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Abstract 

 

Natural Fracture Characterization of the New Albany Shale,          

Illinois Basin, United States 

 

Lucas Jared Fidler, M.S. Geo Sci 

The University of Texas at Austin, 2011 

 

Supervisors:  Stephen E. Laubach and Julia F.W. Gale 

 

The New Albany Shale is an Upper Devonian organic-rich gas shale located in 

the Illinois Basin.  A factor influencing gas production from the shale is the natural 

fracture system.  I test the hypothesis that a combination of outcrop and core 

observations, rock property tests, and geomechanical modeling can yield an accurate 

representation of essential natural fracture attributes that cannot be obtained from any of 

the methods alone.                             

 Field study shows that New Albany Shale outcrops contain barren (free of 

cement) joints, commonly oriented in orthogonal sets.  The dominant set strikes NE-SW, 

with a secondary set oriented NNW-SSE.  I conclude that the joints were likely created 

by near-surface processes, and thus are unreliable for use as analogs for fractures in the 

reservoir.  However, the height, spacing, and abundance of the joints may still be useful 

as guides to the fracture stratigraphy of the New Albany Shale at depth. The Clegg Creek 

and Blocher members contain the highest fracture abundance. 
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 Fractures observed in four New Albany Shale cores are narrow, steeply-dipping, 

commonly completely sealed with calcite and are oriented ENE-WSW.  The Clegg Creek 

and Blocher members contain the highest fracture abundance, which is consistent with 

outcrop observations. Fractures commonly split apart along the wall rock-cement 

interface, indicating they may be weak planes in the rock mass, making them susceptible 

to reactivation during hydraulic fracturing. 

 Geomechanical testing of six core samples was performed to provide values of 

Young’s modulus, subcritical index, and fracture toughness as input parameters for a 

fracture growth simulator.  Of these inputs, subcritical index is shown to be the most 

influential on the spatial organization of fractures.  The models predict the Camp Run and 

Blocher members to have the most clustered fractures, the Selmier to have more evenly-

spaced fractures, and the Morgan Trail and Clegg Creek to have a mixture of even 

spacing and clustering. 

 The multi-faceted approach of field study, core work, and geomechanical 

modeling I used to address the problem of fracture characterization in the New Albany 

Shale was effective.  Field study in the New Albany presents an opportunity to gather a 

large amount of data on the characteristics and spatial organization of fractures quickly 

and at relatively low cost, but with questionable reliability. Core study allows accurate 

observation of fracture attributes, but has limited coverage.  Geomechanical modeling is a 

good tool for analysis of fracture patterns over a larger area than core, but results are 

difficult to corroborate and require input from outcrop and core studies. 
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CHAPTER 1:  INTRODUCTION AND GEOLOGIC BACKGROUND 

1.1 Research Objectives 

The hypothesis tested in this study is that a combination of outcrop and core 

observations, rock property tests, and geomechanical modeling can yield accurate 

representation of essential natural fracture attributes that cannot be obtained from any of 

the methods alone. 

Shales have previously been regarded mainly as source and seal rocks, but have 

moved to the forefront of petroleum research since 2003 for their roles as important 

reservoirs of oil and natural gas.  The emergence of several successful shale plays, 

including the Mississippian Barnett Shale in the Fort Worth Basin (Bowker, 2007), the 

Devonian Marcellus Shale in the Appalachian Basin (Engelder and Lash, 2008), the 

Jurassic Haynesville Shale in the East Texas Basin (Casselman, 2009), and the Devonian 

Horn River and Muskwa Shales in the Horn River Basin of NE British Columbia (Ross 

and Bustin, 2008), has led to increased interest in the characteristics of natural gas-

producing shales.  

The New Albany Shale in the Illinois Basin (Fig. 1.1) has received much less 

attention than the aforementioned shale plays because of historically relatively low 

production rates.  Production rates on average are also lower than other shales as modern 

completion techniques have been applied over the last decade.  Estimates of total gas in 

place and technically recoverable gas are between 86 and 160 trillion cubic feet (tcf), and 

1.9 to 19.2 tcf, respectively.  These numbers are comparable to the resource contained in 

Appalachian Basin shales when averaged over the total volume of the shales 

(Hasenmueller and Comer, 2000).  However, the mean initial production (IP) rate per 

well basinwide is only 187 thousand cubic feet of gas per day (MCFGPD), and 
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cumulative current production basinwide is approximately 0.4 billion cubic feet (bcf) per 

year. (Comer et al., 1993; Salehi, 2010a).  For comparison, a typical Marcellus Shale well 

has an IP rate of 7 to 10 million cubic feet of gas per day (MMCFGPD), with some wells 

reaching rates of up to 22 million cubic feet per day, and cumulative production from the 

basin has reached several bcf per year (Engelder and Lash, 2008; Engelder, 2009).  Thus, 

there exists a discrepancy between the resource in place and production rates and 

produced volumes of gas from the New Albany Shale.   

The play consists of two overlapping parts.  The northern and northeastern parts 

of the play contain more biogenic gas (Strapoc et al., 2010), although it is reported in 

(Martini et al., 2010) that the amount of methanogenesis may be significantly less than 

what had been originally thought.  The southern part of the play contains mainly 

thermogenic gas (Strapoc et al., 2010).  This thesis focuses on the southern, thermogenic 

part of the play. 
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Figure 1.1.  Map showing locations of shale gas basins and play areas in the continental 
United States (EIA, 2010).  Black arrow points to Illinois Basin and 
productive area of the New Albany Shale (outlined). 

The focus of the New Albany Shale Gas Project, a joint industry project overseen 

by the Gas Technology Institute (GTI) and funded by the Research Partnership to Secure 

Energy for America (RPSEA), was to identify the techniques and methods that will 

increase the success ratio and productivity of New Albany Shale wells to the point where 

noncommercial wells will become commercial producers. 

Prior to commencement of the project, nine participating operators were asked to 

identify the technical challenges associated with drilling and producing the New Albany 

Shale.  The areas the operators were most concerned about were geology, geochemistry 

and stimulation (Fig. 1.2).  When asked about their specific concerns regarding the 
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geology and geochemistry of the shale, a large majority responded that characterizing the 

natural fracture system prior to drilling was a high priority (Table 1.1). 

 

37%

17%
11%

11%

18%

6%

New Albany Shale Gas Project
Ranked Technical Challenges

Geo/Geochem FE Res. Eng. Drilling Stimulation General

 

Figure 1.2.  Chart showing the responses to a questionnaire given to 9 interested 
operators asking them to rank the challenges associated with New Albany 
Shale production (Gale and Laubach, 2008) 
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Geology/Geochemistry 
Study Area Relevance Score 

Geological, 
geochemical, and 
hydrological subsets 
and regimes within the 
basin 

NAS contains both biogenic and thermogenic gas 
 
 
2 

Cost effective method 
to find natural fractures 
prior to drilling 
horizontal development 
wells 

To be effective, horizontal wells must intersect 
open natural fractures 

 
 

11 

Free water in or near 
NAS 

Avoidance of water-bearing zones for design of 
hydraulic fractures 0 

Geomechanical 
characterization 

Determination of frac barriers and quartz content 
as a brittleness indicator needed for hydraulic 
fracture design 

3 

Vertical variation 
within formation 

Critical for landing horizontal well at the right 
horizon 2 

Biogenic gas Estimation of in-place gas 2 
 Total score for Geology/Geochemistry 20 

Table 1.1.  Subset of operator responses regarding the geological and geochemical 
challenges involved with New Albany Shale (NAS) drilling.  “Score” means 
the number of operators who ranked an area as their top priority.  Fracture 
system characterization is a high priority in the New Albany (Salehi, 2010a). 

Natural fractures in shale reservoir may be important as conduits for flow of gas 

to the wellbore if they are open in the subsurface.  Natural fractures can affect 

propagation of hydraulic fractures as well (Warpinski and Teufel, 1987; Gale et al., 2007; 

Zhang et al., 2007).  Fracture spacing, size, aperture, orientation, and sealing properties 

govern the intrinsic porosity and permeability of the natural fracture system (Pyrak-Nolte 

et al., 1987; Olson et al., 2007) and the effect the natural fracture system will have on 

hydraulic fracture treatments (Olson, 2008; Olson and Dahi Taleghani, 2009; Dahi-

Taleghani and Olson, 2011).  Fracture attributes are determined by a combination of 

mechanical and chemical processes operating during growth. Fractures may originate 
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from a variety of loading paths, including stress perturbation due to differential 

compaction during early burial, regional burial, oil and gas generation, regional tectonic 

stresses, accommodation effects around major fault systems and folds, and stress release 

and dewatering during uplift of the formation (Simmons and Richter, 1976; Kranz, 1983; 

Atkinson, 1987; Pollard and Aydin, 1988; Gillespie et al., 1993; Committee on Fracture 

Characterization and Fluid Flow, 1996; Campagna and Hill, 1999; Gale and Holder, 

2010). 

Several workers have identified the critical attributes necessary for a successful 

shale-gas reservoir.  These attributes are high organic matter content (TOC) and high 

thermal maturity (Ettensohn, 1992b; Roen, 1993; Montgomery et al., 2005).  This leads 

to a confusion in terminology, as many of these gas “shales” are not actually shales, but 

rather siliceous or carbonaceous mudrocks (Papazis, 2005; Loucks and Ruppel, 2007), 

the difference being that shales are fissile while mudrocks are not (Folk, 1980).  For the 

purpose of this thesis, I will use the traditional nomenclature of “shale” or “gas shale” for 

these mudrocks since these are the most widely-accepted terms. 

The terms used to describe fractures having opening displacement is also 

inconsistently applied in part because older definitions implicitly assume such fractures 

are either cement free (joints) or cement filled (veins) (Pollard and Aydin, 1988; 

Committee on Fracture Characterization and Fluid Flow, 1996) yet this attribute can be 

quite variable within fracture systems (Laubach, 2003). The New Albany Shale contains 

faults and fractures that formed by opening displacement normal to the fracture walls. 

The latter are opening-mode fractures (or extension fractures), and include joints and 

veins.  The terms joint, fracture, and crack can hold different meanings depending on 

what author is applying them.  For the purposes of this thesis, the term fracture will apply 

to subsurface, opening-mode fractures either observed in core or discussed conceptually, 



 7 

irrespective of presence or degree of cement fill.  Joint will be used when referring to 

barren (no cement) opening-mode fractures (Jackson and Bates, 1997; Neuendorf et al., 

2005) observed in outcrop.  Crack will be used in reference to the induced fractures 

created in geomechanical test samples. 

Characterization of the fracture system of the New Albany is essential for 

optimization of drilling and completion practices, specifically horizontal drilling and 

hydraulic fracturing (Holditch et al., 1987).  A fracture system refers to the arrangement 

of fractures in a rock body (Hancock, 1985).  Advances in the knowledge of fundamental 

shale fracture characteristics are necessary for continued development of shale gas 

reservoirs, domestic and international. 

In this thesis a combination of core description, fieldwork, petrography, and 

geomechanical testing and modeling is used to quantify key fracture properties.  I use 

four cores to describe the properties of fractures in the subsurface, including opening 

displacement (or kinematic aperture; Marrett et al., 1999), sealing character, orientation, 

height, spacing.  I use field data in the form of joint orientation and spacing 

measurements to quantify spatial organization of fractures.  Geomechanical tests provide 

several geomechanical parameters including the subcritical index of the New Albany 

Shale, which is a critical rock property that can be used to predict fracture spacing and 

clustering (Olson, 1993, 2004).  Reflected and transmitted-light petrography are used to 

evaluate the lithology and texture of partly sealed or sealed fractures from core.  These 

petrographic techniques are also used to examine geomechanical test samples to 

determine the influence of lithology on subcritical index. The geomechanical values are 

used as input parameters for a modeling program that simulates fracture pattern growth.  I 

use the field and core observations to infer scenarios for natural fracture development.  I 

also discuss some of the drawbacks of using these types of observations to constrain 
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subsurface fractures.  The model results were compared with my observations from 

outcrop and core with the aim of evaluating these predictive modeling approaches.  

1.2  Geologic Setting of the New Albany Shale 

1.2.1 Middle to Late Devonian Time 

The Middle to Late Devonian, from approximately 392 Ma to 361 Ma, was 

characterized by a decline in atmospheric CO2 concentrations (Fig. 1.3A; Berner, 1997, 

1999), increases in atmospheric oxygen (Fig. 1.3B; Berner, 1999), a eustatic rise in sea 

level (Fig. 1.3C; Vail et al., 1977b; Hallam, 1984; Johnson et al., 1985; Frakes et al., 

1992), and generally warm global temperatures (Fig. 1.3D; Frakes et al., 1992). 

