFI image of the stimulation of Cornwall-A 2H stage 6.  Voxels with the lowest 

semblance in white and highest semblance in green. Near well TFI for stage 6 shown as 

colored voxels.  Vertical and horizontal scales in feet.  See Figure 3 for location. 
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Figure 4d  20-voxel thick TFI image of the stimulation of Cornwall-A 1H stage 10.  Voxels with the 

lowest semblance in white and highest semblance in green.  Postion of the 1H well bore in 

blue.  Vertical and horizontal scales in feet.  See Figure 3 for location. 

 

Figure 4e  20-voxel thick TFI image of the stimulation of Cornwall-A 1H stage 3.  Voxels with the 

lowest semblance in white and highest semblance in green. Near well TFI for stage 6 shown 

as colored voxels.  Vertical and horizontal scales in feet.  See Figure 3 for location. 
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Further insight is gained into the TFI stratigraphy of Lycoming County, PA, by viewing one voxel-thick 

slices (Figure 5).  The layers 2 and 5 are obscure because the density of illuminated voxels is less in other 

layers but layers 2 and 5 are clear as boundaries between the three major stratigraphic units: layer 1, 

layers 3 & 4, and layers 6, 7, & 8.  The vertical nature of illumination from layers 3 & 4 is clear with 

heights of as much as 16 voxels (400’).  Layers 1 and 8 also appear to have vertical zones of illumination 

but not quite as well developed as layers 3 & 4.  Likewise the tilted nature of voxel clusters from layers 6 

& 7 are prominent with a dip of about a 30⁰.  These clusters lave a listric shape originating from the 

bottom of layer 7 and appear to cut upward through about 1000’ of section to and possible through the 

base of layer 5. 

 

Discussion 

Mechanical stratigraphy was coined following the observation that layers of the Cretaceous Austin Chalk 

of TX had different fracture fabrics (Corbett et al., 1987).  This concept was carried to differences in joint 

density in units such as the Monterey Formation of CA (Gross et al., 1997).  Both situations reflect the 

laminated nature of the sedimentary section on different scales (Hobbs, 1967; Narr and Suppe, 1991).  

The division of Paleozoic section of the Appalachian Plateau, Lycoming County, into discrete layers with 

 

 

 

Figure 5. One-voxel thick TFI image of the stimulation of Cornwall-A 1H stage 1.  Voxels with the 

lowest semblance in purple and highest semblance in red. 
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unique fracture fabrics based on TFI is an extension of the analysis of mechanical stratigraphy but on a 

larger scale than previous analyses.  In the present case there are 8 discrete units through a 4000’ 

section from the Lower Silurian to the Upper Devonian of the Appalachian Basin of PA (Figures 4 and 5). 

The pattern of illuminated voxels defines three types of layers that may be assigned a relative thickness 

and contain a specific fracture in a TFI-based mechanical stratigraphy. 

The mechanical units are evident when correlated with logs and either 2-D or 3-D seismic sections.  Logs 

from a vertical pilot hole (37-081-20764) at the Cornwall pad drills into the Onondaga-Oriskany section 

and penetrates layers 1 through 5 (Figure 6).  These layers are, from top to bottom, the Brallier/Burket, 

 

Figure 6.  Gamma ray plus density logs from State Forest Tract 255 well (37-081-20028) and gamma 

ray plus sonic travel times from the Cornwall-A well (37-081-29764) 
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the Tully Limestone, the Upper Hamilton Group, the Lower Hamilton Group including the Marcellus 

Formation, and the Onondaga/Oriskany Formations.  In a nearby well to the west where the Hamilton 

Group is somewhat thinner, the State Forest Tract 552 well #1 (37-081-20028) penetrates below the 

Onondaga/Oriskany section (Figure 1).  Below the Oriskany is a section of Upper Silurian and Lower 

Devonian carbonates.  The top of the Silurian Salt section is approximately 500 feet down section from 

the Onondaga/Oriskany (Figure 6).  In the Tract 552 well #1 the Silurian salt beds extend down at least 

another 500’ to the top of the Silurian clastic section.    

Correlating the TFI mechanical stratigraphy with the mid-Paleozoic seismic sections of the Appalachian 

Basin is straight forward (Figure 7).  Of particular interest is layer 7 which is the thick salt detachment in 

the NE portion of PA (Figures 8 and 9). 

The correlation between TFI and outcrop-scale fracture fabric is also convincing.  In the section of 

outcrops that includes the top five TFI layers, the least fractured outcrops are the Tully and Onondaga 

 

 

Figure 7.  2-D time section through the Cornwall syncline show the TFI mechanical stratigraphy 

labeled in Figure 4. 
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Limestones.  While there are no quantitative data to support this statement, visiting Tully outcrops in 

places like Taughannock Falls State Park, Fillmore Glen State Park, and Ludlowville, NY, leave little doubt 

that this statement is true in a qualitative sense, particularly when compared with the overlying 

Geneseo (Burket) section (Engelder and Geiser, 1984; Lash et al., 2004).  The Tully is cut by cross 

formation ramp faults but these are not as common in the outcrops of NY as they may be in the 

subsurface of PA (Gwinn, 1964; Scanlin and Engelder, 2003).  In outcrops of NY, the same is true for the 

Onondaga Limestone which contains very few fractures relative the overlying Marcellus.  One of the 

interpretations of TFI holds that seismic emission is a measure of fracture density (Geiser et al., 2012).  

The limestone to black shale transition in two different package supports this interpretation TFI. 

The most pervasively jointed units of the Appalachian Basin are the black shales (Engelder et al., 2009; 

Lash et al., 2004; Sheldon, 1912).  In the NE portion of the Appalachian Basin three black shales are 

prominent, the Marcellus, the Geneseo/Burket, and the Middlesex (Lash et al., 2004).  Further to the 

west and southwest other black shales are found further up section (Ettensohn, 1985).  Each of the 

lower and more northeastern black shales contain two joint sets, the J1 and J2.  The J1 set is found as 

high in the section as the Ohio Shale in Kentucky (Engelder and Lash, 2008).  The J1 is common to the 

 

 

Figure 8a.  Proprietary 3-D depth sections from NE PA. 
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black shales whereas the J2 set breaks out above the black shales and is the dominant joint set in the 

Hamilton Group (Engelder et al., 2009).  Its presence for hundreds of feet in the Hamilton section would 

provide vertical discontinuities for emitting seismic energy.   

The fracture fabric in the TFI mechanical stratigraphy layers 3 & 4 is consistent with the vertical growth 

of the J2 joint set up into the Hamilton Group.  Despite the relatively high density of joints in the 

Hamilton section, there are portions of the 20 voxel slices that the completely devoid of voxels that 

reach the seismic energy cutoff.  This suggests that vertical fractures are not necessarily aligned for 

preferential slip with minor changes in contemporary shear stress during reservoir stimulation.   

 

 

Figure 9. Correlation between seismic sections and TFI mechanical stratigraphy 
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The Geneseo/Burket has a persistent cross cutting of J1 and J2 joint sets throughout its thickness (Lash 

et al., 2004).  A double joint set on top of the Tully would provide the opportunity for a denser collection 

of voxels to emit seismic energy.  Generally there is a higher density of illuminated TFI voxels just above 

the Tully compared with the illuminated TFI voxels above the Onondaga Limestone.  In a one voxel slice 

layer 1 has vertical fractures developing several voxels high, as might be expected for the TFI fabric 

through a heavily fractured Geneseo/Burket.  The Marcellus and Geneseo/Burket act in the same 

manner. 

The base of the Silurian salt is taken to be about 1000’ below the Onondaga/Oriskany.  Splay faults ramp 

off the basal Appalachian Plateau detachment at a dip of 20⁰ to 30⁰.  Illuminated voxels can be seen 

defining zones of seismic energy emission which are in the same orientation as splay faults (Figure 6).  

These zones are thicker than those associated with vertical joints.  Such splay faults are not readily 

apparent in seismic cross sections (Figure 7).  

Static stress measurements by hydraulic fracturing indicate that both the Tully Limestone and the 

Onondaga Limestone carry higher horizontal stresses, both SHmax and Shmin, particularly relative to the 

thicker interlayered shales (Engelder et al., 2014; Evans et al., 1989).  Despite the higher absolute stress 

in these layers they emit the last seismic energy.  Apparently small stress perturbations don’t affect slip 

as they do in other less stressed beds.  One interpretation is that these units have a much lower fracture 

density so that there are fewer fractures in a critical orientation.  Small stress or pore pressure changes 

are unlikely to cause the development of new fractures and the existing fractures appear to be locked.   

An interpretation of the TFI in terms of outcrop factures remains.  In plan, each voxel has a horizontal 

dimension of 25’.  This volume captures anywhere between 8 and 25 systematic joints unless the voxel 

falls over a joint zone like those described as thoroughgoing fractures (Engelder, 1987; Gross and Eyal, 

2007).  These zones are seen in black shales of the Appalachian Basin where they can persist vertically 

for more than 100 m (12 voxels in TFI).  Such zones are more likely to be the source of illumination in TFI 

imaging. 

 

Conclusions 

The Global Geophysical TFI technique for imaging seismic emission correlates with the fracture fabric of 

the mid-Paleozoic section in the Appalachian Basin, PA.  Based on TFT, eight mechanical layers stand out 

including the two most highly stressed layers, the Onondaga and Tully limestones.  These layers are 

poorly fractured and emit relatively low amounts of seismic energy, despite hosting the highest stress.  

The black shales and overlying gray shale are heavily jointed and display a vertical TFI fabric which 

reflects joint zones. These mechanical layers are at the lowest stresses in the Appalachian Basin and yet 

give off more seismic energy that the more highly stressed limestones. Layers below the Onondaga 

limestone are known to contain splay faults emanating from the base of the Appalachian Plateau salt 

detachment. 
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Summary 

 

The McKean County (PA) experiment is designed to gather information on in situ stress in the Middle 

and Upper Devonian section of the Appalachian Basin.   This experiment supplements data collected 

through gas shales in the South Canisteo (NY) experiment.   Stress measurements are possible using a 

small volume hydraulic fracture between straddle packers with a separation of about one meter.   The 

South Canisteo data were collected using a German design which was later copied by Schlumberger.  