The location of the continents during Middle to Late Devonian times has been a 

subject of debate. Paleogeographic reconstructions propose that eastern portions of North 

America were located between approximately 15° and 30° south latitude (Fig. 1.4; 

Scotese and McKerrow, 1990; Day et al., 1996; McKerrow et al., 2000; Blakey, 2006). 

Tectonic forcing from the Acadian orogeny caused the formation of several 

epicontinental seas on the margins and cratonic interior of Laurentia within the Illinois, 

Appalachian, and Michigan Basins during the Middle to Late Devonian and the Early 

Mississippian (Lineback, 1968; Catacosinos and Daniels, 1991; Ettensohn, 1992a; de 

Witt et al., 1993; Leighton, 1996; Ettensohn, 1998; Lumm et al., 2000). These basins 

became the depocenters for extensive fine-grained organic-rich sedimentary successions 

during the Middle to Late Devonian.  The New Albany Shale belongs to this complex of 

fine-grained carbonaceous sedimentary successions, and occurs in outcrops and in the 

subsurface throughout much of the Illinois Basin (Lineback, 1964, 1968, 1970; 

Hasenmueller and Comer, 2000).  
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Figure 1.3. A: Atmospheric CO2 versus time; range of error indicated by shaded area.    
B: Atmospheric O2 versus time.  C: Sea level curves for the Phanerozoic.  
D: Estimated mean global temperature curve for the Phanerozoic.  
Horizontal bar (yellow) represents the Late Devonian time interval (Vail et 
al., 1977a; Hallam, 1984; Frakes et al., 1992; Berner, 1997, 1999; Lazar, 
2007). 
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Figure 1.4.  Paleogeographic reconstruction of North America in Late Devonian time 
(From Blakey, 2006; http://www4.nau.edu/geology). 
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1.3  The Illinois Basin 

1.3.1 Overview 

The Illinois basin is an asymmetric, oval-shaped depression covering ~155,000 

km2 in parts of Illinois, Indiana, Kentucky, and Tennessee (Barrows and Cluff, 1984; 

Lumm et al., 2000). The basin has undergone significant evolution throughout time to 

reach its present shape.  It began as a rift in the supercontinent Rodinia the Late 

Precambrian to Early or Middle Cambrian (Burke and Dewey, 1973; Ervin and 

McGinnis, 1975), which is preserved in the south as the New Madrid Fault System and in 

the north as the Reelfoot Rift and Rough Creek Graben. During the Paleozoic, it evolved 

into a Laurentian intracratonic basin bounded by structural arches (Buschbach and 

Kolata, 1990; Kolata and Nelson, 1990). These arches are the Cincinnati on the east, the 

Kankakee and Wisconsin-LaSalle Arches on the north, the Mississippi River Arch on the 

northwest, and the Northeast Missouri Arch and Ozark Dome on the west (Fig. 1.5; 

Kepferle and Roen, 1981; Barrows and Cluff, 1984; Buschbach and Kolata, 1990; Kolata 

and Nelson, 1990; Ettensohn, 1992a; de Witt et al., 1993; Matthews, 1993; Lumm et al., 

2000).  The basin remained open on the southern end in the Devonian (Barrows and 

Cluff, 1984; Nelson and Marshak, 1996), but was closed off by the Pascola Arch during 

the Permian or early Mesozoic (Kolata and Nelson, 1990).  During the Middle and Late 

Devonian, the erosion of the Acadian orogen to the east provided a source of clastics 

(Kolata, 1990a).  This orogen was also the source of the clastics that compose other 

Devonian black shales such as the Marcellus Shale, but the positive topographic 

expression of the Cincinnati Arch prevented much of the sediment from reaching the 

Illinois basin, causing the Devonian sedimentary sequence to be thinner in comparison to 

the Appalachian basin (Lineback, 1968; Ettensohn, 1992a).  Basin-bounding arches on 
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the west and east may have also been local sources of sediment during sea level 

lowstands (Lineback, 1970; Cluff, 1980). 

The total thickness of sediments in the basin varies laterally, but reaches a 

maximum of approximately 20,000 feet (6100 m) at the intersection of the Reelfoot Rift 

and the Rough Creek fault system.  Erosion in the Illinois basin was prevalent from post-

Pennsylvanian to Early Cretaceous times, leading to the removal of more than 5,000 feet 

(1,524 m) of Pennsylvanian and Permian strata (Buschbach and Kolata, 1990). 
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Figure 1.5.  Major tectonic features of the Illinois basin, the location of which is indicated 
schematically in red (modified from Buschbach and Kolata, 1990) and 
surrounding areas. 
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1.3.2 Structure and Tectonics of the Illinois Basin 

The major structural features of the Illinois Basin consist of the previously 

mentioned basin-bounding arches and several fault systems (Fig. 1.6).  The bounding 

arches underwent stages of uplift and erosion throughout the Paleozoic and early 

Mesozoic, as evidenced by stratigraphic mapping by Kolata (1990) near the arches.  

However, no conclusive mechanism has been found that can explain the multiple stages 

of uplift found in many of the arches.  Kolata and Nelson (1990) speculate that 

emergence of the arches is caused by thermotectonic doming and isostatic forcing along 

long-lived crustal weaknesses during times when the stress regime of the Illinois basin 

was undergoing change.  Rifting events such as the breakup of Pangaea and Rodinia and 

multiple orogenies, including the Taconic, Acadian, Alleghenian, and Ouachita likely 

caused the stress regime to change multiple times. 

Many of the major fault systems in the Illinois basin are related to the Reelfoot 

Rift, which is an aulacogen of Late Proterozoic or Early Cambrian age.  The existence of 

the rift was hypothesized by Burke and Dewey (1973) and later confirmed with 

geophysical evidence by Ervin and McGinnis (1975), who gave the failed rift arm its 

name.  It is considered to be the northern extension of the New Madrid Rift Complex, 

which includes the Reelfoot Rift, the Rough Creek Graben, the Southern Indiana arm, 

and the St. Louis arm (Fig. 1.5).  The Southern Indiana and St. Louis arms extend 

towards the north and west, respectively, from the junction between the Rough Creek 

Graben and Reelfoot Rift.  These two arms were postulated by Braile et al. (1984; 1982) 

and Sexton et al. (1986) on the basis of gravity and magnetic anomalies, trends of 

seismicity, and existence of overlying surface fault systems.  However, lack of 

stratigraphic and geophysical evidence has cast doubt upon the existence of these 
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structural features, and thus they are not shown on the map in Figure 1.5 (Kolata, 1990; 

Nelson, 1990).  
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Figure 1.6.  Structural features of the Illinois basin (modified from Treworgy, 1981; 
prepared by Nelson, 1986; From Buschbach and Kolata, 1990). 
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The Reelfoot Rift is a northeast-trending graben bounded by sets of listric normal 

faults that penetrate crystalline basement.  There is a pronounced upwarping in the center 

of the rift that is interpreted as a normal fault later reactivated with reverse and strike-slip 

movement by post-Pennsylvanian compressional stress (Nelson, 1990)  Many of the 

faults have been reactivated several times, a common motif among Illinois basin fault 

systems, and some are the locus of modern New Madrid seismicity. 

The Rough Creek Graben is an eastern-trending dogleg of the Reelfoot Rift that 

extends from the western flank of the Cincinnati Arch through western Kentucky before 

bending sharply southwest to join the Lusk Creek fault zone.  The Rough Creek-

Shawneetown fault system forms the northern margin of the graben, and the Pennyrile 

fault system forms the southern boundary.  It is an asymmetrical graben, with greater 

displacements along the northern margin, as evidenced by a thicker sedimentary section 

and southern onlap of strata (Nelson, 1990).  Normal faulting began in the Precambrian 

with the initiation of rifting and continued periodically throughout the Paleozoic.  The 

entire section in the graben is thicker than surrounding areas, but Nelson (1990) reports 

that the Devonian section is particularly thickened, indicating that faulting was more 

active during that time. 

The Rough Creek-Shawneetown fault system is a complex structure that extends 

from extreme southwest Illinois through western Kentucky.  Nelson (1990) describes the 

fault system as interconnected high-angle faults that form a braided pattern, with the main 

faults striking approximately E-W and shorter NE-SW or NW-SE striking faults 

connecting the main faults (Fig. 1.7).  The faults have varying magnitudes and directions 

of displacement and the total displacement across the fault system ranges from 100 – 

1000 m.  The fault system mainly strikes E-W but bends south at both ends.  It dies out at 

the Cincinnati Arch in the east and merges with the Fluorspar Area Fault Complex at its 
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western extent (Fig. 1.7; Fig. 1.8).  The fault system’s history consists of 3 major 

episodes of movement: (1) normal faulting associated with Cambrian rifting, (2) reverse 

faulting during the late Paleozoic (post-Pennsylvanian) that resulted in the south side of 

the faults being upthrown, and (3) Mesozoic normal faulting that dropped the south side 

back down to near its original position (Nelson, 1990).  The third stage of faulting 

included significant fault drag, creating the northern limb of the Eagle Valley – Moorman 

Syncline, which is located in the Rough Creek Graben. Some workers have attributed the 

structure of the Rough Creek-Shawneetown fault zone to strike-slip movement, but fault 

indicators in outcrop and lack of  horizontal paleochannel offsets along strike indicate 

dominantly dip-slip motion (Heyl, 1972; Nelson and Lumm, 1984; Nelson, 1990). 

The southern margin of the Rough Creek Graben is defined by two fault systems, 

the Pennyrile system and an unnamed collection of faults 15 miles south of the Pennyrile.  

The Pennyrile is an east-west trending system of faults 110 miles long and 1.5 to 4 miles 

wide, extending from the edge of the Mississippi Embayment in Lyons County, Kentucky 

to Edmonson County.  The unnamed series of faults trends parallel to and 3 to 15 miles 

(5-24 km) south of the Pennyrile system in Trigg, Christian, Todd, and Logan counties.  

The fault zone is characterized by bifurcating and intertwining faults that form a 

pronounced right-stepping en echelon pattern.  These faults merge downward into master 

faults that continue downward into the basement to form the southern margin of the 

Rough Creek Graben (Nelson, 1990).  The magnitude of displacement along the 

Pennyrile system is reported by Buschbach and Kolata (1990) to be 985 ft. (300 m) at 

most, lower than displacements in the Rough Creek-Shawneetown system, indicating that 

this area may have functioned as more of a hinge zone than a major fault (Bertagne and 

Leising, 1991). 
 



 19 

 

Fig. 1.7.  Map showing surface traces of Rough Creek-Shawneetown fault zone, 
Pennyrile fault system, and Fluorspar Area Fault Complex with oil fields 
shaded (From Bertagne and Leising, 1991). 
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Fig. 1.8.  Map showing the structures of the southern Illinois Basin and locations of 
earthquake epicenters with dates and magnitudes. WVFS = Wabash valley 
Fault System; NMSZ = New Madrid Seismic Zone; CFZ = Centralia Fault 
Zone (From McBride and Nelson, 1999). 

The Fluorspar Area Fault Complex, so named because of the extensive fluorite 

deposits found in the area, is centered at the intersection between the Reelfoot Rift and 

the Rough Creek Graben in southeastern Illinois and adjacent western Kentucky (Fig. 

1.7).  The boundaries of the fault complex correspond closely with the Precambrian-
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Cambrian rift boundaries.  The Lusk Creek fault zone forms the northwest border of the 

Fluorspar Complex, and originally developed as a boundary fault of the Reelfoot Rift.  

Similarly to the Rough Creek-Shawneetown fault system, the Lusk Creek zone was 

reactivated during post-Pennsylvanian, pre-Late Cretaceous times.  Reverse faulting 

raised the southeast side of the fault zone, and subsequent normal faulting dropped it 

back down.  As with the Rough Creek-Shawneetown system, structural complexity 

increases upward in the Lusk Creek, with faults merging at depth.  The faults are mainly 

steeply-dipping normal faults, but many have a component of strike-slip.  The timing of 

faulting is only partially established, but Nelson (1990) favors a scenario in which 

compression and reverse faulting began in the Early Permian, possibly caused by stresses 

from the Ouachita orogeny, followed by northwest-southeast extension during the 

Mesozoic. 

The Cottage Grove fault system extends from Gallatin to Jackson counties in 

southern Illinois, west of the intersection between the Reelfoot Rift and the Rough Creek 

Graben.  Strike-slip movement along this system was first inferred in 1948, and 

subsequent investigations have confirmed this interpretation (Clark and Royds, 1948; 

Heyl and Brock, 1961; Heyl et al., 1965; Heyl, 1972; Wilcox et al., 1973; Nelson et al., 

1981; Nelson and Lumm, 1984).  The master fault trends E-W, with several jogs to the 

northwest along its extent.  There are also many subsidiary faults that trend northwest-

southeast, most of which are high-angle normal faults that represent the extensional 

component of the right-lateral shearing which created the fault zone (Nelson, 1990).   

Slickensides indicate that these faults commonly underwent two periods of movement, 

with normal faulting followed by strike-slip, oblique-slip, or reverse faulting (Nelson et 

al., 1981).  Some researchers have regarded the Cottage Grove to be a westward 

extension of the Rough Creek-Shawneetown fault system, but the fault systems do not 
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connect and feature different styles of deformation, with the Rough Creek-Shawneetown 

system being dominantly dip-slip while the Cottage Grove is strike-slip (Schwalb, 1982; 

Nelson, 1990; Nelson and Marshak, 1996; Duchek et al., 2004). 

The Wabash Valley Fault System is centered along the lower Wabash River in 

southwest Indiana and adjacent west Kentucky, above the postulated Southern Indiana 

arm of the Reelfoot Rift.  It trends north-northeast for 55 mi. and is up to 30 mi. wide 

(Fig. 1.9).  It consists of high-angle normal faults that split upward and merge downward 

into master faults.  The fault system reflects west-northwest crustal extension, but the 

mechanism is uncertain.  Braile et al. (1986) and Sexton et al. (1986) proposed a 

reactivation of Precambrian basement faults, but Nelson (1990) suggests post-

Pennsylvanian crustal arching could also be responsible.  An important point is that the 

fault system is still active today, evidenced by numerous earthquakes in the area (Fig. 

1.8; 1.9), and may exert some control on the orientation of local fracture systems. 
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Figure 1.9.  Surface traces of Wabash Valley fault system with individual faults labeled.  
Earthquake epicenters, magnitudes, and dates also shown (Wang and 
Woolery, 2008). 

The Mt. Carmel fault strikes north-northwest through Washington, Jackson, 

Lawrence, and Monroe counties in south-central Indiana.  It consists of normal faults 

with dips from 64°W to vertical, and many outcrops near the fault contain parallel 

opening-mode fractures.  The Mt. Carmel fault reaches the basement and may be the 

product of differential subsidence over the Cincinnati arch (Sullivan et al., 1982). 

In the western and northern parts of the basin, there are several major gentle 

anticlines and monoclines of late Paleozoic age, with the principal development during 
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Late Mississippian and Early Pennsylvanian time.  These features include the Du Quoin 

monocline, the La Salle anticlinal belt, the Cap au Grés faulted flexure, and the Salem, 

Louden, Waterloo-Dupo, and Clay City anticlines.  These folds are the result of the uplift 

and tilting of blocks of crystalline Precambrian rock, which forced the entire sedimentary 

section overlying the blocks to fold into monoclines and anticlines (Nelson, 1990).  This 

style of folding is prevalent in the forelands of orogenic belts, and is referred to as drape 

folding or forced folding (Stearns, 1978). 

The timing and magnitude of the several stages of tectonism in the Illinois basin 

remains uncertain, and we are left with conjectures about the causes of the multiple 

stages of movements along many of the fault systems in the basin.  Several workers have 

postulated that stresses originating at plate margins may be transmitted hundreds of 

kilometers into the interior of the craton, influencing basin evolution (Howell and Van 

der Pluijm, 1990; Laubach and Jackson, 1990; Marshak and Paulsen, 1993; Leighton, 

1996).  After the initial rifting phase of Rodinia in the Late Precambrian to Early 

Cambrian, the basin slowly evolved from a rift basin to a broad, slowly-subsiding 

intracratonic embayment in the Late Cambrian, and most faulting ceased. 

The next stage of widespread deformation took place in the Late Mississippian, as 

initial collisions between Laurentia, Africa, and South America caused orientations and 

magnitudes of stresses to change over time.  A northwesterly push from the area of the 

southern Appalachians, where the Alleghenian and Ouachita orogenies were occurring, 

seems to have reactivated the Reelfoot rift and Rough Creek graben boundary faults, as 

well as other structures in the southern and eastern parts of the basin (Kolata and Nelson, 

1990).  However, structures in the northern and western parts of the basin associated with 

reactivation of basement faults, including the Du Quoin anticline, Cap au Grés faulted 

flexure, and the La Salle anticlinal belt, were affected by stresses transmitted into the 
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cratonic interior from the formation of the Ancestral Rocky Mountains (McBride and 

Nelson, 1999). These stresses continued through the Late Pennsylvanian into the Early 

Permian as Pangaea assembled. 

After the Early Permian, extensional forces associated with the breakup of 

Pangaea caused a northeast-southwest directed extension, causing normal faulting in 

several systems, including the Rough Creek-Shawneetown, Pennyrile, Lusk Creek, and 

Cottage Grove fault systems (Kolata and Nelson, 1990; Nelson, 1990).  It is difficult to 

reconstruct the tectonic history after the Permian because younger strata are largely 

absent from the basin (Kolata, 1990b; McBride and Nelson, 1999).  Kolata et al. (1981) 

state that essentially all displacement along faults in Paleozoic bedrock took place before 

deposition of Late Cretaceous, Paleocene, and Eocene sediments in southern Illinois and 

northern Missouri, implying that, aside from erosion and minor uplift, the Illinois Basin 

has been tectonically quiescent since the Paleozoic.  Similarly, neighboring basins such 

as the Michigan Basin to the north (Catacosinos et al., 1990) and the Black Warrior Basin 

to the south (Whiting and Thomas, 1994) have also been relatively tectonically inactive 

since the end of the Paleozoic.  The Appalachian Basin to the east was more active; the 

present Appalachian Mountains were uplifted in the Cenozoic (Poag and Sevon, 1989), 

but this was caused by isostatic rebound of the crust after rapid erosion of sediments in 

the Mesozoic and Cenozoic rather than a large-scale orogenic event (Boettcher and 

Milliken, 1994). 
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1.4  The New Albany Shale 

1.4.1  Stratigraphy 

The New Albany Shale was first named by Borden (1874) for the shale outcrops 

exposed at the Ohio River near New Albany, Indiana.  Further study by several workers 

created a terminology for the internal stratigraphy of the shale that has served as a 

framework for research on the New Albany (e.g. Campbell, 1946; Lineback, 1964, 1968, 

1970; Ettensohn, 1992a; Roen, 1993; Sandberg et al., 1994; Over, 2002; Lazar, 2007).  

Many other workers have published research relating to the geochemistry (e.g.Beier and 

Hayes, 1989; Hatch et al., 1991; Ingall et al., 1993; Calvert et al., 1996; Frost, 1996; Frost 

and Shaffer, 2000), depositional environment (e.g. Cluff, 1980; Ettensohn and Barron, 

1981; Schieber and Riciputi, 2004), and its hydrocarbon potential (e.g. Cluff and Byrnes, 

1990; Seyler and Cluff, 1990; Hamilton-Smith et al., 2000).  For the purposes of this 

thesis, the stratigraphy proposed by Lineback (1968) will be referenced, but key concepts 

introduced by Lazar (2007) will also be used. 

Campbell (Fig. 1.10; 1946) introduced the first detailed stratigraphic subdivisions 

of the New Albany Shale based on a combination of lithology, fossil content, and joint 

patterns.  Campbell divided the New Albany into the Blocher and Blackiston Formations, 

separating them on the basis of an unconformity and faunal differences.  Lineback’s (Fig. 

1.10; 1964, 1968, 1970) revision of the internal stratigraphy of the shale reclassified the 

New Albany as a formation with five lithologically distinct members and four beds.  In 

ascending order, the members are the Blocher, Selmier, Morgan Trail, Camp Run, and 

Clegg Creek.  However, stratigraphic variation and differences in naming conventions 

from state to state have resulted in a complicated terminology that included 13 members 

and five formal beds (Hasenmueller and Comer, 2000).  Lazar (2007) rectified this 
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confusion by proposing a unified, sequence stratigraphic framework for the entire Illinois 

basin. 
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Figure 1.10.  Lithostratigraphic subdivisions of the New Albany Shale (Campbell, 1946; 
Lineback, 1968, 1970; Lazar, 2007).  
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Lithologically, the New Albany is composed of black, laminated, carbon-rich 

shales alternating with layers of greenish-gray, bioturbated shales.  Minor amounts of 

sandstone and dolomite are also present (Lineback, 1970, and subsequent researchers).  

The black shales are interpreted as having been deposited in a shallow epicontinental sea 

under anoxic (0 mlO2/l of H2O) or euxinic (anoxic conditions with free H2S in the water 

column) conditions arising from the stratification of the water column (Berner, 1984; 

Tyson and Pearson, 1991). The greenish-gray shales are interpreted as forming in dysoxic 

(0.2-2.0 mlO2/l of H2O) conditions where there was enough oxygen present in the water 

to sustain benthic life, leading to bioturbation (Tyson and Pearson, 1991).  The 

alternating pattern of green and black shale is due to vertical changes in the redox 

boundary within the water column, according to several sources (Lineback, 1964, 1968, 

1970; Cluff, 1980; Beier, 1988; Beier and Hayes, 1989; Ripley et al., 1990). 

Lineback (1968) described the Blocher Member as a brownish-black, carbon-rich, 

quartzose, calcareous to dolomitic, laminated, fissile, pyritic shale with thin beds of 

dolomite, dolomitic sandstone, and greenish-gray shale also present.  Mineralogically, it 

is up to 50% calcite and dolomite, and is the only member in the New Albany that 

contains significant amounts of calcite.  It is also the most fossiliferous member, 

containing brachiopods, pteropods (Tentaculities and Styliolina), carbonized wood, 

Tasmanites (marine algae), and four species of conodont that bracket its age as Middle to 

Upper Devonian (Collinson, 1967).  Compacted dolomite veins are present at the base of 

the member. 

The Selmier Member is dominated by greenish-gray mudstone with thin beds of 

brownish-black and olive-brown fissile shale, dolomitic sandstone, and dolomite 

concretions.  It can be up to 15 m thick in the subsurface, but may also be absent from the 

section.  Where absent, it is marked by a zone of burrows filled with Selmier sediment on 
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the top of the Blocher (Lineback, 1968).  Fossils in this member include Tasmanites, Late 

Devonian conodonts, and few pelecypods and gastropods (Collinson, 1967). 

The Morgan Trail Member is composed of brownish-black, carbon-rich, fissile, 

quartzose, pyritic shale, with numerous hard, quartzose, pyritic beds 1-30 mm thick.  It is 

less dolomitic and more quartzose than underlying members.  It ranges in thickness from 

7-12 m and often cannot be differentiated from overlying units in the subsurface.  The 

fossils in this member include Tasmanites and logs of Callixylon (Lineback, 1968). 

The Camp Run Member consists of greenish-gray to olive-gray mudstone and 

shale interbedded with brownish-black, carbon-rich, fissile, pyritic shale.  Burrows are 

common at the tops of brownish-black shale beds just below greenish-gray shale beds, 

indicating that increased oxygen content allowed benthic organisms to burrow into the 

underlying carbon-rich shale.  The thicker greenish-gray beds are also generally massive 

and nonfissile, another result of bioturbation (Lineback, 1968). 

The Clegg Creek Member is dominated by massively-bedded, brownish-black, 

carbon-rich, laminated, fissile, quartzose, pyritic shale with few greenish-gray shale or 

mudstone beds.  The unit is overlain by the Early Mississippian Rockford Limestone.  

Lineback (1968) includes the Falling Run, Underwood, Henryville, and Jacobs Chapel 

beds as part of the Clegg Creek member, but Lazar (2007) disagrees. Lazar argues that 

the Falling Run Bed, a lag deposit with phosphatic nodules, represents a regionally 

extensive truncation surface that separates Upper Devonian from Early Mississippian 

strata.  Therefore, from a sequence stratigraphic perspective, the top of the New Albany 

Shale should be redefined to coincide with the top of the Clegg Creek member (Lazar, 

2007). 