The Schlumberger straddle packer tool, called the MDT tool, consists of a downhole pump, pressure 

gauges, and a pair of valves that can either inflate the straddle packers or inject fluid into the interval 

between the packers to generate a fracture about one meter in height.  This stress test is a microfrac by 

virtue pumping less than three liters into a crack within the borehole wall up to a meter tall. 

Ten stations were tested by cycling pressure until the rock broke down (the first cycle) or an induced 

fracture reopened (the subsequent cycles).  After each pressure-time cycle which injects between a 

fraction of a liter and up to two liters into the induced crack, the packed-off interval was shut in and 

fluid is allowed to leakoff into the formation.   In tight rocks like gas shale leakoff to closure pressure 

(i.e., Shimn) can take as much as 10,000 sec.   The behavior of leakoff can vary from station to station 

depending on whether the rock allows normal (i.e., pressure independent) or pressure-dependent 

behavior.  If the induced fracture taps into a larger preexisting fracture or fracture network, leakoff can 

be more complex.  The McKean County experiment displayed normal leakoff at one station, pressure-

dependent leakoff at five stations, and transient storage (i.e., intersection one or more natural 

fractures) at three stations.  The tenth station consisted of short cycles without enough time to 

determine leakoff behavior or closure pressure.   

Three major observations come from the McKean County experiment: 

Major observation #1:    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 

(Sv/z = 1.17 psi/ft).  A normal fracture gradient should be on the order of Shmin/z ≈ (75%-

85%)(Sv/z).  When the South Canisteo data for Shmin is extrapolated to the McKean County data, 

fracture gradient follows the overburden gradient but is offset to a lower pressure by about 1500 psi 

(10.3 MPa).  This is characteristic of compaction disequilibrium during burial but the Appalachian Basin is 

fully lithified and partially exhumed.  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/Burket is on a normal 

fracture gradient relative to the South Canisteo data.  The interpretation for the McKean County 

Marcellus data is that pore pressure driven poroelastic deformation has driven Shmin up above a normal 

fracture gradient. 

Major observation #2:    The McKean County section displays a layered Shmin.  As is the case at South 

Canisteo, sandstone layers are more highly stressed than shale, an indication of the effect of tectonic 
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stress on the section.  Limestones above and below the Marcellus carry  a higher stress, an indication 

that unlimited upward and downward growth is less likely than outward growth.  Fractures are likely to 

be contained within the reservoir shale by these stress barriers. 

Major observation #3:   One station was placed above a natural fracture that appeared in images from 

an FMI log.  This experiment was to develop leakoff data for a known fractured interval.  The shutin 

curve from leakoff at two other stations was consistent with the presence of natural fractures even 

though they could not be detected in a pre-drill FMI image.  The significance of evidence for transient 

storage at three stations is that it demonstrated the presence of a pre-drill natural fracture network that 

is open and permeable (i.e., not sealed veins).  There is some debate concerning the extent to which gas 

shale is naturally fractured.  Certainly, outcrops display plenty of evidence for natural fractures but there 

is still some doubt about their presence in the deep subsurface.  Leakoff behavior in the McKean County 

experiment demonstrates the presence of open fractures at depth, indeed a significant result.  
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closure pressures for the second and third pressure-time cycles.   Arguably, the G-function closure 

pressure for the first cycle is about 3050 psi.   SQRT(time) curves for the Geneseo/Burket black shale 

(right column). ............................................................................................................................................ 40 
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Introduction 
 

The purpose of hydraulic fracture stimulations is to open high permeability channels (i.e., fractures) 

which enhance drainage of matrix pore volume, particularly when the permeability of the host reservoir 

is low.  The fractures are likely to include a combination of fresh cracks and natural joints.  Fresh cracks 

populate the reservoir volume close to the wellbore where stimulation pressure is high but opening of 

natural joints becomes the mode of stimulation as pressure dissipates with distance from the wellbore.  

In either case, fluid pressure must work against the least stress, usually horizontal or Shmin, acting within 

the rock to resist the parting of the fracture walls (Hubbert and Willis, 1972).  The parting pressure, 

otherwise known as the fracture pressure in the petroleum industry, is a complex function of the 

properties of the rock and a combination of burial and tectonic history. 

The fracture pressure, one component to stress in a reservoir, is first and foremost a function of 

overburden load.  There is, however, a difference between the overburden or vertical stress, Sv, and its 

components in the horizontal direction are SHmax and Shmin.  If gravity were the sole force controlling 

stress in rocks, then Sv > Shmin and the depth derivative of the latter (i.e., dShmin/dz) is the fracture 

gradient.    Early in the burial history of the sedimentary rock the relationship, Shmin = f ( Sv ), is controlled 

by consolidation through a consolidation coefficient (Karig and Hou, 1992).  Later, once lithification 

takes place, the elastic properties of rock define the relationship between Shmin and Sv (Voight and St. 

Pierre, 1974).  The delta reflects the fact that lithification does not automatically erase the state of stress 

developed during consolidation.  Longer duration of the loads, particularly under higher temperatures, 

may favor rock creep and this can affect the initial marriage of Shmin to Sv (Rutter, 1983).  The ductility of 

rock creep will eventually erase the effect of both consolidation and elastic stresses.  Finally, the action 

of plate tectonics may add an external traction that increases the horizontal stress so that Shmin > Sv 

(Brace and Kohlstedt, 1980). 

Sedimentary rock is always heterogeneous with rock properties varying from layer to layer, depending 

on the action of consolidation, lithification, and rock creep.  This means that some layers will part under 

lower stimulation pressures than other layers.  Because reservoir stimulation is expensive, it behooves 

the engineer to generate and prop open as many of the fractures as possible within the reservoir 

volume without driving fractures or proppant upward and out of the reservoir volume.  Fortunately, 

most hydrocarbon reservoirs are sufficiently layered with different lithologies (i.e., mechanical layers) 

that the engineer can take advantage of layer-by-layer stress differences during a stimulation designed 

to keep fractures within the zone of economic hydrocarbons.   Hydraulic fractures are best contained 

within the reservoir if the reservoir has a lower Shmin relative to adjacent layers.  This is the nature of 

typical, conventional sandstone reservoirs capped by a shale seal rock where the sandstone and shale 

cap define different mechanical layers.     

If pumping pressure is held below the Shmin carried by the adjacent beds, fractures can be driven 

sideways for some distance in the reservoir without penetrating the cap rock (Figure 1).  In this case, 

containment is a matter of restricting hydraulic fracture pumping pressure once it becomes sufficiently 
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high to drive a fracture within the reservoir.  Containment is assured if the net driving pressure (Pn – 

Shmin) is less than a third the bed-to-bed stress difference (capShmin - reservoirShmin).  The larger the 

differential pressure between the mechanical layers, the easier fracture extension within the reservoir 

becomes.  Thus, it is inherently easier for an effective hydraulic fracture stimulation design if the 

engineers has a sense for bed-to-bed (i.e., mechanical layer to mechanical layer) . 

In terms of mechanical layers, gas shales are more internally homogeneous relative to the sand-shale 

(i.e., reservoir-cap) sequences of conventional reservoirs.  This characteristic allows for greater vertical 

growth of fractures during stimulation and mutes the tendency for outward extension or horizontal 

reach within the reservoir rock (Figure 2).  In the petroleum engineering literature upward growth is 

assured when pumping pressure is greater than four times the difference is least stress between the 

reservoir rock and the cap rock (Economides and Nolte, 2000).  For the case of a gas shale a small with 

small bed-to-bed differences in stress, vertical growth competes with lateral reach.  Economic drainage 

of gas shale still depends on lateral reach.  Lateral reach in a gas shale can only be obtained when the 

gas shale is confined between mechanical layers with different stresses.  One question for gas shale such 

as the Marcellus concerns the location of the underlying and overlying cap rock.  The primary goal of the 

McKean County experiment reported in this RPSEA Subtask 5.2 report is to assess bed-to-bed 

differences in stress in the Devonian clastic section of the Appalachian Basin hosting the Marcellus gas 

shale. 

Once the extent to lateral reach is understood, horizontal wells can be spaced appropriately.  However, 

gas shales tends to be richer in their basal portion where transgressive systems tract and maximum 

flooding surface were deposited (Passey et al., 2010).  Engineers place their laterals to focus hydraulic 

fracture stimulation on this richer, lower portion.   This leads to the possibility that the downward-

growing portion of the fracture stimulation will break out of zone into a lowstand sequence which is 

characteristically a limestone (Kohl et al., 2014; Lash and Engelder, 2011).  The tendency for upward 

growth of fractures during stimulation will limit lateral reach.  However, if there is a stress difference 

between gas shale above and limestone below, the contact between these beds may mark a boundary 

of suppressed downward growth in adjacent confining beds, typically a limestone.  The role of a strong 

mechanical bed boundary in driving lateral reach is unknown at present.  Never-the-less, the strength of 

the stress difference at this mechanical bed boundary is likely important and will be assessed in this 

study. 

Under ideal circumstances, hydraulic fractures should be close enough that the furthest reaches of the 

matrix volume has a chance to drain during the lifetime of the well.  In the case of vertical wells with bi-

wing fractures, ideal well spacing is approximately twice the effective drainage distance.  In the case of 

horizontal wells, the separation of perforation clusters might be twice the drainage distance provided 

stimulation creates bi-wing fractures.  However, microseismic data suggests that fracture stimulation 

fans out so that ultimate fracture spacing is much closer than perforation clusters, an important 

characteristic for drainage of shale.  Recent analysis of the production decline in the Barnett gas shale 

suggests that the spacing of stimulated fractures is on the order of 2 m (Patzek et al., 2014).  This is 

strong evidence that fracture stimulation reaches that part of the reservoir filled by natural joints which 

have a characteristic space on the order of 2 m (Engelder et al., 2009). 
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Figure 1      Example of fracture propagation in a conventional reservoir with a 

sandstone encapsulated between two shale beds.   This package has a relatively 

large bed-to-bed stress difference. 