Most of the organic matter in the New Albany Shale is likely derived from a 

floating mat of marine algae, including Tasmanites, Foerstia, and Protosalvinia 
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(Lineback, 1968).  The clastic detritus component in the shale is composed of silt- and 

clay-sized quartz, and could have either been sourced from the Acadian orogen in the east 

or from local topographic highs surrounding the basin.  For example, rounded, frosted 

quartz grains could have been derived from the Ozark dome, where the St. Peter 

Sandstone was being actively eroded (Lineback, 1968).  The carbonate within the section 

is dominantly dolomitic, with calcite only present in the Blocher and as cement fill in 

fractures.  The dolomite is interpreted as primary, as there is little evidence of 

recrystallization or replacement (Lineback, 1968).  The pyrite in the shale could have 

been precipitated by biochemical means in a reducing environment, or could be from 

later replacement. 

Many researchers have proposed the New Albany Shale to be the result of 

essentially continuous deposition of fine-grained carbonaceous sediment into a restricted, 

stratified, anoxic epicontinental sea for approximately 20 m.y.  Schieber (2003) disputes 

this on the basis of an abundance of erosion-related features, such as lag deposits, 

winnowing of underlying units, lag deposits, and widespread bioturbation, that contradict 

the theory of uninterrupted deposition for 20 m.y (Schieber, 2003; Lazar and Schieber, 

2005a, 2005b, 2006).  Instead, they propose that the New Albany is composed of a stack 

of distinct shale packages bounded by laterally extensive erosion surfaces, some of which 

are candidates for sequence boundaries.  Additionally, the New Albany was not deposited 

in a relatively deep basin, but rather in a shallow, agitated setting affected by frequent 

storms, fluctuating sea level, and variable redox conditions (Lazar, 2007). 

Lazar’s (2007) work reveals the existence of four 3rd-order depositional sequences 

within the New Albany Shale ranging from 2.8 to 7 m.y. in duration.  Within those 

sequences are 10 distinct depositional units corresponding to different systems tracts 

within the 3rd-order sequences (Fig. 1.11; sensu Vail et al., 1977a).  The transgressive 



 32 

units in the New Albany are characterized by high organic matter content, sharp increases 

in gamma-ray radioactivity, and are dominated by black shale, with a few thin beds of 

greenish-gray shale.  Thin lag deposits are also present, and are interpreted to be either 

the result of minor sea level fluctuations or agitation from infrequent, extremely powerful 

storms (Lazar, 2007).  The highstand systems tracts are composed of black shale 

interbedded with moderate amounts of greenish-gray shale, indicating a more oxygenated 

environment.  Bioturbation and the number of lag deposits increases, while gamma ray 

radioactivity decreases.  The lowstand deposits tend to be thin or absent, and are 

characterized by numerous thin, silty, pyritic lags that show evidence of basal scours and 

cross-lamination.  The bases of the lowstand deposits are interpreted as sequence 

boundaries, and the tops of the transgressive deposits are interpreted as maximum 

flooding surfaces.  The presence of bioturbation and silty lag deposits, as well as the 

erosion of entire units in some areas of the basin are given as evidence that the New 

Albany was deposited in a relatively shallow, agitated epicontinental sea in the Middle to 

Late Devonian (Lazar, 2007). 
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1.4.2 Previous Fracture Research 

Several studies on the New Albany have characterized fractures in the subsurface 

and joints exposed at the surface.  A study by Ault (1989) of 27 exposures in southeastern 

Indiana consisted of over 1200 measurements of joints. Joints are ubiquitous in outcrops 

of the New Albany, except for soft, more ductile shale beds within the Selmier and Camp 

Run Members.  More brittle beds in the Blocher, Morgan Trail, and Clegg Creek tend to 

be more prominently jointed.  Ault’s (1989) map of joint orientations showed a primary 

set that trends east-northeast and a secondary set that trends north-northwest (Fig. 1.12).  

Primary joints are commonly spaced 1.5 to 6 ft. apart, are commonly vertical or nearly 

vertical, and are taller and longer than secondary joints.  Secondary joints are generally 

perpendicular to and confined by the primary joints, have variable spacing, and are 

shorter and often curve 15-30° from top to bottom. 

The orientations of joints is usually consistent throughout the stratigraphy at a 

given location, with little variation (Ault, 1989). The direction of jointing is consistent 

with the current regional crustal stress in the Illinois Basin (World Stress Map, 2008).  

These structures could be neotectonic structures (Engelder, 1985; Hancock and Engelder, 

1989).  The strike of joints may therefore be useful in determining the direction of 

hydraulic fracture propagation where direct measurements of stress orientation are 

lacking.  However, variations in joint strike are common from site to site, possibly due to 

the influence of local structures such as folds and faults or local topographic effects on 

stresses, so joint patterns may provide misleading information about stress directions.  

Therefore, direct measurements of SHmax should be used when available. 
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Figure 1.12.  Map showing orientations of bedrock joints in the southern Illinois basin 
from Comer (2006) after Ault (1989). 

A Gas Research Institute (GRI) study utilized surface joint studies, core 

examination, image logs, and satellite image lineament mapping to characterize the 

region’s natural fracture systems (Campagna and Hill, 1999).  After examining the 

exposures along the Ohio River as well as orthogonal joint sets in the Berry Materials 

Quarry in Jennings County, Indiana, they advised caution when applying interpretations 

from surface joints to predicting fractures in the subsurface, a conclusion corroborated by 

my results.  They concluded that the orthogonal sets found in the quarry, as well as many 

other roadcuts in the area, may be the result of dewatering of the shale, and as such would 
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not be representative of reservoir conditions (Campagna and Hill, 1999). Such fractures 

also might not be representative of regional neotectonic stress fields. 

A step away from direct observation of fractures is analysis of linear fractures on 

air photographs or satellite images. Such studies postulate that linear features 

(lineaments) in areas of poor exposure or extensive cover reflect underlying fractures 

(Nur, 1982). In the GRI study linear feature analysis was performed using Landsat 

Thematic Mapper (TM) images in conjunction with Erdas Imagine software.  This 

allowed linear land features to be highlighted and extracted from the images.  To reduce 

confusion with man-made features, all mapped features were greater than 1 km in length.  

GRI found that the predominant linear feature orientation is ENE-WSW, with a 

secondary feature orientation trending ESE-WNW.  Significant alignments, defined by 

Campagna and Hill (1999) as a regionally extensive trend composed of individual 

lineaments in close proximity, also trend E-W to NE-SW for the most part.  These 

significant alignments are inferred by Campagna and Hill (1999) to be genetically related 

features caused by localized stress field perturbations along an underlying basement 

structure (for example, a buried fault).  The significant alignments were overlain on 

magnetic data to determine which areas were structurally influenced by basement 

structures.  Using the combination of magnetic and lineament mapping, the GRI workers 

were able to divide the basin into five structural partitions, the Northern Block, River 

Block, Louisville Block, Rift Block, and Southern Block.  The orientation of surface 

features in all blocks was dominantly ENE-WSW, but the River Block had a secondary 

orientation trending ESE-WNW.  

The GRI study utilized several cores and image logs to study fractures in the 

subsurface.  Fractures observed averaged 1-2 ft. tall, but the tips often terminated a few 

centimeters from one another, creating long composite fractures.  Plumose morphology 
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indicated downward and horizontal growth, and the Phegley Farms #1 core (Table B.1) 

also showed a fracture in the uppermost New Albany extending from the tip of a fault in 

the overlying Rockford Limestone.  This arrangement relative to the fault-tip indicated to 

(Campagna and Hill, 1999) that faulted areas may represent viable exploration targets 

because these areas will tend to be more fractured, with the assumption that more 

fractures will cause an increase in gas production. 

Image logs such as the UltraSonic Borehole Imager (UBI), Formation 

MicroScanner (FMS), or Formation MicroImager (FMI) allow identification of fractures 

in the well bore.  Interpretation of these logs can sometimes be ambiguous, however, 

because drilling-induced fractures can look similar to natural fractures.  GRI reports 

results from the UBI observations show that most fractures are concentrated in the Clegg 

Creek Member, with the Blocher being the second most fractured interval.  However, this 

may be complicated by the difficulty of sampling vertical fractures with a vertical 

wellbore (Narr and Suppe, 1991).  Fractures are also infrequently present in the Morgan 

Trail and Camp Run.  Few are present in the Selmier Member.  The natural fractures are 

dominantly oriented E-W, although there is a northwest-trending set in the Corydon field 

of southern Indiana (Fig. 1.13).  Campagna and Hill (1999) suggest that the E-W set 

formed first, with the northwest set forming later due to slip along the primary fractures.  

Drilling-induced fractures are almost exclusively oriented E-W to ENE-WSW, indicating 

that this represents the current in-situ stress orientation.  These orientations are parallel to 

those indicated on the World Stress Map (2008). 
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Figure 1.13.  Rose diagrams showing orientations of open and partially sealed fractures 
interpreted from UBI logs (From Campagna and Hill, 1999). 

1.4.3 Natural Gas Potential of the New Albany Shale 

Bookout (1980) estimated the total resource for the New Albany Shale at 

approximately 85 trillion cubic feet (TCF).  This value was obtained by multiplying the 

estimated total volume of shale by the average gas content of the shale, which is 0.62 

cubic feet of gas per cubic foot of shale (Snyder et al., 1978).  This value likely 

overestimates the resource potential of the New Albany, since gas production is typically 

only from a small interval within the shale.  The production curves for New Albany wells 

are similar to those from Appalachian Basin shales, with a sharp initial decline in flow 
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rates followed by a stabilization at significantly lower rates, which are maintained for 

many years (Hasenmueller and Comer, 2000). 

Commercial production of natural gas from the New Albany Shale began in 1863 

with the drilling of the Moreman well near Brandenburg in Meade County, Kentucky, 

although previous drilling for non-commercial purposes was reported as early as 1858 

(Jillson, 1922).  Gas was observed bubbling from the bed of the Ohio River in southern 

Indiana in 1870, and by 1925 gas was being produced from seven fields in Harrison 

County, Indiana (Collett, 1879; Sorgenfrei, 1952).  A common characteristic of these 

early fields in western Kentucky and southern Indiana is that they were often centered on 

structural domes caused by differential compaction over underlying carbonate reefs 

(Hasenmueller and Comer, 2000).  A possible explanation is that the shale might be more 

fractured in the areas over the reefs owing to compaction or stretching, which would tend 

to form fractures.  If so, fractures played an important role in early production of gas 

from the New Albany. This initial exploration and production phase ended in the early 

1900’s due to the abundance of gas available from carbonate reservoirs in eastern 

Kentucky and West Virginia.  However, drilling activity would later increase rapidly in 

the 1970’s and 1980’s in response to rising energy prices and the need for domestic 

energy sources (Fig. 1.14; Hasenmueller and Comer, 2000). 
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Figure 1.14.  Drilling history up to 1986 for the Shrewsbury Consolidated Field area, 
western Kentucky. Includes producing wells, dry holes, and abandoned 
wells in all gas-producing horizons.  This pattern of drilling activity was 
typical for New Albany Shale development basinwide (From Hasenmueller 
and Comer, 2000) 
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Nearly every productive New Albany Shale well is completed in the topmost 

interval in the shale, which corresponds to the Clegg Creek Member.  Sorgenfrei (1952) 

has also reported production from the Morgan Trail Member in some wells in Harrison 

County, Indiana. 

The G.T. Jenkins No. 1 Simpson core, which represents the full New Albany 

interval, was sampled for gas content.  Previous workers found that intervals with a 

higher gas content correspond to a higher gamma-ray radioactivity (Cluff and Dickerson, 

1982).  In addition Cluff and Dickerson (1982) also found that the basal section of the 

New Albany, the Blocher Member, had low gas content, suggesting gas did not migrate 

into the New Albany from a lower formation.  Harris et al. (1978) found a close 

correlation between the thickness of black shales and gas production in the Appalachian 

Basin due to increased volume of gas and because thicker areas tend to correspond to 

higher thermal maturity.  Cluff and Dickerson (1982) suggest the depocenter that exists in 

the Eagle Valley – Moorman syncline in the Rough Creek Graben might be a favorable 

target because of the thickness, abundance, and relatively high thermal maturity of black 

shale in the area. 

Production data for the New Albany Shale is in the form of initial production (IP) 

rates.  However, little production data is publicly available, so a rigorous and statistically 

significant analysis of the data is not available.  Basinwide, the average IP for a New 

Albany Shale well is 187 thousand cubic feet of gas per day (MCFGPD). Individual wells 

have had IPs of up to 4,400 MCFGPD, but this likely represents production from lower 

carbonate reservoirs as well as the New Albany. 