 

 

Figure 2     Typical growth pattern foot a hydraulic fracture in a gas shale without 

large bed-to-bed stress differences. 
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Objectives 
 

The primary objective of RPSEA Project Subtask 5.2 was to obtain microfrac stress measurements from 

different stratigraphic horizons in the Shell Lot 6-1414 well in McKean County, PA (i.e., the McKean 

County experiment).   In situ stress measurements in Marcellus pilot holes such as Lot 6-1414 allow the 

acquisition of high quality data on bed-to-bed stress differences in specific packages of Devonian rock.   

For the shale gas industry in the Appalachian Basin, the most important of these packages is the 

‘Marcellus package’ which includes the Onondaga limestone in addition to the three Members of the 

Marcellus Formation, the Union Springs, Purcell/Cherry Valley, and the Oatka Creek Members (Figure 3).  

Other packages of importance in the Appalachian Basin include the Burket/Geneseo-Tully system and 

sandstone-shale packages in the Upper Devonian.  The idea of Subtask 5.2 is to supplement data from 

comparable to lithology packages found in the South Canisteo experiment (Evans et al., 1989b).   

Data collected in the McKean County experiment will be combined with previous data for a complete 

vertical stress profile in the Appalachian Basin (Evans et al., 1989a; Evans et al., 1989b).  Evans et al. 

(1989a) showed the stress heterogeneity between lithologies.  Therefore, it was planned to microfrac 

not only vertically, but within differing lithologies as well.  Knowing and understanding the stress 

differences in a vertical profile will provide greater understanding of fracture propagation and/or arrest.  

For example high stress horizons (i.e. limestones) will prove to be strong fracture barriers when lying 

above or below a horizon of low stress (i.e. shale) (Evans et al., 1989a; Evans et al., 1989c). 

A secondary objective of Project Subtask 5.2 was to use modern leakoff analysis to assess the extent to 

which gas shale reservoirs and the larger Devonian section are fractured.  There is considerable 

discussion about the extent to which fractures in gas shale are open and permeable rather than filled 

and impermeable (Engelder et al., 2009; Evans et al., 2014; Wilkins et al., 2014).  In local volumes, the 

Marcellus and other gas shales contain a relatively dense network of open fractures, here called joints 

(Figure 4).  With the density of joints as high as it is in some locations in outcrops, leakoff may occur 

through a larger surface area than just the microfrac generated by stress test.  Such leakoff should be 

manifest in the pressure decline curves after shut-in of the test interval.   
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Figure 3     General stratigraphic section in the vicinity of the Shell Lot 6 

1414 well in McKean County, PA.  MAS – Marcellus.  MS – Middlesex.  RS – 

Rhinestreet.  PC – Pipe Creek.  DK – Dunkirk. 
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Figure 4      Joints in the Union Springs Member of the Marcellus Shale near Cross Key, Pennsylvania. 
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Overview of the McKean County Experiment 
 

A pilot well was drilled by Shell Appalachia Exploration and Production in McKean County, PA (i.e., the 

Lot 6-1414 well) (Figure 5).  The Lot 6-1414 pilot hole was air drilled in the early summer of 2013.  An air-

drilled borehole wall is not as smooth as holes drilled with a rotary bit using mud. 

Shell conducted a full geophysical log suite on the well allowing specific horizons of interest to be 

identified.  The regional stratigraphy (Figure 3) is readily identified on the Platform Express log from the 

Lot 5-1414 well (Figure 6). 

A Schlumberger Modular Dynamic Testing (MDT) tool was lowered into the open hole following the 

geophysical log suite.  The well was cased down to 2540 feet, with open hole down to 4910 feet.  Ten 

horizons were selected to microfrac from the initial Platform Express well log, representing a wide range 

in depths and lithologies.  Several pressure-time cycles that allowed us to interpret Shmin and occasionally 

breakdown pressure (Pb) at each of ten stations in the wellbore.   The stress data from McKean County is 

consistent with previous work showning a stress reduction in the Marcellus shale relative to the high 

stress in the Onondaga limestone horizon.  Additional FMI data also maps the SHmax orientation as 65o 

ENE (WSW). 

Furthermore, before and after Formation Micro-Imaging (FMI) logs provide direct evidence of the 

Appalachian Basin stress field orientation through the orientation of the induced fractures which 

propagate perpendicular to Shmin (Abou‐Sayed et al., 1978).  Direct imaging of the borehole after a 

microfrac test can also indicate the orientation of horizontal stress field relative to the regional and 

world stress map compilations (Figure 5) (Zoback and Zoback, 1980) (Zoback, 1992).  

Through analysis of the pressure-time curves obtained from the microfrac experiments it is possible to 

determine the minimum horizontal stress (Shmin) in specific beds.  Direct in-situ stress measurements, in 

combination with other techniques, will ultimately be used to build a geomechanical model of the 

Marcellus Shale gas system. 
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 Figure 5       Data from RPSEA Project 09122-32 superimposed on a regional stress map.  Each 

locality indicates the orientation of maximum horizontal stress (SHmax).  This task is indicated by 

SWEPI Lot 6-1414 well (i.e., the McKean County experiment) and correlates well with previous 

measurements of SHmax including measurements from the South Canisteo experiment.  Image 

adjusted from www.world-stress-map.org/. 

 

 

http://www.world-stress-map.org/
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Figure 6     The regional stratigrapy superimposed 

on a Platform Express log from the Shell Lot 6-

1414 well. 
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Stratigraphic Packages 
 

The McKean County experiment involves the acquisition of in situ stress data from a Shell Lot 6-1414 

well in McKean County, PA.  The primary focus of this data collection is the assessment of differences in 

least stress between beds to understand the extent to which vertical fracture growth is limited in favor 

of lateral reach.  Two stratigraphic packages were selected for this study: the Marcellus statigraphic 

package and an upper Devonian sand-shale package here called the Rhinestreet stratigraphic package.   

The Marcellus stratigraphic package in the Lot 6-1414 well package includes a variety of limestone and 

shale easily identified using a gamma ray.  The major break in lithology occurs at the contact between 

the Union Springs Member of the Marcellus and the underlying Onondaga limestone.   This break is 

recognized in the gamma ray log from the Lot 6-1414 pilot hole (Figure 7).  For assessing the difference 

in stress between the carbonates below the Marcellus and the Marcellus, five stations were selected. 

The Rhinestreet stratigraphic package consisted of a sandstone-shale pair.  Two four-foot-thick beds in 

the 100 foot interval between depths of 3,400 and 3,500 feet within a clay-rich siltstone section of the 

Upper Devonian were selected for stress tests (Figure 8).  The mineralogy of the encapsulating shale 

section is a relatively uniform composition of roughly 50% chlorite-illite and 50% quartz.  This 

combination of quartz and clay yields a gamma ray API of about 140 units which is a background section 

of the Upper Devonian.  The two targets have a composition distinct from the encapsulating 

background. 

The upper bed is a four-foot thick sand (i.e., 70% quartz) at a depth of 3,425 is gas charged with a 

nominal density-porosity of about 10%.  Such gas-charged porosity is typical of Upper Devonian 

sandstones in this portion of the Appalachian Plateau. The ‘sandstone’ layer is dirty as indicated by a 

clay content approaching 30% and a gamma ray API of 100 units (Figure 8).  This layer is called a 

sandstone largely based on its porosity which is, presumably, larger than a siltstone buried to the same 

depth.   

Compositional (ELAN) logs give an indicated of the distribution of mineralogy in the two stratigraphic 

packages used in this study (Figure 9 and Figure 10). 

Another target for a stress measurement is the Geneseo/Burket gas shale (Figure 11).  Finally two 

intervals in the Hamilton Group shales between the Marcellus and Geneseo/Burket were selected for 

stress tests. 
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Figure 7       The Marcellus lithological package.  Gamma ray log (left track) through the Oatka Creek 

Member of the Marcellus the Shell Lot 6-1414 well in the depth range 4710 to 4730 feet  (top).    

Gamma ray log (left track) through the Marcellus-Onondaga contact in the Shell Lot 6-1414 well in the 

depth range 4740 to 4770 feet (bottom).   A section of the Marcellus log is missing between the Union 

Springs and Oatka Creek Members.  The right track includes a density (red), density porosity (green 

dashes) and neutron porosity (blue dash) logs.  Red arrow shows the position of an MDT stress test.  

The Marcellus-Onondaga contact is a transition of several layers alternating from a shaly limestone to a 

black shale (i.e., GR-API = 100 to GR-API = 180).  This is part of a 3rd order transgressive systems tract. 
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Figure 8     The Rhinestreet lithological package.  Gamma ray log (left track) through the Upper 

Devonian Rhinestreet Formation in the Shell Lot 6-1414 well in the depth range 3,400 to 3.530 

feet.  The right track includes a density (red), density porosity (green dashes) and neutron porosity 

(blue dash) logs.  Red arrow shows the position of an MDT stress test for a sandstone (3,425.3 ft) 

and a gas shale (3,492.1 ft).  Other gas shale beds are seen at depths of 3,507 ft, 3.521 ft, and 

3,533 ft. 
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Figure 9      ELAN log from Shell Lot 6-1414 for the Marcellus package.   Blue arrows show the position of 

MDT stress measurements. 
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Figure 10      ELAN logs from Shell Lot 6-1414 showing the location of the two stations 

for assessing the stress in an Upper Devonian sandstone at a depth of 3425 feet and a 

shale at a depth of 3492 feet (blue arrows).   The host formation is the upper 

Rhinestreet Formation. 
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Figure 11      Platform express logs through the Geneseo/Burket gas shale in the Shell 

Lot 6-1414 well.  The gas shale has a gamma ray API of nearly 300.  The station for a 

stress measurements is shown with the red arrow.  
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In Situ Stress Measurements using Hydraulic Fracturing 
 

General Principles 

 

In situ stress measurements using hydraulic fracture techniques date back to the late 1950s (Hubbert 

and Willis, 1972).  By the 1970s a map of stress in the upper crust of the eastern United States was 

emerging (Haimson, 1978; Zoback and Healy, 1984).  The maximum horizontal stress (SHmax) in a major 

portion of the North American lithospheric plate was oriented in the ENE-WSW direction (Zoback and 

Zoback, 1989).  The early hydraulic stress tests were taken using packers lowered into the borehole on 

drill rod, a very slow and relatively costly process (Hickman et al., 1985).  By the mid-1980s the Germans 

had developed a straddle packer assembly that was lowered into the borehole on a wireline (Rummel et 

al., 1983).  The German straddle packer assembly was imported to North American and first used to 

measure in situ stress in the Conway granite of NH (Evans et al., 1988).  The same straddle packer 

assembly was used in assessing in situ stress in gas shales of the Appalachian Basin (Evans et al., 1989b; 

Evans et al., 1989d). 

The ideal stress test includes a breakdown during the first injection cycle (Figure 12) followed by a 

period of fracture propagation.   During the first cycle, pressure in between the straddle packers 

increases linearly to breakdown as the fluid is pumped in at a constant rate.  The breakdown (Pb) 

indicates the pressure where both Shmin and the tensile strength (To) of the rock is overcome in order to 

induce a new hydraulic fracture (equation): 

Pb = 3Sh – SH -  Pp + To 

After breakdown and fracture propagation, the straddle interval is shut in for about 2 hours while 

leakoff into the formation takes place.  Down hole pressure is monitored for later analysis to determine 

closure pressure which is the best measure of the minimum horizontal stress in the meter thick section.  

The classic measure of closure pressure (Pc) is the intersection of two tangents to the pressure decline 

curve following the shut in.  The intersecting tangent method has been superseded by a square-root-

time and G-function plots to determine closure pressure (Barree et al., 2009b).  Pressure-decline data 

were collected through at least three cycles with the second and third cycles used to determine a 

reopening pressure Pro (Figure 13).  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).  

Once FPP is reached the fluid pressure is shut in, and no more fluid is added.  The pressure immediately 

drops at this shut in, called the instantaneous shut in pressure (ISIP).  Following the ISIP the pressure 

falls off at ever decreasing rates as the fracture closes.  Through the derivative of pressure with time, it 

is possible to pick a break in slope on the pressure-time curve that represents fracture closure using 
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square-root-time [SQRT(time)] and G-function 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 Shmin. 

 

 

  

 

Figure 12     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 plots and G-function plots can be utilized 

to obtain Shmin (Barree et al., 2009a).  Shown here is the tangent method. 
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Figure 13     A simplified cartoon showing a pressure-time curve without good breakdown.  Often 

found in second and third cycle events when the induced fracture is reopened.  If seen in the first cycle 

it is interpreted as having reopened a pre-existing fracture or have leaked around the edge of the 

packers (see Figure 17). 
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Previous Stress Measurements in Gas Shale (The South Canisteo Experiment) 

  

The German straddle packer system was employed for in situ stress measurements in Middle and Upper 

Devonian rocks at South Canisteo, NY (Error! Reference source not found.).  The basic straddle packer 

assembly was roughly the same size and configuration as the Schlumberger MDT tool used in the Lot 6-

1414 experiment (Figure 14).  The German system consisted of a trailer-mounted hydraulic winch 

supporting 1 km of standard 7-conductor armored cable, a hydraulic high-pressure pump capable of 

delivering 10 L/min of water at a surface pressure of 50 MPa, and a compressor (Rummel et al., 1983).  

Fluid to both inflate the downhole straddle packer and fracture the interval is delivered downhole via a 

single high-pressure hose clamped to the wireline every 30 m to prevent entanglement.  A downhole 

valve operated by wire tension determines whether fluid is ported to the fracturing interval or the 

packers.  Fluid pressure is monitored downhole with a transducer (69 MPa maximum pressure and 

recorded at the surface. 

The specific characteristics of pressure-decline curves are known from the South Canisteo stress 

measurements in of the 1980s (Evans et al., 1989b).  Bed-to-bed stress contrasts are clear when 

comparing stress in sandstone and adjacent shale layers (Figure 15).   A number of features become 

clear when comparing the behavior of sandstone and shale layers.  Breakdown (Pb) in the sandstone 

layer is larger than Pb in the shale.  However, the stress differential between Pb and Pro in the shale is 

larger than in the sandstone layer.  Pb in the sandstone layer is only imperceptibly larger than Pro, an 

observation that will occur in the Lot 6-1414 tests. 

During the South Canisteo stress measurements, the least horizontal stress (Shmin) was interpreted as the 

inflection point following the linear drop in pressure (Figure 15).  Pressure drops in a linear manner 

because fluid continues to flow into the fracture for a short period after shut-in.  This point is commonly 

called the ISIP and is identified by using a tangent method (Evans et al., 1989b).  Generally the ISIP is 

lower than the Pro by as much as 145 psi (1 MPa).  For the shale test in the Wilkins well the ISIP ≈ Pro.  

This relationship will also become apparent in the Lot 6-1414 stress measurements. 

As a general rule of thumb, the ISIP declines with pressure cycles with the largest decrease after the first 

cycle.   During the Lot 6-1414 experiments the ISIP for the last pumping cycle was lower than the first 

cycle. 

Closure pressure is that pressure at which walls of the hydraulic fracture first come in contact after the 

well is shut-in and, hence, the pressure at the instant when the crack walls are no longer completely  

supported by fluid.  At this instant closure pressure equals Shmin.  For microfrac tests of the type 

commonly used for stress measurement the ISIP is the closure pressure (Tunbridge et al., 1989).  

However, ISIP and closure pressure do not correlated for commercial hydraulic fracture treatments.  The 

value of ISIP for commercial hydraulic fracture treatments generally increases with injection volume due 

to the poroelastic deformation accompanying elevation of formation Pp through leak-off (Boone et al., 

1991; Detournay et al., 1989).  For these large hydraulic fractures the ISIP marks the time at which  

major flow from the infection interval to the fracture stops, but it does not necessarily mark  the 

moment when the hydraulic fracture walls come in contact (Figure 16a).  Even at ISIP, crack propagation 



20 
 

continues causing an increased crack volume and further pressure drop to closure pressure.   Crack 

propagation stops at the closure pressure (Pc).   Sometimes a second inflection point appears on the 

pressure decline curve and this is usually taken as the closure pressure (De Bree and Walters, 1989; 

Nolte, 1982).  If formation permeability is low, the time to reach this second inflection point is long and 

the inflection point becomes obscure.  To sharpen the second inflection point, injection interval is often 

flowed back at a constant rate (Nolte, 1982).  This latter technique is sensitive to flowback rate, but if 

flowback is too fast or slow, the inflection point is obscured (Figure 16b).   

 

 

  

 

 

Figure 14        Schematic diagram of the wireline ‘microfrac’ stress measurement system used in the 

South Canisteo experiment (Evans et al., 1989b).  The Schlumberger MDT tool for stress tests was a 

copy of this German system.  
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Figure 15     Pressure-time and flow-rate-time records for the hydraulic fracture tests in the 

Wilkins well at depths of 712.5 and 724 m (Evans et al., 1989b). 
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Figure 16      (a)  Pressure-time curve showing the difference between ISIP and crack closure pressure 

for a hydraulic fracture test in the Kerr-McGee Bradley No. 1 well of Smith County, TX (Whitehead et 

al., 1989).  (b)  The interval pressure behavior for constant rate flowback after fracture injection 

(Nolte, 1982). 
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The Schlumberger MDT Tool 

 

Stress measurements were conducted using Schlumberger’s modular dynamic testing (MDT) tool.   The 

Schlumberger MDT tool was a copy of the German system (Figure 17).  

The MDT tool is a straddle-packer assembly which isolates approximately one meter of an 8 ¾ inch 

borehole (Figure 17).  The packers and fracture interval are both pressurized by a pump assembly within 

the housing of the MDT tool.  Fluid for the microfrac comes from the standing column of fluid within the 

borehole.  At Lot 6-1414, the borehole was flushed with fresh water.  A series of pressure gauges in the 

tool record both packer pressure and fracture interval pressure.   

Once the MDT tool is in a predetermined position down the wellbore, fluid is pumped into the straddle 

packers effectively isolating a one meter section for a microfrac stress test.  Following isolation, 4 

cm3sec-1 of water is pumped into the one meter section.  Water is injected from a pump on the MDT 

tool while down hole pressure is measured in real time.  Generally between 1,200 and 1,600 cm3 of 

water was injected for each of several pressure cycles.   

With the Schlumberger tool, perfect breakdown of the formation is not observed during the first cycle in 

a number of instances (Figure 13     A simplified cartoon showing a pressure-time curve without good 

breakdown.  Often found in second and third cycle events when the induced fracture is reopened.  If 

seen in the first cycle it is interpreted as having reopened a pre-existing fracture or have leaked around 

the edge of the packers (see Figure 17).   Instead the pressure will just roll over with time until FPP is 

reached.  
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 Figure 17      Modular Dynamic Testing (MDT) tool.  The green packers isolate a 1 m (3 

ft) interval for in-situ stress testing.  Figure adjusted from (Ramakrishnan et al., 2009) 
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Nature of Pressure-decline Curves for the McKean County Experiment 
 

The Shell Lot 6-1414 well in McKean County was drilled with an air hammer.  After drilling the borehole 

was loaded with a weak KCl-water solution to prevent swelling of expandable clay.   