The characteristic decline curve for New Albany Shale wells is related to the 

manner of storage for the gas.  Some gas exists as free gas within the fracture system and 

within pores, but the majority is adsorbed onto the shale itself (Schettler Jr. et al., 1977), 



 42 

similar to methane in coal (Murray, 1991; Rice, 1993; Bustin and Clarkson, 1998; 

Crosdale et al., 1998).  Adsorption is strongly pressure-dependent; at high pressures, gas 

tends to remain adsorbed, while at low pressures, gas will desorb much more readily 

(Schettler Jr. et al., 1977).  The sharp decline after the initial production value is caused 

by the flow of free gas from the fracture system and adjacent open pores to the wellbore.  

As the pressure in the system drops, the adsorbed gas begins to desorb at a steady rate, 

which causes the production curve to flatten out for a long period of time (red curve, Fig. 

1.15; Schettler Jr. et al., 1989).  This is in contrast with gas production from coals, which 

show increasing production as the coal dewaters (Puri and Yee, 1990)  Another effect of 

adsorption is that the produced hydrocarbons tend to become heavier, or “wetter”, as 

production continues because ethane and heavier hydrocarbons are more strongly 

adsorbed than methane (Schettler Jr. and Parmely, 1989).  Analyses of gas adsorption in 

the New Albany suggest that 30-80% of the gas is adsorbed depending on the ambient 

pressure.  Above 40 atmospheres (588 psi) most of the methane produced from the shale 

is in the form of free gas. At pressures below 20 atmospheres (294 psi) most of the 

methane is adsorbed gas (Frost and Thomas Jr., 1978; Thomas Jr. and Frost, 1978; 

Hasenmueller and Comer, 2000).  Well log analyses in Salehi (2010) suggest that 

adsorbed gas may be up to 97% of the total gas in place. 



 43 

Figure 1.15. Graphs showing rock pressure-decline and production-decline curves, 
Meade County fields, Kentucky, from 1890 to 1921. (a) Rock pressure-
decline curve, and (b) production-decline curve.  Production curve is typical 
for New Albany Shale and other Devonian shales (From Hasenmueller and 
Comer, 2000). 
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Figure 1.16.  History-matched decline curve (red) and production curve (blue) from a 
New Albany Shale gas well in western Kentucky drilled and completed in 
1973 (From Salehi, 2010).  Green dots are measured production values. 

Completion strategies are critically important in the New Albany.  Prior to 1980, 

the preferred method of stimulation was to explode a gelatinated nitroglycerine charge in 

and open hole wellbore across the anticipated productive interval (Hasenmueller and 

Comer, 2000).  This process was successful in increasing the IP values of the wells by an 

average of 12 times.  However, by 1981 nitrogen foam fracturing was used extensively to 

stimulate the wells.  This technique amplified IP values by an average of 18 times 

(Hasenmueller and Comer, 2000). 

Pinnacle Microseismic (2010) states that nitrogen foam fracturing continues to be 

the preferred completion method in the New Albany Shale.  Newer techniques such as 

slickwater fracturing, which uses large volumes of water with small amounts of viscosity-

reducing chemicals, have not been extensively tested in the New Albany Shale.  At this 
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time, there are no publicly available data to indicate whether or not slickwater 

completions outperform foam fracture treatments. 

One important area in which nitrogen foam fracturing is superior to slickwater 

fracturing is the environmental impact.  Nitrogen foam completions in the New Albany 

Shale produce little to no flowback water (Pinnacle, 2010), while slickwater fracturing 

produces large amounts of flowback water that can be contaminated with heavy metals 

and salts from the formation (Arthur et al., 2009).  This water must then be stored in lined 

open pits or in a closed-loop system before being removed for disposal (Arthur et al., 

2009).  GTI contacted the state authorities in Kentucky, Illinois, and Indiana prior to 

commencement of the project and no concerns were expressed (Salehi, 2010b). 
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CHAPTER 2:  FIELD WORK 

The New Albany Shale crops out around the margins of the Illinois Basin in 

Indiana, Illinois, and Kentucky (Fig. 2.1).  I conducted field work in southern Indiana and 

central and eastern Kentucky from May 17-21, 2010, assisted by Julia Gale.  We made 

general observations about the nature of the shale and the fractures within it, including 

whether they contained mineral fill, and took measurements of fracture spacing, height, 

and orientation. 

The objective of studying fractures in the field was to evaluate the possibility of 

using them as a guide for reservoir characterization.  Engelder (2009) suggests joints 

visible in outcrop in the Marcellus Shale were created at peak burial depth by abnormally 

high fluid pressures caused by gas generation. Thus the outcrop fractures would be a 

direct indication of fractures still existing in the subsurface. They would be fossil 

reservoir fractures.  I compare and contrast field work results with core studies in Chapter 

3 to determine whether the joints in the New Albany outcrops are comparable to the 

fractures at depth. 
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Figure 2.1.  Map showing the outcrop belt of the New Albany Shale along the margins of 
the Illinois Basin with field study locations labeled (Modified from Schieber 
and Lazar (2004). 
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Figure 2.2.  Map of locations 6 – 13 near Irvine, KY.  Image from Google Earth. 

2.1 Field Work Methodology 

2.1.1  Location Selection 

 Outcrop locations for study were selected in two ways.  The first was to use 

previously published guidebooks by Schieber and Lazar (2004) and Hasenmueller (1998) 

where the stratigraphy was described to identify localities that provide stratigraphic 

coverage.  The second way was by exploring roads on the eastern side of the Cincinnati 

Arch in Kentucky where the New Albany is known to crop out, and to identify large, well 

exposed outcrops from structural study.  Requirements for good outcrops included that 

they must be long and tall enough to obtain a sufficient number of joint height, spacing 

and aperture measurements.  Most outcrops used were greater than 30 m long and 5 m 
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tall.   Outcrops on slopes were optimal so that measurements could be made in different 

beds.  The outcrops were not stable enough to climb, so measurements were limited to 

the lowest 2 m of the exposure.  Descriptions of outcrop locations and the total number of 

joint measurements made are presented in Table 2.1. 

 

Location 
Number 

Location Description 
(Latitude, Longitude) 

# of 
Strik
es & 
Dips 

Joint 
Spacing 

Measure-
ments 

Members Exposed 

1 
I-65 S intersection with KY-245 

south of Louisville 
(37°55'26.92"N, 85°41'19.22"W) 

14 8 Clegg Creek, Camp 
Run, Blocher 

2 Ohio River, New Albany, IN 
(38°17'6.22"N, 85°48'09.03"W) 0 35 Blocher 

3 Rt. 311 near Sellersburg, IN 
(38°23'33.83"N, 85°45'49.51"W) 7 0 

Lower Clegg Creek, 
Camp Run, Morgan 

Trail 

4 
“Old Slate Quarry” and Silver 

Creek Streambed 
(38°31'39.47"N, 85°43'40.70"W) 

7 2 Clegg Creek 

5 Lodge Creek near Henryville, IN 
(38°31'18.83"N, 85°47'09.64"W) 34 61 

Rockford LS, Clegg 
Creek, Henryville 

Bed, Jacob’s 
Chapel 

6 
KY-52 opposite Emmanuel 

Baptist Church near Irvine, KY 
(37°42'10.84"N, 84°02'03.53"W) 

33  
Clegg Creek, Camp 

Run, Selmier, 
Blocher 

7 
KY-52 west of #6 near Picnic 

Hill Rd 
(37°42'29.47"N, 84°04'20.37"W) 

39 0 Clegg Creek* 

8 KY-52, ¼ mi. east from #7 
(37°42'18.01"N, 84°04'05.28"W) 10 0 Clegg Creek* 

9 KY-52, ¼ mi. east of #8 
(37°42'09.12"N, 84°03'39.85"W) 43 0 Clegg Creek* 

10 KY-52, ⅛ mi. west of location 6 
(37°42'05.66"N, 84°02'27.73"W) 15 0 Clegg Creek* 

Table 2.1.  Outcrop information. 
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11 KY-499 east of Estill Co. line 
(37°39'33.13"N, 84°04'48.79"W) 6 0 Unknown 

12 
Trash dump on KY-1457, north 

of KY-52 
(37°42'38.04"N, 84°00'38.00"W) 

5 0 Clegg Creek* 

13 KY-3325 near Turpin Ridge Rd. 
(37°41'59.36"N, 84°04'17.73"W 6 0 Unknown 

14 KY-127 near Junction City 
(37°32'50.38"N, 84°48'06.11"W) 19 0 Blocher 

15 KY-127, 200 m farther north 
(37°33'00.71"N, 84°48'02.12"W) 24 0 Blocher 

 

Table 2.1 (cont.).  Locations, number of joint orientation and spacing measurements, and 
stratigraphic members exposed in outcrop locations.  Stratigraphic member 
data from Schieber and Lazar (2004), Hasenmueller (2008), and (Campbell, 
1946).  * denotes that I am uncertain of the stratigraphic member because 
this location was not in any published field guides.  Schieber and Lazar 
(2004) note the Clegg Creek is thick in the area of locations 7-10, and it is 
on this basis that I assume this member is exposed at those locations. 

2.1.2  Joint Spacing and Orientation Measurement 

Joint spacing was measured using a steel tape measure to determine the outcrop-

parallel distance between joints.  Distances were measured between joints belonging to 

the same set (sets were defined using degree of preferred orientation and crosscutting and 

abutting relations; Hancock, 1985)). I made a correction to obtain true spacing where the 

joints were not orthogonal to the road cut.  At location #5, spacing between joints in the 

New Albany and Rockford Limestone was measured orthogonal to joint orientation.   

Joint spacing was measured at location 2 by using Photoshop to digitally measure the 

distances between joints on a photo montage.  Joint spacing was measured at location 6 

by creating a panorama and using Photoshop to measure joint spacings, which were then 

corrected for viewing angle 
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Strike and dip of joints were measured using a Silva compass-clinometer and 

recorded in a field notebook using the right hand rule.  Joint sets were commonly oriented 

such that the strikes of joints in different sets is orthogonal.  Notes described which set 

was more dominantly expressed (closer spacing and/or larger fractures) in each outcrop.  

The dominant joints had straighter, more developed faces, and were often longer and 

taller.  Dominant joints also occur more frequently, and thus stand out in rose diagrams of 

fracture strike.  I define the dominant joint set as the one with the most similarly-oriented 

joints.  In most locations, age relationships could not be determined because cross-cutting 

and abutting relationships are not exposed in roadcut outcrops.  The outcrop along the 

Ohio River (location 2) was the only place where age relationships could be reliably 

determined. 

2.2  Location Descriptions 

2.2.1  Location 1 – Intersection of I-65 S and KY-245 

Location 1 is a roadcut outcrop striking 335° located on the entrance ramp to I-65 

South at the intersection with KY-245 (Clermont Rd.) (Fig. 2.3).  The Blocher, Camp 

Run, and Clegg Creek Members are exposed here, but outcrop instability allowed only 

the Blocher and lower Selmier to be measured.  Structurally, the New Albany here is 

mostly flat but does have a shallow syncline, possibly related to underlying palimpsest 

carbonate topography at the time of deposition (Fig. 2.4.). 
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Figure 2.3.  Map showing location 1 along entrance ramp of I-65 S.  Blue line denotes 
extent of roadcut. (Image from Google Earth, 2011) 
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Figure 2.4.  Photograph of the New Albany Shale at location 1, looking northwest.  
Syncline is visible at the left side of the outcrop. 

Joint orientation and spacings at location 1 were measured along the road cut 

within the Selmier Member starting at the southern end of the outcrop (Table 2.2). The 

joints at this outcrop are widely spaced, and are generally farther apart than most others 

in this study. 
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Joint 
Number 

Spacing 
(m) 

Strike Dip Comments 

1 - 028° - First well-developed joint plane 
2 8.79 030° - Well-developed single plane 
3 9.14 040° - Less developed face 
4 1.52 040° - Less developed face 
5 7.01 035° - - 
6 8.53 006° - - 
7 7.32 040° 82°S 1st grouping of joints, (Fig. 2.6.) 
8 - 329° 70°E 1st grouping of joints, (Fig. 2.6.) 
9 - 340° 72°E Same face as joint 8, parallel to outcrop 
10 - 272° 87°N 1st grouping of joints, (Fig. 2.6.) 
11 24.08 351° 70°E 2nd cluster of joints, see (Fig. 2.7.) 
12 - 308° 62°E 2nd cluster of joints, see (Fig. 2.7.) 
13 - 029° 81°SE 2nd cluster of joints, see Fig. 2.7. 
14 1.68 041° 79°SE - 

Table 2.2.  Joint orientations and spacing compilation for location 1. Dips were not 
measured for all joints at location 1 due to time constraints, but all joints 
were steeply-dipping (> 70°). 