During each pressure-time cycle the weak KCl solution from the borehole was pumped between straddle 

packers of the MDT tool and into a 1-meter interval of the Lot 6-1414 borehole, McKean County 

experiment.  The rate of injection, approximately 4 cm3 per second, is considerably slower than the 

pumping rate for the South Canisteo experiment (166 cm3 per second).  Because most of the test 

intervals were low permeability shales, leakoff after shut-in generally lasted over two hours and in a 

couple of cases nearly three hours.   Shut-in for the South Canisteo experiment never exceeded 5 

minutes.  For the McKean County experiment, injection volume was between one and three L relative to 

10 L for the South Canisteo experiment pressure-time cycles. 

 

McKean County v. South Canisteo 

 

One of the goals of the McKean County experiment was to mimic the South Canisteo experiment with 

pressure time tests at one station.  The meant pumping several cycles following roughly the same time 

sequence.  An Upper Rhinestreet Shale at 3492 ft was selected for this purpose (Figure 10).  The Upper 

Rhinestreet shale has an organic carbon content of about 5% TOC by volume.   The formation was 

subject to one breakdown cycle and four reopening cycles (Figure 18).  While the Rhinestreet shale in 

the South Canisteo experiment is somewhat shallower (2,374 ft v. 3,492 ft), had more fluid injected, and 

the fluid was injected at a higher rate, the shape of the pumping curves is comparable.  There is a 

significant breakdown during the first cycle, followed by modest pressure drops during several minute 

shut-in periods.  ISIP and reopening pressures differed by less than 200 psi.  On the strength of these 

similarities, it is reasonable to conclude that the German straddle packer system used in the South 

Canisteo experiment and the Schlumberger MDT tool interacted with the same formation to produce 

that same result in terms of repeated pressure-time cycles.   
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Figure 18        Pressure-time curves for stress tests in an Upper Rhinestreet shale (3492 ft) in Lot 6-1414  

(McKean County experiment) (top) and for a Rhinestreet shale (724 m) in the Wilkins Well (South 

Canisteo experiment) (bottom).   
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Breakdown 

 

Three out of ten stations in the Lot 6-1414 well exhibited a breakdown pressure (Figure 19).   

Breakdown is indicated by a differential pressure of at least 300 psi larger during the pressure cycle 

relative to subsequent cycles.  Seven stations failed to show a significant breakdown above reopening 

pressures for subsequent cycles.  It is notable that the Rhinestreet sand in the South Canisteo 

experiment failed to manifest a strong breakdown pressure while that breakdown for the Rhinestreet 

sandstone was weaker than the adjacent shale bed (Figure 15). 

 

Leakoff 

 

The post shut-in pressure decline curves manifest three types of leakoff behavior (Figure 20).  The 

Rhinestreet sandstone (3,425 ft) exhibits a gradually decreasing pressure decline rate.  The Oakta Creek 

Member (Marcellus) (4,721 ft) exhibits an initial sharp pressure decline followed by a rapidly slowing 

pressure decline.  Visually, the Rhinestreet sand decline might be described by exponential function 

whereas the Oakta Creek decline might be described as a third power function.  The Ludlowville shale 

exhibit an irregular decline.   It is anticipated that these are three distinct leakoff behaviors controlled by 

different leakoff mechanisms.    
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Figure 19        Breakdown stress during the first pressure-time cycle for the Upper Rhinestreet sand 

(3,425 ft) and the Upper Rhinestreet shale (3,492 ft).  The horizontal scale is seconds.  The vertical 

arrow indicates a 500 psi pressure differential. 
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Figure 20    Three distinct pressure-decline curves during reopening cycles during the McKean 

County experiment.  Scales are set at the same values for both the pressure and time axes.  
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Diagnostic Pressure Decline Curves for Closure Pressure (Shmin) 
 

Pressure Rebound 

 

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 et al., 1994; Thiercelin and Roegiers, 2000).  The observation of pressure rebound is also a 

quality control test as it demonstrates that a fracture was created without bypassing the packers (Figure 

21). 

A pressure rebound test at a station in the Union Springs Member of the Marcellus.  The second 

pressure-time cycle shows a rebound that is headed towards the closure pressure measured in cycles #1 

and #3.   The rebound test was terminated when it became clear that the MDT packers were not leaking 

during a pressure cycle.  Otherwise the pressure rebound would not head back toward the closure 

pressure.   

 

 

  



31 
 

 

 

  

 

 

 

Figure 21    Ideal behavior for a pressure rebound test (top).  Four pressure-time cycles for a station 

in the Union Springs (4749 ft) with a pressure rebound test during the second cycle. 
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G-function diagnostics 

 

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: 

Figure 22) from the straight line through the origin (blue lines: Figure 22). 

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, ‘pressure-dependent 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.  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. 
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Figure 22  Diagnostic pressure-decline curves using the G-function.  

Normal leakoff (top), Pressure-dependent leakoff (middle).  Transverse-

storage leakoff. 
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G-function Diagnostics for Individual Stations 
 

Normal Leakoff 

 

One four-foot thick sandstone at a depth of 3425 ft in the Upper Rhinestreet Formation was selected for 

a stress test (Figure 11).  Before the stress test, the prediction was that this bed would exhibit a higher 

permeability than found at any other test station.  The sandstone is composed on 80% quartz with a clay 

matrix and gas-charged porosity on the order of 4%-5% (Figure 10).  A gamma ray API of about 80 

suggests that this sandstone is probably a greywacke (Figure 11). 

A partial breakdown was seen in the first pressure-time cycle of this test ( 

Figure 23).  Partial breakdown means that a perfect fall in pumping pressure was not seen, however the 

pressure that induced the fracture was higher than in the subsequent reopening cycles.  Closure 

pressure was based on the SQRT(time) curves for the first three pressure-time cycles whereas the 

Schlumberger operator picked a closure pressure from just the second and third G-function curve 

(Figure 24).  The range in five closure pressure measurements was 3163 psi to 3321 psi.   

A G-function analysis was attempted for each of the first three pressure cycles (Figure 24).   Although 

the first and second cycles have a similar appearance, the Schlumberger did not use the first curve for a 

closure pressure  In the G-function analysis for both the first and second leakoff cycle shows a mildly 

concave upward and curved shape of the semi-log derivative of pressure with respect to G-function 

curve.  This behavior is indicative of a tendency for pressure dependent leakoff (PDL).  However, the 

third cycle is characteristic of normal leak-off behavior with a linear form to the semi-log derivative of 

pressure with respect to G-function (Figure 24).  The third pressure-time cycle took about 5300 sec. to 

achieve closure.  The upper Rhinestreet sand is that only bed that exhibited normal leak-off behavior 

that this was for only one pressure cycle. 

Mild PDL behavior during the first two pressure cycles may reflect a certain amount of counter current 

imbibition.  The interpretation of normal leakoff behavior during the third cycle is that once gas has 

been removed from the near fracture face porosity, normal leakoff takes place.  This means that once 

counter current imbibition is finished, the sand horizon has a single permeability which does not change 

with either pore pressure or net effective stress as pressure decreases during leakoff.  The fluid leaked 

off at a constant rate until fracture closure was observed.   

The SQRT(time) curve for the upper Rhinestreet sandstone is unique relative to SQRT(time) curves for 

the other nine stations (Figure 24).  For this reason, the SQRT(time) curves are taken as diagnostic of 

normal leakoff behavior.   The range in closure pressures from five data was about 150 psi and 

overlapping (Figure 23). 
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Figure 23      Pressure-time curves for stress tests in the Upper Rhinestreet Sand (3425).  The range of 

closure pressures come from both G-function and SQRT (time) curves (blue arrows).    
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Figure 24      G-function closure pressure curves derived for three pressure decline cycles in an 

Upper Rhinestreet Sand (3425) (left column).   The Schlumberger operator offered G-function 

closure pressures for the second and third pressure-time cycles.   Arguably, the G-function 

closure pressure for the first cycle is about 3075 psi.   SQRT(time) curves for the upper 

Rhinestreet sand (right column).   
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Pressure Dependent Leakoff 

 

The Geneseo/Burket was one of the gas shale stations occupied during the Shell Lot 6-1414 experiment.  

This gas shale is neither as thick (20 ft) as the Marcellus nor does its flooding surface have a gamma ray 

API (= 310) has high as the Marcellus flooding surface (Error! Reference source not found.). 

The pressure-time curve for the Geneseo/Burket showed no indication of breakdown (Figure 25).  There 

appears to be a tendency for fracture reopening when the curve becomes non-linear during the first 

cycle.  A nonlinear behavior is usually interpreted as indicative of a pre-existing fracture within the 

straddled zone.  An FMI log was taken both before and after the experiment (Figure 26).  Prior to 

fracturing the FMI did not display pre-existing (natural or drilling induced) fractures near the test station.  

The some may believe that breakdown did not occur because a small component of the fluid leaked 

along the straddle packers.  This possibility can be tested using a rebound test as attempted in another 

pressure set. 

Closure pressure is measured using both G-function and SQRT(time) curves (Figure 27 

Figure 27).   In the G-function analysis for the second and third leakoff cycles show a strong pressure 

dependent leakoff (PDL).  The first cycle shows a similar G-function curve but the Schlumberger operator 

did not identify a closure pressure.  There is a transition in the cycle #1 G-function that indicates closure 

at about 3050 psi and within the range of other closure pressures.  PDL is also apparent in the unique 

shape of the SQRT(time) decline curves as well (Figure 27).  This combination of SQRT(time) and G-

function curves are taken as the type curves for PDL behavior in the Lot 6-1414 well.  

Closure takes place between 800 and 900 seconds after ISIP.  Note that the concave upward hump is 

much more pronounced than the concave behavior of the G-function curve during the second cycle of 

the upper Rhinestreet sandstone test (Figure 23).   

Closure pressure for SQRT(time) and G-function curves range between 3059 psi and 3158 psi.  

Reopening pressure was measured during four pressure-time cycles and ranges between 3382 psi and 

3460 psi. 
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Figure 25     Pressure-time curves for stress tests in the Geneseo/Burket black shale (top).  The range 

of closure pressures come from both G-function and SQRT (time) curves (blue arrows).   G-function 

closure pressures could be derived for the second and third pressure-time cycles (bottom). 

 



39 
 

  

 

 

 

Figure 26    FMI log of the Geneseo Shale interval at 4367.53 ft before and after an MDT stress test.  A 

good bi-wing fracture can be observed propagating at an orientation of 080/260o (ENE/WSW).  The base 

of the Geneseo, or top of the Tully limestone, can be seen when the gas charged, resistive light coloured 

gas shale becomes a darker, more conductive limestone at approximately 4369 ft.  The dark line crossing 

this change of lithology is interpreted to be a bedding parallel fracture.  Sub-vertical J2 joints are seen in 

the shale above the Geneseo/Burket (turquoise blue). 
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Figure 27      G-function closure pressure curves derived for three pressure decline cycles in  the 

Geneseo/Burket black shale (4368 ft) (left column).   The Schlumberger operator offered G-

function closure pressures for the second and third pressure-time cycles.   Arguably, the G-

function closure pressure for the first cycle is about 3050 psi.   SQRT(time) curves for the 

Geneseo/Burket black shale (right column).   
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Transverse Storage 

 

The pre-test FMI revealed one pronounced J2 joint cutting the Lot 6-1414 borehole and that appeared in 

the Ludlowville Member of the Hamilton Group at 4505 feet (Figure 28).  The FMI brightness of this joint 

suggests that it is partially to completely filled with a calcite cement.  The orientation of J2 is at right 

angles to the preferred direction of the formation of bi-wing fractures to the ENE and WSW at 

breakdown. 