 



 55 

 

Figure 2.5.  Plot of the position of joints on a scanline at location 1. 

The joints all have a reddish-brown oxide deposits (skins) on their faces.  The 

deposits are soft (able to be scratched with a fingernail or knife) and are only present on 

older weathered surfaces, not fresh joint surfaces.  These deposits are likely composed of 

iron- and sulfur-rich oxides that are a result of reactions of minerals in the shale with 

meteoric waters (Pye and Miller, 1990), and are not fracture cements representative of the 

deeper subsurface. 

I made the observations that joints commonly occur in orthogonal sets, joint 

strikes within sets can vary up to 45°, joint surfaces are commonly curviplanar in both the 

horizontal and vertical plane, and joints never contain the calcite cements that are 

commonly observed sealing fractures in core.  These observations indicate that the 

fracture apertures in outcrop are the result of near-surface processes, including block 
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rotation at the roadcut.  I therefore did not measure aperture as the combination of 

opening width at depth, stress release during uplift, and block rotation at the roadcut 

surface renders these measurements meaningless as a guide to fractures at depth.  Joints 

are regularly spaced 7-9 m apart at the left end of the outcrop, but spacing becomes more 

irregular towards the right.  Two groups of joints are spaced 24 m apart, and the group on 

the right is spaced one meter away from the next joint.  Ault (1989) notes that the Selmier 

tends to have few joints that are widely-spaced.  There are multiple sets of joint 

orientations.  The dominant joint orientation is 030°-040°, with a secondary set trending 

parallel to the outcrop at 308°-340° (Fig. 2.8.).  
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Figure 2.6.  Joint grouping observed at location 1.  The large, prominent face is 
approximately parallel to outcrop strike.  Numbers on diagram correspond to 
Table 2.2 and show locations of strike and dip measurements.  Note reddish-
brown oxide stains on all joint faces and curving face on left joint face.  I 
chose the straightest spot on the curved face to measure the orientation; 
however it is not representative of the entire face. 

 



 58 

 

Figure 2.7.  Second joint cluster observed at location 1.  Numbers on diagram correspond 
to joint numbers in Table 2.2. 

 

Figure 2.8.  Rose diagram showing strike directions of joints at location 1.   
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At location 1 deformed dolomite veins occur in the lowermost Blocher Member 

(Fig. 2.9.)  These veins are about 1 m tall, 10-20 cm wide, and are cut by steep faults.  

The veins form isoclinal folds, and the surrounding shale is differentially compacted 

around the veins.  This indicates they formed early in the burial history and were 

subsequently deformed by compaction.  There is some porosity preserved in these veins 

in the form of bitumen-filled vugs.  The vugs are centimeter-scale semicircular features 

filled with quartz, calcite, and bitumen (Fig. 2.10). 

 
 

 

Figure 2.9.  Compacted dolomite vein in the Blocher Member (photograph, view towards 
west) and representative schematic diagram. 

 

 
 



 60 

 

Figure 2.10.  Examples of bitumen-rich calcite and quartz-filled geodes from compacted 
veins in the Blocher Member of the New Albany Shale.  From Dumitrescu 
et al. (2004). 

2.2.2  Location 2 – North bank of Ohio River, New Albany, Indiana 

The Ohio River exposure of the New Albany Shale (Figs. 2.11) provides an 

excellent opportunity to study joint patterns in a bed-surface-parallel (plan view or 

pavement) outcrop.  Unfortunately, the outcrop was mostly flooded by the rising Ohio 

River during the time of my field work, and only a small part of the outcrop remained 

above water. 

Photos taken when the river was at a lower stage and published joint trace maps 

show an E-W trending master joint sets (Fig. 2.11 and 2.12).  These joints, as noted by 

Carr (1981), can be up to 400 ft. long.  There is also a shorter, secondary set orthogonal 

to the master set.  The secondary set commonly abuts the primary set, indicating the 

secondary joints postdate the primary joints. Orthogonal secondary cross joints can grow 

during a single deformation event if the stress anisotropy is low and stress relief occurs as 

the primary set develops (Bai and Gross, 1999; Olson, 2007). We cannot determine 

whether the secondary joints at this location formed as part of a single event or if there 

were two distinct joint-forming events under different stress configurations.  Secondary 

joints tend to terminate against primary joints, but in some instances the termination of 

the secondary joint is obscured by the benched style of the outcrop (Fig. 2.13). In these 
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cases it is difficult to determine whether the joints terminate or would have continued on 

in the eroded bench with height terminated at the bedding plane. In some case the 

secondary joints are offset against the primary joints (Fig. 2.14). This can either occur as 

a result of slip on the primary joints, because of crack bridging across the primary joint 

(Helgeson and Aydin, 1991; Rijken and Cooke, 2001), or possibly because secondary 

joints happened to propagate in opposite directions on either side of the primary joint.  

Slip on the primary joints is unlikely as there is no evidence of slip indicators on the joint 

faces nor consistent offset of secondary joints.  I also find crack bridging to be unlikely 

due to the relatively large offset of 20 cm.  Crack bridging across this primary joint 

would only account for 2-3 cm of maximum offset.  I favor the theory that the two 

secondary joints coincidentally propagated in opposite directions from the primary joint.  

There is no mineralization on the joint faces, and all joints are steeply-dipping. 
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Figure 2.11.  Photograph showing shale exposure near New Albany, Indiana 
(38°17'6.22"N, 85°48'09.03"W).  Note long E-W trending master joints and 
abutting orthogonal joints (Photo courtesy Julia Gale). View direction 
towards west. 
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Figure 2.12.  Diagram showing traces of joints at Ohio River outcrop (Carr, 1981).  Blue 
lines are scanlines across primary joints, red lines are scanlines across 
secondary joints. 
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Figure 2.13. A primary E-W joint bisects this photograph of the New Albany Shale 
outcrops on the north bank of the Ohio River at location 2. At lower left an 
orthogonal secondary joint occurs in the upper bench apparently abutting the 
primary joint. However, the true relation is obscured because the upper 
bench has been eroded to the south (right) of the primary fracture. There is 
no trace of the secondary joint in the top surface of the lower bench, but the 
secondary fracture may terminate at this bedding surface.  View direction to 
the east. 
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Figure 2.14.  Dextral secondary joint offset of approximately 20 cm at a primary joint.  
Compass is oriented north. 

It was not possible to measure joint spacing at this outcrop directly because of the 

flood waters, so I constructed digital scanlines across Carr’s (1981) map of the outcrop 

(Fig. 2.10) to quantify the spatial organization of the joint system.  Primary joints are 

long and spaced 0.70 to 4.20 m apart, while secondary joints are shorter and spaced much 

wider apart, from 1.86 to 11.13 m apart (Table 2.3.).  The joints also exhibit hooking 

behavior in one spot.  There is some evidence for clustering of joints, but overall they 

tend to be regularly-spaced.   
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Primary Joints   Secondary Joints   
Scanline 1 (right) Scanline 1 (top)   

Meas. # 
Distance 

(m) 
Cum. Dist. 

(m) Meas. # Distance (m) 
Cum. Dist. 

(m) 
0 0.00 0.00 0 0.00 0.00 
1 4.20 4.20 1 4.87 4.87 
2 1.72 5.92 2 11.13 16.00 
3 1.31 7.23 3 10.93 26.93 
4 1.95 9.18 4 3.39 30.32 
5 2.16 11.34 Scanline 2 (middle)   
6 3.99 15.33 0 0.00 0.00 

Scanline 2 (center)   1 1.86 1.86 
0 0.00 0.00 2 6.01 7.87 
1 1.39 1.39 3 8.99 16.86 
2 3.99 5.38 4 9.25 26.11 
3 1.31 6.69 5 6.11 32.22 
4 0.70 7.39 6 3.22 35.44 
5 4.11 11.50 Scanline 3 (bottom)   
6 1.91 13.41 0 0.00 0.00 
7 1.99 15.40 1 9.62 9.62 

Scanline 3 (left)   2 6.78 16.40 
0 0.00 0.00 3 7.08 23.48 
1 2.92 2.92 4 2.33 25.81 
2 1.03 3.95 Primary Joints   
3 1.38 5.33 Range 0.70 - 4.20   
4 3.33 8.66 Mean 2.23   
5 1.99 10.65       
6 1.71 12.36 Secondary joints   
7 2.04 14.40 Range 1.86  - 11.13 m   
8 1.75 16.15 Mean 6.54 m   

Table 2.3.  Joint spacing at the Ohio River outcrop of the New Albany from Carr’s (1981) 
joint map.  See Fig. 2.12. for location of scanlines. 
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2.2.3 Location 3 – Rt. 311 near Sellersburg, Indiana 

Location 3 is located along Indiana Route 311 as it passes under I-65 near 

Sellersburg, IN.  This outcrop is the type location for the Camp Run Member, and the 

upper Morgan Trail and lower Clegg Creek are also exposed (Hasenmueller, 1998).  The 

shale is very thin-bedded and fissile, and splits readily along bedding planes into paper-

thin sheets.  The shale is also bioturbated, and contains pyrite concretions.  Bedding here 

strikes 048° and dips 03° to the southeast. 

The outcrop strikes 240°-250°, and has two benches with orthogonal sets of joints 

(Fig. 2.15.), the more prominent of which strikes N-S.  See Appendix A for a full table of 

joint measurements at this location.  The joints are steeply dipping and commonly have 

irregular faces due to weathering (Fig. 2.16).  

There are several small gypsum deposits on the shale, which form from 

weathering of sulfurous minerals such as pyrite.  The joint faces are also coated with a 

yellow oxide coating.  There is also some variability in the strike of the joints.  Rose 

diagrams show a small counterclockwise rotation in the orientation of the joints from the 

lower bench to the upper bench.  In addition, the lower bench contains better expressions 

of both orthogonal sets observed in outcrop.  Overall, the joints trend N-S and E-W (Fig. 

2.17) and are typically about 15 cm in height. 
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Figure 2.15.  Overview of the outcrop.  Two benches are present, with orthogonal joint 
faces visible on each bench.  Photograph taken looking east. 

 

 

Figure 2.16.  Photograph of orthogonal joint faces in the Camp Run Member near 
Sellersburg, IN.  Note the irregular shape of the left joint plane, caused by 
weathering.  Lens cap for scale, view direction to the southeast. 
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Figure 2.17.  Rose diagrams of joint orientations at location 3 showing a small rotation in 
the dominant joint orientations from the lower to upper bench. 

2.2.4 Location 4 – Old Slate Quarry and Silver Creek streambed 

The old slate quarry exposes the Clegg Creek Member in an old slate quarry and 

an adjacent stream bed on Munk Road near Silver Creek, southeast of Henryville, IN.  

The strike of the outcrop is 160°.  The Clegg Creek is composed of black shale 

interbedded with yellowish-brown, siltier layers.   

The quarry has one large joint face exposed, striking 076°, 82°S (Fig. 2.18)  There 

are also several smaller layer-bound joints intersecting this face, but the planes were not 

exposed enough to take strike and dip measurements.  The layer-bound joints range from 

1.5-3 cm tall, depending on the thickness of the layer.  The large joint face is planar in the 

yellow-brown, siltier layers in the shale, but becomes curved and irregular in the fissile, 

black shale layers (Fig. 2.18) 

The joints in the streambed have a similar orientation to the large joint in the 

quarry.  They strike approximately E-W (Figs. 2.19; 2.20), and are very steep.  Four of 

the joints in the stream occur as pairs of parallel joints spaced 15-30 cm apart (Fig. 2.19), 
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while the two other joints occur individually at spacings of 1.5-2 m (Table 2.4).  The 

joints here are commonly greater than 1.5 m in height.   
 

 

Figure 2.18.  Photo of large joint face in the quarry exposure.  Note the planar joint face 
in the yellow layers and the irregular face in the black part of the shale near 
the end of the joint. View direction to the east. 
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Joint 
# Strike Dip Comments 

1 076° 82°S Large joint face in quarry 
2 068° 88°SE - 
3 098° 90° - 
4 079° 89°S First pair of parallel joints spaced 15 cm apart 
5 079° 80°S First pair of parallel joints spaced 15 cm apart 
6 079° 88°S Second pair of parallel joints spaced 30 cm apart 
7 079° 88°S Second pair of parallel joints spaced 30 cm apart 

Table 2.4.  Joint measurements for location 4. 

 

 

Figure 2.19.  Parallel joint set 1.  Joints are spaced 15 cm apart and have the same strike 
and similar dip.  View towards the east. 
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Figure 2.20.  Rose diagram of joint orientations at location 4.  Joints strongly trend ENE-
WSW. 

2.2.5  Location 5 – Lodge Creek 

The Lodge Creek exposure along Howser Rd. near Henryville, IN contains the 

type section for the Henryville Bed, a black, organic-rich bed at the top of the Clegg 

Creek Member.  The Jacob’s Chapel Bed, a soft, recessive, greenish-gray, glauconitic 

layer, overlies the Henryville and underlies the Mississippian Rockford Limestone here 

(Lineback, 1968).  The relatively soft Jacob’s Chapel Bed may serve as a mechanical 

discontinuity that prevents joints in the shale from propagating into the limestone.  Only 

one joint in the shale was observed to continue upwards into the limestone (Fig. 2.24.) 

The joints in the New Albany trend approximately E-W with a secondary N-S set, 

but there is a 90° rotation of the dominant joint orientation in the Rockford Limestone, 

where the joints trend N-S (Figs. 2.22;2.23).  This rotation is discussed further in 

Appendix D.  See Table A.2 in Appendix A for a full list of joint orientations at this 

location. 
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Figure 2.22.  Rose diagrams showing orientation of joints in the New Albany and 
Rockford at Lodge Creek.  Note approximately 90° rotation of dominant 
orientation.  

 

Figure 2.23.  Photograph showing orientations of orthogonal sets of joints in the New 
Albany (white arrow) and Rockford Limestone (red arrow). View direction 
towards east. 
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Figure 2.24.  Shale joint propagating through the Rockford Limestone.  The shale joint is 
difficult to see, but the compass is oriented in the direction of strike. View 
direction towards east. 
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Figure 2.21.  Plot of fracture locations on scanlines taken across joints in the Rockford 
Limestone (bottom) and New Albany Shale (top).  Size of line for each data 
point represents large, medium, and small joints. 

Table A.1. in Appendix A contains a complete list of spacing data for this 

location.  Joint size was qualitatively defined based on a combination of length and 

aperture.  Large joints are 3-15 m long and have large apertures (3.0-30 mm).  Medium 

joints are 1-3 m long and have smaller apertures (0.05 mm-3.0 mm).  Small joints are less 

than a meter in length and have apertures less than 0.05 mm.  The apertures are not 

necessarily accurate due to weathering and block rotation.  The spacing between the 

large, long joints in the New Albany ranges from 0.13 – 2.62 m, averaging 1.13 m.  The 

spacing between the medium-sized joints ranges from 0.11 – 1.12 m, with a mean 

spacing of 45 cm (Fig. 2.21). 
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The spacing between the largest joints in the Rockford Limestone, some of which 

have large kinematic apertures, ranges from 0.04 – 1.34 m, averaging 33 cm.  The 

spacing between the medium sized joints ranges from 0.04 – 2.23 m, averaging 35 cm.  

The spacing between the small joints ranges from 0.06 – 0.37 m, with a mean spacing of 

19 cm (Fig. 2.21). 

The spacing between joints in the New Albany in this location is related to the 

length of the joints. The Rockford, however, does not appear to share the same 

relationship.  Large joints, even the ones that are partially open, are not spaced more 

widely than medium-sized ones.  Small joints in the Rockford do tend to have closer 

spacing, but this size does not occur as frequently.  The small joints may have formed late 

in the spaces between large, more well-developed joints.  Overall, the Rockford has more 

joints that are closely-spaced and have a large length distribution, while the New Albany 

has fewer joints that are more widely-spaced and have a more uniform length 

distribution. 

2.2.6  Location 6 – Emmanuel Baptist Church and Quarry 

Location 6 is a roadcut on the northern side of KY-52 across from the Emmanuel 

Baptist Church near Irvine, KY.  The outcrop is located on the eastern side of the 

Cincinnati Arch (Fig. 2.1). 

This E-W striking roadcut provides one of the most extensive exposures of joints 

in the New Albany Shale; it is 200 m long and 75 m high (Fig. 2.26).  The Clegg Creek, 

Camp Run, Selmier, and Blocher Members or their equivalents are present (Schieber and 

Lazar, 2004).  There is exposure both along KY-52 and in a quarry that cuts into the hill 

from the west.  The Clegg Creek is exposed in the quarry, while the Blocher is exposed at 

the base of the hill along KY-52. 
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The composition of the shale changes throughout the outcrop.  The base of the 

Blocher is hard and dolomitic, but grades upward into alternating layers of competent, 

greenish-gray shale with prominent joint faces and black, organic-rich layers that are 

recessive and lack joint faces.  Joints dominantly strike NE-SW, and the less dolomitic 

part of the shale has slightly more variability in joint orientation.  Table A.2 (Appendix 

A) gives a full list of joint orientations.  The black shale tends to be more easily 

weathered, so it is difficult to determine whether the lack of joint faces is due to lack of 

jointing altogether, or if the joint faces weather away rapidly and are not preserved.  The 

orange-yellow dolomitic layer has tighter joint spacing and multiple randomly oriented 

small irregular fractures, which may be related to excavation of the roadcut. 

A full list of joint spacings from this location is in Table A.3.  

Layers defined by a uniform rock type and by bounding beds or changes in 

lithology define lithologic layers. Some of these correspond to parts of the sedimentary 

sequence where fractures are localized. The form the localization takes is that fractures 

end vertical (upwards and downwards) at the same stratigraphic position (changes in rock 

type or location of interface) and within layers fractures of the same size (height) tend to 

be evenly spaced joints, but spacing varies by layer.  Such an arrangement defines a 

fractured layer, an element of fracture stratigraphy (Laubach et al., 2009).  Localization 

of joints in the layer presumably reflects mechanical properties of the layer and of the 

interfaces (mechanical stratigraphy) existing now or in the past. In this outcrop, the 

control on joint spacing appears to be fracture layer thickness, but the relationship is not 

linearly proportional.  That is, a doubling of fracture layer thickness does not result in 

joints that are spaced twice as far apart.  This is illustrated by Figures 2.25 and 2.26, in 

which variable joint heights are plotted and observed.  The lowest layer, directly below 

the orange-yellow dolomitic layer, has joints spaced an average of 1.12 m apart, and is 
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approximately 1 m tall.  The next jointed layer above the dolomitic shale is 20 cm tall, 

and contains joints spaced an average of 42 cm apart.  Thus, fracture layer thickness does 

have some effect on joint spacing, and taller layers will tend to have more widely-spaced 

joints and vice versa, but it is not a strict correlation (Fig. 2.25). 

The Clegg Creek exposed in the quarry has few joints, but many broken, curved 

faces that are commonly sub-parallel to the outcrop strike (Fig. 2.27).  The orientations of 

joints here are much more variable than in the lower part of the section (Fig. 2.28).  The 

upper part of the roadcut along KY-52 does not appear to be systematically jointed when 

viewed from the road.  It is unknown whether this is due to the age of the slope, the angle 

of the slope, or if the rock is simply not jointed. 
 

 

 

Figure 2.25.  Plot of joint height against joint spacing for location 6.  Taller joints tend to 
be more widely-spaced, but it is not a strong correlation. 
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Figure 2.26.  Photograph of outcrop at location 6.  Lower dolomitic part of shale and 
more competent layers have well-developed joint faces, but softer, recessive 
layers lack prominent joints.  Red arrow marks field notebook for scale. 
View direction towards northeast. 
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Figure 2.27.  Photograph of one large joint face (red arrow) in quarry exposure of the 
Clegg Creek at location 6.  Note curving faces elsewhere on outcrop. View 
direction towards north. 

 

Figure 2.28.  Rose diagrams showing orientations of joints at various areas of location 6.  
Refer to Fig. 2.26 for location of more dolomitic and less dolomitic shale 
layers. 
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2.2.7 Location 7 – KY-52 west of Emmanuel Baptist Church and Picnic Hill Quarry 

Location 7 is a series of roadcuts and a small quarry on Picnic Hill road 2 miles 

west of the Emmanuel Baptist Church.  Although we do not know the exact stratigraphic 

location, it is likely in the Clegg Creek Member.  According to Lazar and Schieber 

(2004), the Clegg Creek is up to 36 m thick in this area. 

Joint orientations were measured and recorded in both the quarry and both the 

north and south sides of the roadcut along KY-52.  Overall, the joints show a strong 

NNE-SSW orientation (Fig. 2.29), which is different from the NE-SW trending dominant 

joints at most other outcrops (e.g. Figure 2.28 from outcrops two miles to the east).  Here 

the NE-SW set is secondary. (Table A.2, Appendix A gives a full listing of all joint 

orientation measurements). 
 

 

Figure 2.29.  Rose diagrams showing orientations of joints in the Picnic Hill Rd. quarry, 
the north and south sides of the KY-52 roadcut, and all measurements from 
location 7. 

On the south side of KY-52, orthogonal joints intersect at regular intervals to form 

wedge-shaped recesses.  The spacing between these recesses ranges from 2-4 m (Fig. 

2.30) 
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Fig. 2.30.  Diagram illustrating spacing between joint intersections at location 7.  Longer 
dashed lines represent the more dominant joint set at this location. 

Joints are visible in the pavement of the Picnic Hill Road quarry.  Orthogonal sets 

are visible, with many smaller curved cracks in between the master sets (Fig. 2.31).  The 

curved joints are likely a result of loading during excavation of the quarry. 
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Figure 2.31.  Joints in the pavement of the quarry trending 330° and 315°.  Compass for 
scale and set to a N-S orientation. 
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Figure 2.32.  Photographs showing joint morphology.  A) A planar joint face that 
becomes curved at its bottom tip (red arrow).  B) Many curved joint faces at 
the bottom of the tall, planar joints. View direction towards east. 

Some joints at this locale are planar for most of their length but are curved and 

irregular near the tips (Fig. 2.32A; B). 

Joints are mostly 15-30 cm tall, but locally reach maximum heights of 1-2 m 

before terminating or curving out of plane.  Some joints also exhibit irregular, stepped 

behavior, with one joint taking over as another terminates.  In this way, composite joints 

reach heights of 3-5 m. 
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Figure 2.33.  Photograph showing a horizontal dolomite vein. View direction towards 
northwest. 

Discontinuous horizontal veins of dolomite, are also present (Fig. 2.33).  They are 

approximately 3 cm thick and extended laterally 2.5 m, although they are observed to be 

longer and more continuous in other outcrops (e.g. location 1).  The timing of the veins is 

unconstrained, but at the vein terminations the planar fabric in the host shale is deflected, 

suggesting post-vein compaction. They are similar in composition to the compacted 

dolomite veins described at location 1 and I conclude the bedding-parallel veins observed 

here are likely related to the compacted dolomite veins at location 1, forming before 

sediment compaction was complete.  
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Figure 2.34.  Photographs showing contrasting colors in opposite sides of the road.  South 
side is brown and more competent, north side is black, pyritic, and more 
easily-weathered. 

An interesting phenomenon observed at location 7 was a striking discordance in 

the color and character of the outcrop on the north and south sides of the road.  The shale 

on the south outcrop is brown, competent, and contains many well-developed joint faces.  

The shale on the north side, however, is black, pyritic, and crumbles easily (Fig. 2.34).  

The joints are not as well-developed on this side.  There are also seepages of gypsum and 

a yellow oxide coming out of the shale (Fig. 2.35).  This is likely a weathering effect, as 

it is unlikely that the composition of the shale would change so dramatically over a short 

distance and there are no faults mapped at this location.  At Location 8, a local man 

reported that “the shale will burn on a hot day”.  Since the north outcrop faces south, it is 

more exposed to the sun and the color change may be due to combustion of organic 

material in the shale.  However, this phenomenon was not observed at any other 

locations. Based on these observations I interpret the differences in degree of jointing to 

reflect the facing direction of the outcrop and consequent differences in exposure to 
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weathering.  If correct this inference underlines the challenges of using outcrop shale 

joint observations to understand the attributes of deep-seated fracture systems. 
 

 

Figure 2.35.  Black shale on north side of outcrop with gypsum and yellow oxide 
seepages. View direction towards north. 

2.2.8  Location 8 – Roadcuts ¼ mile west of location 7 

Location 8 is at roadcuts on both sides of KY-52 ¼ mile west of location 7.  The 

outcrop strikes NE-SW and consists of interbedded black and green shale with red-brown 

pyrite layers.  Horizontal lenses of brown dolomite are also present; I interpret these as 

veins.  The shale is more thinly-bedded than at location 7.  Bedding strikes 256° and dips 

6° to the north. 
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Figure 2.36.  Photograph of outcrop at location 8. View direction towards west. 