The first cycle of pressure-time shows a clear breakdown which was seen at only one other station 

(Figure 29).  Relative to the previous tests showing a smooth pressure decline for both the normal 

leakoff and PDL tests, the pressure decline after ISIP for this fractured portion of the Hamilton Group is 

irregular and shows a smaller pressure drop (< 500 psi) during a shut-in period of up to 10,000 sec.   

Closure pressure was determined for three cycles of both the G-function and SQRT(time) curves (Figure 

30).  The G-function curve shows a curving downward of the semi-log derivative which falls below the 

straight line tangent to a normal leakoff curve.  This is the classic shape for a G-function when the 

leakoff is governed by fractures other than the single bi-crack formed at the well bore.  In the case 

where a large crack was intersected at the wellbore, the additional storage may be that found along the 

larger crack or the storage may arise from intersecting cracks.   

The SQRT(time) curve shows an up-down-up shape which is taken as diagnostic of leak off associated 

with transverse storage (Figure 30).  Closure pressures for both G-function and SQRT(time) curves range 

between 4152 psi and 4280 psi.  Closure pressure is lowest during the first cycle for both G-function and 

SQRT(time) curves.   

The post-test FMI image does not reveal new bi-wing cracks in the ENE and WSW direction (Figure 28).  

This suggests that the J2 joint was fractured during breakdown.  There is also the possibility that the 

closure pressure is not indicative to the true Shmin but rather a measure of SHmax. 

When this diagnostic G-function and SQRT(time) leakoff behavior is seen at other stations in the Lot 6-

1414 well, it is interpreted as indicative of the intersection of addition of joints not seen in the wellbore. 

 

 



42 
 

   

 

 

Figure 28    Before and after FMI log for the fractured Hamilton horizon at 4505.60 ft.  This section is the 

Ludlowville Member of the Hamilton Group.   The large sigmoidal shape indicates the fracture was 

steeply dipping to the NE.  The black colour of the fracture imply it is conductive i.e. open.  One can see 

3 small black dots at approximately 4505 ft that show the locations of the sidewall cores taken.      
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Figure 29     Pressure-time curves for stress tests in the Ludlowville Member of the Hamilton 

Group at 4505 feet.  Note that the pressure decline is not smooth.  The range of closure pressures 

come from both G-function and SQRT (time) curves (blue arrows). 
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Figure 30     G-function closure pressures for three pressure-time cycles with the MDT packers set 

over a J2 joint in the fractured Ludlowville Formation of the Hamilton Group (left). SQRT(time) 

curves for the same pressure-time cycles.   
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Behavior Based on Three G-function Diagnostic Curves 

 

 

Pressure-dependent leakoff 

 

Of the ten stress-test stations in the Lot 6-1414 pilot hole, records from nine were sufficiently long to 

derive both G-function and SQRT(time) pressure decline curves.   The tenth station had several short 

pressure-time cycles from which only reopening pressures could be determined.  This tenth station was 

run at the end of the McKean County experiment when the time allotted for the experiment was 

becoming very short.   However, this tenth station served to replicate the pressure-time conditions 

found in the South Canisteo experiment (Figure 18). 

The pressure time curves from three stations were used to establish the nature of leakoff using both the 

G-function and SQRT(time) pressure-decline curves within the Lot 6-1414 pilot hole (Figure 20).  Normal 

leakoff (the Rhinestreet sand), time-dependent leakoff (the Geneseo/Burket black shale), and leakoff 

associated with transverse storage (a J2 joint within the Ludlowville shale) were all observed within the 

Lot 6-1414 pilot hole (Figure 23 to Figure 30).   

Using the diagnostic curves, it is likely that an additional four stations show pressure dependent leakoff.  

These include that stations within the Onondaga limestone, one Union Spring test, the Oakta Creek test 

and the Skaneateles test.  Among the two sets of diagnostic curves one does is not indicative of pressure 

dependent leakoff.   For the SQRT(time) curve the Skaneateles (4656 ft) has the characteristics of a 

normal leakoff (Figure 31).  For the G-function curves, the Union Springs station has an odd shape that 

resembles normal leakoff (Figure 32).   In contrast, the Skaneateles G-function appears to have the 

shape that best represents pressure-dependent leakoff.   
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Figure 31   Evidence for pressure dependent leakoff in five wells from the McKean County 

experiment based on SQRT(time).  
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Figure 32      Evidence for pressure dependent leakoff in five wells from the McKean County 

experiment based on the G-function curves.  
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Open Fractures in the Lot 6-1414 Well 

 

 

One stress test from the Union Springs Members of the Marcellus black shale also encountered open 

fractures.  The stress tests at 4749 ft and at 4754 ft show a flat pressure decline curves that resemble 

the flat curve for the stress test crossing a pre-existing fracture in the Ludlowville formation of the 

Hamilton Group (compare leakoff curves Figure 33 with the leakoff cycles of Figure 29).  The G-function 

curve for the pressure decline tests at 4749 ft and 4754 show a decline characteristic of transverse 

storage (Figure 34).  The SQRT(time) curves for the pressure decline tests at both stations are also 

consistent with transverse storage seen for the station over the fracture in the Ludlowville Formation 

(Figure 35). 

Unlike the FMI image of a J2 joint in the Ludlowville Formation of the Hamilton Group (Figure 28), the 

FMI image within the Union Springs Member at 4749 ft and the Transition at 4754 ft failed to reveal any 

joints.  The interpretation of the pressure decline tests is that a joint sat near enough to the pilot hole 

that an induced fracture at the borehole wall traveled far enough into the Marcellus to intersect a 

natural joint.  The additional storage in that joint was sufficient to influence the pressure decline curves.   

Joints in the Marcellus are spaced less than two meters apart (Figure 4).  Using an equation for dilation 

(equation 8.68 in (Pollard and Segall, 1987)) and the pressure differential between ISIP and closure 

pressure (1,100 psi for the Rhinestreet Sandstone), a shear modulus of 104 MPa, and a Poisson’s ratio of 

0.1, the maximum aperture for a one meter tall hydraulic fracture is 6.8 x 10-4 m.  The distribution of 

dilation from the center of the crack to its tip, the depth of a crack filled by one liter of fluid may be 

calculated.  It is a very short (i.e., 8 cm crack).  If the vertical crack is 0.5 m, the depth of penetration is 

still less than a meter.  With Marcellus joints spaced less than 2 m apart it is reasonable to anticipate 

that the borehole might pass within a 0.5 m of an open joint. 

To further reinforce the point that a natural joint was intersected by an induced fracture at 4749 ft, 

SQRT(time) curves from a Ludlowville pressure decline curve is compared with a pressure decline from 

the Marcellus (Figure 35). 
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Figure 33.     Three stations displaying a leakoff indicative of transverse storage. 
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Figure 34  G-function curves that indicate transverse storage during leakoff for three stations in 

the McKean County experiment.   
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Figure 35:   Comparison of the SQRT(time) pressure decline curves indicative of transverse storage for 

three stations in the McKean County experiment.  
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Layer-Dependent Stress 
 

Closure pressure 

 

 

The layered structure of the Marellus package is immediately apparent in the closure pressure at the six 

stations covering the Marcellus (Figure 36).  The carbonate-rich layers carry a higher Shmin than the gas 

shales sandwiched between.  While the overlying Skaneateles shale is not a carbonate, per se, it has a 

significant carbonate component which is presumed to have an effect on the Shmin.  The Skaneateles has 

an average fracture gradient of 0.87 psi/ft, the Marcellus has an average fracture gradient of 0.84 psi/ft 

and the Onondaga and transition beds have an average fracture gradient of 1.05 psi/ft.  The bed-to-bed 

stress difference (capShmin - reservoirShmin) between the Marcellus and Onondaga limestone exceeds 

500 psi which is large enough to limit the downward propagation of stimulated fractures to the base of 

the Marcellus.  The Onondaga is, then, a fracture barrier.  Following the overburden gradient upward, 

the average Shmin at the three Marcellus stations is more than 200 psi below Shmin in the Skaneateles, 

thus making this layer a likely fracture barrier as well. 

Referring back to fracture propagation in a shale encapsulated between two limestone rich beds, there 

is the probability that these fracture barriers will restrict vertical growth while favoring outward, lateral 

growth very much like a natural hydraulic fracture.   The vertical separation between fracture barriers is 

about 100 ft.  For a lateral placed within 20 feet of the Onondaga, initial fracture propagation is 

semicircular, limited in downward growth but free to grow upward (Figure 37).   Using the propagation 

of a natural hydraulic fracture as an analog, the semicircular growth of a Marcellus stimulation should 

extend laterally about 100 ft before encountering a top fracture barrier.  After encountering the top 

fracture barrier the stimulation should be free to propagate laterally.  Depending on the spacing of 

laterals this additional lateral growth should be between 200 and 400 ft. 
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Figure 36       SQRT(time) closure pressure as a function of depth.  An Schlumberger ELAN log is 

displayer to the right.  Potential fracture barriers above and below the Marcellus are shown as 

horizontal dashed lines (black). 
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Figure 37      Evolution of a rupture shape between fracture barriers.  Adapted from (Savalli and 

Engelder, 2005). 
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Reopening Pressure 

 

Reopening pressures from pressure-time cycling at each station display the same relative lithological 

affinities as the closure pressures (Figure 38).  By calculating their gradient, reopening pressures may be 

sorted into six distinct stratigraphic packages as follows:  Rhinestreet sandstone (1.13 psi/ft); 

Rhinestreet shale (0.95 psi/ft); Geneseo/Burket (0.78 psi/ft); Hamilton Shales (0.95 psi/ft); Marcellus gas 

shales (0.88 psi/ft); and Onondaga limestone and transition carbonates (1.04 psi/ft).  Three groups 

emerge from these data:  the superlithostatic closure pressures with the highest gradients; the gas 

shales with the lowest gradients; and the Hamilton plus Rhinestreet shales with an intermediate 

gradient.  Arguably, the Skaneateles could also be grouped with the superlithostatic group because of its 

high carbonate content.  The Ludlowville and Rhinestreet shales could also be grouped with the gas 

shales based on their clay and organic carbon content.   
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Figure 38    Reopening pressure as a function of depth with the approximate vertical stress, Sv, show as a 

dashed line (red).  Short segments of the Lot 6-1414 Schlumberger ELAN log are displayed for each station. 
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Reopening versus Closure Pressure 

 

The South Canisteo experiment shows that reopening pressure is more likely to be larger than the Shmin.  

The McKean County experiment indicated the same thing (Figure 39).  This rule is true for most with the 

exception of the transition zone between the Marcellus and Onondaga.   The reason for this difference is 

partially a matter of hoop stresses around a borehole.  Closure pressure acts against the least stress, 

Shmin.    Borehole hoop stresses are local and larger, in some instances considerably larger, than Shmin 

away to the borehole. 

The difference between reopening and closure pressures fall in three groups that define leakoff 

behavior (Figure 40).  The largest difference is found in the Rhinestreet sandstone which exhibited a 

normal leakoff behavior.  The three stations which exhibited the smallest difference at the three 

displaying transverse storage.  Otherwise, the remaining five stations in shale exhibiting pressure 

dependent leakoff group into a class displaying an intermediate difference between reopening and 

closure pressure.  

One interpretation of this behavior is that transverse storage is responsible for the greatest increase in 

poroelastic stress near the fracture that is closing  (i.e., leakoff leads to a high Shmin).  By comparison, 

normal leakoff leads to a relatively lower poroelastic induced stress largely because the excess pore 

pressure is allowed to drain from the immediate vicinity of the fracture wall.  Of course, low 

permeability shale displaying a time dependent leakoff might retain access pore pressure in the 

immediate vicinity of the crack wall, thus leading to a higher closure pressure.  The implication of this 

interpretation is that closure pressure may be a maximum estimate of an undisturbed Shmin. 
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Figure 39  Reopening pressure versus closure pressure as a function of depth in the Lot 6-1414 well.  
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Figure 40        The difference between reopening pressure and closure pressures for 

both G-function and SQRT(time) curves. 
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McKean County and South Canisteo Data Combined 
 

 

The South Canisteo stress data featured an upper layer that was affected by topography such that the 

Shmin was at or above the overburden gradient (Evans et al., 1989b).   The South Canisteo experiment 

showed that below 2,300 feet rock stress was not affected by topography (Figure 41).  Of course, the 

shallowest McKean County measurement came from below 3,400 feet.   At that depth, it is appropriate 

to plot the McKean County data on the bottom portion of the South Canisteo stress data.   

The least stress (Shmin) data from below 2,300 ft in the South Canisteo experiment project along a 

gradient of (Sv/z =) 1.17 psi/ft which is the overburben gradient.  While the Rhinestreet sandstone 

and shale are deeper in the McKean County experiment they still exhibit a stress consistent the 

Rhinestreet section of the South Canisteo experiment which was not effected by poroelastic relaxation.   

The carbonates of both the Tully and Onondaga carry the highest stress within the section characterized 

by poroelastic relaxation.  If stress in the Geneseo/Burket black shale is extrapolated along a lithostatic 

gradient and if it is at normal pressure and therefore relaxed, then the stress in the Marcellus 

stratigraphic package appears higher, possibility reflecting a poroelastic response to abnormal pressure. 

The evidence for abnormal pore pressure in the McKean County Marcellus comes from regional maps 

(Figure 42).  The area of the McKean County experiment has a pressure gradient of between 0.6 psi/ft 

and 0.65 psi/ft. 

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 (Sv/z = 1.17 psi/ft).  A 

normal fracture gradient should be on the order of Shmin/z ≈ (75%-85%)(Sv/z).  When the South 

Canisteo data for Shmin is extrapolated to the McKean County data, fracture gradient follows the 

overburden gradient but is offset to a lower pressure by about 1500 psi (10.3 MPa).  This is 

characteristic of compaction disequilibrium during burial but the Appalachian Basin is fully lithified and 

partially exhumed.  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/Burket is on a normal fracture gradient 

relative to the South Canisteo data.  The measured fracture gradient for the Geneseo/Burket is 

(Shmin/z =) 0.76 psi/ft.  The measured fracture gradient for the Marcellus is as high as (Shmin/z =) 

0.89 psi/ft.  The interpretation for the McKean County Marcellus data is that pore pressure driven 

poroelastic deformation has driven Shmin up above a normal fracture gradient.   

  

 

  



61 
 

 

 

Figure 41      Stress (Shmin) from South Canisteo (ISIP - Wilkins, Appleton, and O’Dell wells) and 

McKean County (closure pressure - SWEPI Lot 6).  Lithostatic gradient (Sv/z) is 1.17 psi/ft 

(overburben density = 2.71 g/cm3).  South Canisteo data normalized to a surface gradient for the 

Wilkins well following (Evans et al., 1989b).   McKean County data plotted on the same gradient as 

the Wilkins well.  The South Canisteo Shmin data projects along a gradient of about 1.17 psi/ft (100% 

of overburden) (heavy black dashed line).   An overburden gradient is projected through the South 

Canisteo data down to the McKean County Marcellus (light black dashed line).  Fracture gradient 

(Shmin/z = 0.76 psi/ft) is projected through South Canisteo and McKean County Shmin (light red 

dashed line).  Hydrostatic pressure gradient is 0.45 psi/ft (light blue dashed line).  Overpresssure 

gradient of 0.65 psi/ft (heavy blue line). 
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Figure 42:   Regional pore pressure gradient map (Zagorski et al., 2011). 
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Cumulative Results 

 
A description of each measurement including depth, lithology, interpreted and calculated pressures as 

interpreted by Schlumberger is displayed in Table 1.  Closure pressure was interpreted using the G-

function method (for a full description of the G-function method see (Barree et al., 2009a)).  The closure 

pressure represents a change in slope as pressure dissipation rate slows.   

 

 

  

 

 

Table 1.  The results from ten microfrac experiments in one vertical well in McKean County.  The deepest 

experiments are on the left, with the shallowest experiments to the right. 
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Conclusions 
 

Ten stations were tested by cycling pressure until the rock broke down (the first cycle) or an induced 

fracture reopened (the subsequent cycles).  After each pressure-time cycle which injects between a 

fraction of a liter and up to two liters into the induced crack, the packed-off interval was shut in and 

fluid is allowed to leakoff into the formation.   In tight rocks like gas shale leakoff to closure pressure 

(i.e., Shimn) can take as much as 10,000 sec.   The behavior of leakoff can vary from station to station 

depending on whether the rock allows normal (i.e., pressure independent) or pressure-dependent 

behavior.  If the induced fracture taps into a larger preexisting fracture or fracture network, leakoff can 

be more complex.  The McKean County experiment displayed normal leakoff at one station, pressure-

dependent leakoff at five stations, and transient storage (i.e., intersection one or more natural 

fractures) at three stations.  The tenth station consisted of short cycles without enough time to 

determine leakoff behavior or closure pressure.   

Three major observations come from the McKean County experiment: 

Major observation #1:    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 

(Sv/z = 1.17 psi/ft).  A normal fracture gradient should be on the order of Shmin/z ≈ (75%-

85%)(Sv/z).  When the South Canisteo data for Shmin is extrapolated to the McKean County data, 

fracture gradient follows the overburden gradient but is offset to a lower pressure by about 1500 psi 

(10.3 MPa).  This is characteristic of compaction disequilibrium during burial but the Appalachian Basin is 

fully lithified and partially exhumed.  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/Burket is on a normal 

fracture gradient relative to the South Canisteo data.  The interpretation for the McKean County 

Marcellus data is that pore pressure driven poroelastic deformation has driven Shmin up above a normal 

fracture gradient. 

Major observation #2:    The McKean County section displays a layered Shmin.  As is the case at South 

Canisteo, sandstone layers are more highly stressed than shale, an indication of the effect of tectonic 

stress on the section.  Limestones above and below the Marcellus carry  a higher stress, an indication 

that unlimited upward and downward growth is less likely than outward growth.  Fractures are likely to 

be contained within the reservoir shale by these stress barriers. 

Major observation #3:   One station was placed above a natural fracture that appeared in images from 

an FMI log.  This experiment was to develop leakoff data for a known fractured interval.  The shutin 

curve from leakoff at two other stations was consistent with the presence of natural fractures even 

though they could not be detected in a pre-drill FMI image.  The significance of evidence for transient 

storage at three stations is that it demonstrated the presence of a pre-drill natural fracture network that 

is open and permeable (i.e., not sealed veins).  There is some debate concerning the extent to which gas 
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shale is naturally fractured.  Certainly, outcrops display plenty of evidence for natural fractures but there 

is still some doubt about their presence in the deep subsurface.  Leakoff behavior in the McKean County 

experiment demonstrates the presence of open fractures at depth, indeed a significant result.  
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Appendix:  In situ Stress Measurements:  10 Stations 
 

This appendix includes pressure-time records from those stations not presented in the body of this 

report.  In addition, the FMI images are offered.  In addition, the appendix offers the reconciliation 

charts for a number of data at each station including ISIP, Pro and Pc (i.e. Shmin) 

 

 

3425.38 ft (1044.06 m) – Rhinestreet Sandstone 

 

A partial breakdown was seen in the first cycle of this test (Figure 43).  Partial means that a perfect fall in 

pumping pressure was not seen, however the pressure that induced the fracture was higher than in the 

subsequent reopening cycles. 

In the G-function analysis curve one can see an indication of normal leak-off occurring.  This means that 

the sand horizon has a single permeability and this did not change with either pore pressure or net 

effective stress.  The fluid leaked off at a constant rate until fracture closure was observed. 

The FMI log from the upper sand gives indication of an induced fracture (Figure 44).  The fracture picked 

is near vertical at an orientation of about 100o (ESE).  Additionally the fracture indicates that it did not 

grow to over 3 feet in length and therefore any leakage from around the straddle packers was unlikely 
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Figure 43      The reconciliation chart for the Rhinestreet Sandstone at 3425.38 ft.  The top graph 

shows the pressure-time curves are shown at the top.   Other pressure-time curves are presented in 

Figure 23. 
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Figure 44      Before and after FMI log of the Rhinestreet Sandstone at 3425.38 ft.  The lighter area 

indicates the more resistive, gas-filled sand horizon with the well-bedded, more conductive shale unit 

below. 
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3492.14 ft (1064.40 m) - Rhinestreet Shale 

 

A true breakdown pressure was recorded for the Rhinestreet shale horizon.  In the first cycle one can 

observe the pressure increasing linearly until fracture initiation (Figure 18).  At this point the pressure 

immediately falls off until it reaches fracture propagation pressure.  The reconciliation charts are 

presented below (Figure 45). 

The FMI log from the upper shale horizon displays a fracture with two splaying limbs (Figure 46).  The 

initial fracture appears to have spanned the entire 3 feet interval allowing clear breakdown to be 

observed in the pumping curve.  However initiation of a later fracture at the level of the upper packer 

indicates leakage around the packer.  This interval also occurs in a more resistive horizon surrounded by 

more conductive, well-bedded layers.  This likely indicates that the horizon was less of a shale, and 

perhaps had higher porosity allowing it to become gas charged. 
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Figure 45       The reconciliation charts for the Rhinstreet shale horizon at 3492.14 ft.  The top 

graph shows the pressure-time curves are shown at the top.    
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Figure 46      Before and after FMI log of the upper shale interval at 3492.14 ft.  The fracture has two splaying 

limbs at an approximate orientation of 080/260o (ENE/WSW).  A later fracture in an overlying horizon is at an 

approximate orientation of 290o (WNW).  The lighter, more resistive area of fracturing implies a more silty, 

gas-charged unit than the name shale implies. 
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4367.53 ft (1331.22 m) – Geneseo/Burket Gas Shale 

 

 

The Geneseo/Burket gas shale shows no breakdown whatsoever (Figure 25 and Figure 47).  This was a 

common occurrence throughout this experiment (i.e. observing prefect breakdown was rare).  This is 

usually interpreted as a consequence of pre-existing fractures within the straddled zone.  An FMI log 

was taken both before and after the experiment (Figure 26).  The before FMI did not display any pre-

existing (natural or drilling induced) fractures at any of the sites displaying no breakdown;  

The induced fractures appear to be about 2 feet long in a high resistivity horizon.  The base of the 

Geneseo Shale/the top of the Tully limestone is marked by an open, bedding parallel fracture (Figure 

26).  The low Shmin of the Geneseo, and high Tully Shmin result from Evans et al. (1989a) imply that the 

stress contrast across this interval would likely have acted as a fracture barrier. 
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Figure 47      The top graph shows the pressure-time curves for the Geneseo Shale at 4367.53 ft.  To the 

bottom are the reconciliation charts for the entire horizon. 
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4505.60 ft (1373.31 m) - Fractured Ludlowville Shale  

 

 

This horizon was specifically selected as the before FMI log indicated that there was a pre-existing 

natural fracture (in J2 orientation approximately NW/SE; Figure 28).  By straddling over the natural 

(open) fracture the hope was to observe no breakdown (Li et al., 2011).  This was not the case (Figure 

29).  The authors here hypothesized that the breakdown observed was due to the fracture being closed 

and not being oriented in a preferential orientation (i.e. parallel to SHmax).  Therefore either the tensile 

strength of the unfractured rock or the tensile strength of the vein plus contemporary tectonic stress 

must have to be overcome.  The G-function curve gives evidence for transverse storage/fracture height 

regression.  This occurs if the fracture grows to a height where it intersects a different lithological unit.  

If, for example, the new lithology is stiffer (e.g. limestone vs. shale) the fracture will close first in this bed 

as it holds a higher SHmax.  Later beds close at different rates producing a recognizable G-function plot.  

Therefore the evidence points to the fact that the pre-existing fracture was reopened. 
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Figure 48       A reconciliation chart for the fractured Ludlowville Formation of the Hamilton Group 

at 4505.60 ft.  The top graph shows the pressure-time curves. 
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4655.52 ft (1419.00 m) – Skaneateles Formation of the Hamilton Group  

 

 

The lower Hamilton microfrac resulted in a higher Shmin than the Oatka Creek or Union Springs 1 

measurements (Figure 13).  This implies that the pore pressure was more overpressured in the horizons 

directly overlying the Marcellus Shale due to migration of natural gas.  The natural gas has remained in 

place over geologic time due to a very effective capillary seal.  The authors here hypothesise that the 

horizon stimulated is likely near the top of one of these overpressured gas compartments (see later 

discussion).  Overlying is likely interbedded silt/shales that provide ideal stratigraphy for a strong 

capillary seal to form. 

The induced fracture in the lower Hamilton horizon is oriented about 260o (WSW).  The large main 

fracture spans little over 3 feet, however induced fractures are observed both above and below the 

main large fracture indicating leakage around the straddle packers.  The lower fracture propagates 

~180o from the main fracture at 070o (ENE) and the upper fracture propagates in the same orientation at 

approximately 250o (WSW).  This is a resistive layer at approximately 4655 ft that does not display any 

induced fracture.  A sidewall core was taken directly from this interval, and it will be interesting to see if 

there is anything geomechanically different at this horizon (Figure 51). 
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Figure 49      Skaneateles pressure-time curves. 
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Figure 50       A reconciliation chart for the Skaneateles Formation of the Hamilton Group at 4655.52 ft.   
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Figure 51       A before and after FMI log of the Skaneateles Formation of the Hamilton Group at 4655.52 

ft.  Again one can observe black dots where the sidewall cores were removed.  Light and dark horizontal 

layers indicate the interbedded nature of the Hamilton Group. 
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4720.53 ft (1438.82 m) - Oatka Creek Member 

 

 

Data from the Oatka Creek cycles was poor.  The best measurements of Sh come from the square root 

analysis.  Sh measured at this horizon was lower than the overlying lower Hamilton horizon, implying 

that the overpressure has leaked off leaving an under-compacted rock.  This under-compacted rock is 

unable to maintain as high an Sh than the overpressured horizons around it. 
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Figure 52      Pressure-time curves for the Oakta Creek at 4720.53 fee 
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Figure 53     Above is the pumping curve for the Oatka Creek at 4720.53 feet.  Below is the reconciliation 

chart for this interval. 
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Figure 54       A before and after FMI log for the Oatka Creek at 4720.53 feet.   
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4745.42 ft (1446.40 m) - Union Springs 

 

 

See the following pages for data on the Union Springs at 4745 ft. 
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Figure 55   Pressure-time curves for Union Springs at 4745 ft. 
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Figure 56  The top graph shows the pumping curve for the Union Springs horizon at 4745.42 ft (1446.40 

m).  At the bottom is a reconciliation chart for the horizon.   
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Figure 57       A before and after FMI log of the Union Springs horizon at 4745.42 ft (1446.40 m. 
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4749.45 ft (1447.63 m) - Union Springs 

 

 

 

See below for Union Springs stress data. 
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Figure 58        The top graph shows the pumping curve for the Union Springs horizon at 4749.45 ft 

(1447.63 m).  At the bottom is a reconciliation chart for the horizon.   
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Figure 59     A before and after FMI log for the Union Springs at 4749 ft. 
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4753.88 ft (1448.98 m) – Transition Zone  

 

A successful Sh from the G-function plot was not possible in the second reopening cycle.  The Onondaga 

limestone is an extremely hard, impermeable rock.  This meant that each cycle showed very slow leakoff 

(e.g. cycle 2 took ~12,000 seconds, over 3 hours).  The slow leakoff rate resulted in very scattered data, 

making analysis by either the square root or G-function difficult and inaccurate. 

Interesting the G-function plot in this experiment was indicative of pressure dependent leakoff, i.e. fluid 

loss rate changes with pore pressure or net effective stress.  This is often interpreted as a dual 

permeability, for example the induced fracture intersecting a joint set in a different orientation.  The 

initial leakoff occurs through the joint set.  Upon its closure leakoff continues until the induced fracture 

closes.  Another interpretation is not the intersection of a joint set, but the pressure reaching a level 

where it approaches overburden.  It would be possible to create a horizontal fracture between bedding.  

As the pressure drops below that of overburden, the horizontal fracture closes and leakoff occurs just 

through the induced vertical fracture. 
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Figure 60      Transition Pressure-time curves for the Transition between the Onondaga and the 

Marcellus at 4754 ft.. 
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Figure 61       The top graph shows the pumping curve for the Onondaga Limestone horizon at 4753.88 

ft (1448.98 m).  At the bottom is a reconciliation chart for the horizon.   
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 Figure 62     A before and after FMI log for the Transition zone of 4735.8 ft. 
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4765.50 ft (1452.52 m) - Onondaga Limestone  

 

 

The second Onondaga horizon was selected to do flow back and rebound attempts on.  The idea is that 

one doesn’t wait for the pressure to bleed off into the formation, but to drain the pressure off to a pre-

determined level and watch the rebound of pressure.  This technique was developed to reduce time. 

Cycle one resembles all previous cycles and allowed calculation of Sh.  The flow back technique requires 

the pressure be bled off at a very specific rate.  If the rate of flow back is too high or too low then no 

results will come from the data.  This experiment produced no good data because; 1) flow back could 

not be kept at a constant rate; and 2) the pressure at which to stop flow back was not accurately 

constrained.  Therefore, the interpretation of flow back slopes was inconclusive. 
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Figure 63  Pressure-time curves for the Onondata at 4765.50 ft. 
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Figure 64       The top graph shows the pumping curve for the Onondaga Limestone horizon at 4765.50 

ft (1452.52 m).  At the bottom is a reconciliation chart for the horizon. 
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 Figure 65       A before and after FMI log for the Onondaga Limestone at 4765 ft. 
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