The joints at location 8 dominantly trend NE-SW, parallel to the strike of the road 

cut (Fig. 2.36 and 2.37).  See Appendix A for a full list of joint orientations.  Since the 

shale is more thinly-bedded than at location 7, the joints are shorter, typically 5-10 cm.  

At this location, the joints are more well-developed in the black shale as opposed to the 

green shale. 
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Figure 2.37.  Rose diagram showing orientations of joints at location 8. 

2.2.9  Location 9 – Roadcuts ⅛ mile east of location 8 

Location 9 are roadcuts on both sides of KY-52 between locations 7 and 8.  Green 

shale dominates the outcrop, and the shale is generally less clay-rich at the eastern end of 

the outcrop. 

Overall, the tallest, most planar joints measured in the outcrop tend to strike NE-

SW, but can have many different orientations.  A full list of joint orientations can be 

found in Appendix A.  Joints can be up to 2 m tall and are spaced 0.5 – 1 m apart, with 

steep dips (Fig. 2.39 and 2.40).  However, there are some interesting features that warrant 

discussion.  The bottom 2 m are as I have described – tall, closely-spaced joints that 

dominantly strike NE-SW but with several other orientations present.    The top 3 m of 

the outcrop look more similar to previous outcrops, with shorter, stepped joints in 

multiple orientations. 



 90 

 

Figure 2.38.  Rose diagram of all measurements taken at location 8 showing a strong NE-
SE trend. 

There is also another set of joints that had not been observed previously.  These 

joints trend 030°-040°, are more moderately dipping at 50-65°, are up to 1 m tall, and are 

more closely-spaced than other joints, from 5-50 cm (Fig. 2.39)  This set was mostly 

isolated, but there are places where both the steeply-dipping and moderately-dipping sets 

are present (Fig. 2.40) 
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Figure 2.39.  Moderately-dipping joint set in outcrop at location 9. View direction 
towards south. 
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Figure 2.40.  Steep joints above moderately-dipping joints. View direction towards south. 

2.2.10  Location 10 – KY-52 200 m west of Emmanuel Baptist Church 

Location 10 is a roadcut on the north side of KY-52 200 m west of location 6.  

There is a large composite joint face on the eastern corner of the outcrop that strikes 060° 

and dips 82° (Fig. 2.42).  Joints here are oriented similarly to location 6, with a dominant 

NE-SW trend (Fig. 2.41).  The joint surfaces here are commonly curviplanar, both 

vertically and laterally. 
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Figure 2.41.  Rose diagram showing orientations of joints at location 10. 

 

 

Figure 2.42.  Large joint face striking 060° on the eastern corner of the outcrop. View 
direction towards west. 
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Figure 2.43.  Brick-like pattern in cross section of small joints highlighted by gypsum 
seepages on a large joint face at location 10. View direction towards 
northwest. 

There is also a system of small joints that form a brick-like pattern on the faces of 

larger joints (Fig. 2.43).  The vertical joints are less than 1 cm tall and the lateral extent of 

the horizontal ones is 2-4 cm. 

2.2.11  Location 11 – KY-499 east of Estill Co. Line 

Location 11 is located on Kentucky Route 499 1.0 mile east of the Estill/Madison 

county line.  Joints here trend NE-SW (Fig. 2.44), and are about 0.3 m high.  They are 

usually spaced greater than 3.0 m apart, although 2 joints occur within 20 cm of each 

other. 
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Figure 2.44.  Rose diagram showing orientations of joints at location 11. 

2.2.12  Location 12 – Dump on KY-1457 east of Emmanuel Baptist Church 

Location 12 is a large flat exposure of the New Albany that has unfortunately 

been used as a trash dump.  It is located off of KY-1457 approximately 2 miles east of the 

Emmanuel Baptist Church. 

There are several tall, wide joint faces exposed in part of the dump (Fig. 2.45).  

There are orthogonal sets 1-1.5 m tall and spaced approximately 1 m apart.  Some are 

filled by a reddish-brown residue, which is likely a result of weathering of the shale.  The 

orthogonal sets trend NE-SW and NW-SE (Fig. 2.46).  Neither set is dominant; abutting 

relationships were not observed and both sets are similar in height and planarity. 
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Figure 2.45.  Tall joints exposed at location 12.  Red arrow is pointing to reddish-brown 
oxidation residue found in some joints. View direction towards west. 

 

Figure 2.46.  Rose diagram showing orientations of joints at location 12.  Note two 
orthogonal sets of joints. 
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2.2.13  Location 13 – Roadcut on KY-3325 near Turpin Ridge Rd. 

Location 13 is a roadcut along Kentucky State Route 3325 near Turpin Ridge Rd.  

The joints dominantly trend NW-SE, but the dataset for this location is not large (Fig. 

2.47). 

 

Figure 2.47.  Rose diagram showing orientations of joints at location 13. 

2.2.14  Location 14 – Roadcuts on KY-127 south of Junction City 

Location 14 is located on KY-127 south of Junction City, and corresponds to 

location 2 in Lazar (2007) and Schieber and Lazar (2004).  It is located on the Cincinnati 

Arch.  The Blocher Member is exposed here, striking 356° and dipping 8° to the east.   

 



 98 

 

Figure 2.48.  A) Vertical dolomite vein splitting into horizontal veins.  B) Single joint 
face with no orthogonal set. View direction towards east for both photos. 

The vertical dolomite veins observed at location 1 are present here as well.  There 

are also the horizontal dolomite veins observed at locations 6 and 7.  In this outcrop, the 

vertical veins appear to feed the horizontal veins, creating a network throughout the rock 

(Fig. 2.48A). 
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Figure 2.49.  Rose diagrams showing joint orientations at Location 14. 

Joints at location 14 trend ENE-WSW, but with some variability (Fig. 2.49).  See 

Appendix A for a full list of orientations.  Joints are generally less-developed than at 

other locations.  They are mostly less than 20 cm tall, and widely-spaced.  There is no 

well-developed orthogonal set that has been observed in other areas (Fig. 2.48B). 

2.2.15  Location 15 – Roadcut 200 m north of location 14 

The final location of the trip took place 200 m north of location 14, at roadcuts on 

both sides of KY-127.  The lithology here is gray to greenish shale interbedded with 

yellowish-brown layers. 

There are many smooth joint surfaces in the gray-green shale, but almost none in 

the yellow-brown shale.  The joints dominantly trend NE-SW, but a N-S trending set is 

also present (Fig.  2.50). See Appendix A for a full list of joint orientations.  At the north 

and south ends of the roadcut, the joints are spaced 0.5-4 m apart, but are more widely 

spaced in the middle of the outcrop. 
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Figure 2.50.  Rose diagram of joint orientations at location 15. 

Some joint surfaces are also curved, and are interpreted to be the direct result of 

roadcut excavation (Fig. 2.51). 

 

 

Figure 2.51.  Diagram showing curved joint face, with strike and dips superimposed on 
surface. 
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2.3  Discussion:  Field Work 

Overall, despite regionally consistent strike patterns, local joint orientation, 

height, and spacing is highly heterogeneous. Joints that strike NE-SW and NNW-SSE 

(Fig. 2.52) are widespread, but joints oriented in almost every direction are present.  For 

example, at location 1, joints strikes range from 028° to 272°.  Dominant joint trends 

defined by large fracture size and close spacing vary from location to location.  For 

example, the dominant orientation at location 6 is NE-SW but just 2 miles west at 

location 7, the dominant joint strike is NW-SE.  This abrupt 90° rotation in apparent 

dominant joint strike could be an artifact of differing set ‘prominence’ or dominance in 

differing outcrops, but this is probably not the case because as seen in Fig. 2.53, the NW-

SE trend is present in both the roadcuts and in the quarry at location 6, even though the 

roadcut outcrops strike approximately WNW-ESE and the quarry outcrops strike N-S. 

Thus, the difference in apparent dominant set is not due to differences in the strike 

direction of outcrops.  These observations do not unequivocally establish that a 

fundamental shift in joint set strike occurs here, but given the limited and ambiguous 

evidence  provided by sparse outcrop data, it is possible that such a shift is present. Such 

shifts are well documented in coal seams, over a wide range of scales (Kulander and 

Dean, 1993; Laubach et al., 1998) 
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Figure 2.52.  Rose diagram showing orientations of all joint measurements taken in 
southern Indiana and eastern Kentucky. 

 

 

Figure 2.53.  Rose diagrams showing variability of joint orientations from location to 
location.  All outcrops are located within 2.0 miles of each other.  Note 90° 
rotation of dominant joint orientation at location 7. 

Many joints are 15-40 cm in height and terminate at bedding planes.  However, 

joints can be up to 1.5 m in height if multiple packages of thinly-bedded shale act as one 
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mechanical unit.  Joints can also be taller in thinly-bedded areas if the joints propagate 

through bedding planes, or if joints are arranged in stepped patterns to create composite 

joints. 

The joints measured commonly have planar faces, both vertically and laterally.  

However, there are often many more possible joints in a given outcrop that are 

curviplanar.  These joints have many different orientations, but almost always at small 

angles or parallel to the outcrop.  These faces likely are a result of excavation of roadcuts, 

and directly related to the orientation of the outcrop. 

The complete lack of calcite or quartz cement indicates that many of the joints I 

documented might have been created by uplift or by near-surface processes such as 

excavation or dehydration of the shale (Campagna and Hill, 1999), although it is possible 

that some of the joints in outcrop originally contained calcite or quartz cement that has 

been rapidly weathered away.  Yet most of the joints do not have simple alignments 

parallel or perpendicular to roadcuts or topographic features, and in many cases the 

patterns of fracture strike and abundance are consistent in outcrops and roadcuts having 

differing facing directions, size, and shape, which would seem to indicate that the joints 

are created by pervasive and more deep seated processes such as neotectonic stress fields 

(Foote, 1982; Engelder, 1985; Hancock, 1985; Hancock and Engelder, 1989), possibly 

modified by stress perturbations, maturation/shrinkage loads such as in coal (Laubach et 

al., 1998), and uplift. However, some outcrop pairs show distinct differences in joint 

abundance depending on degree of weathering and outcrop facing direction (Figs. 2.34; 

2.35), showing that joints caused or obscured by weathering may overprint poorly 

exposed and ambiguous joint sets. 

Testing these joint formation hypotheses is hindered by the lack of calcite or 

quartz cement in outcrop. Such cements can in some circumstances be used to constrain 



 104 

fracture growth timing and thus constrain the driving forces for fracture growth.  

However, without these key lines of evidence, interpretation of joint origins is beset by 

equifinality, a situation in which several processes or loading paths may lead to the same 

result. 

The lack of calcite or quartz cement and the marked variability in orientation, 

height, and spacing are key differences between joints observed in outcrop and quartz and 

calcite-bearing fractures observed in core.  This indicates that the outcrop joints are 

unreliable guides to the fracture patterns represented by fractures seen in core. 

Additionally, even if quartz and calcite-bearing fractures existed in outcrop, they would 

have likely experienced damage due to the flow of groundwater or meteoric fluids and 

weathering. Thus, if such fractures were present, they might be hard to recognize. 

Some fractures in outcrop clearly did form early in the burial history of the shale 

because they are cement filled and have been affected by compaction. The compacted 

dolomite veins in the lowermost Blocher Member are interesting features, but ultimately 

are not likely to affect natural gas production because they are not located in the 

productive Clegg Creek Member, which is usually targeted by operators in the New 

Albany.  However, if large and continuous such veins might act as barriers to lateral 

hydraulic fracture propagation in the Clegg Creek. 

The early veins provide useful information about shale evolution. There is some 

porosity preserved in these veins in the form of bitumen-filled vugs.  Dumitrescu et al. 

(2004) studied the geochemistry of the bitumen and found that it differs in composition 

from oil produced from the New Albany Shale.  They suggest that overpressuring from 

oil generation in underlying Ordovician and Silurian rocks may have hydraulically 

fractured the New Albany and emplaced the veins in the Blocher.  Alternatively, they 
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also speculate that the bitumen is unrelated to fracture opening, and that the bitumen may 

have migrated along open fractures from underlying rocks into open vugs in the veins. 

2.4  Conclusion:  Field Work 

The joints in the New Albany dip steeply and are barren or coated with various 

oxides or gypsum deposits. The pattern and composition of these deposits suggest they 

form from groundwater seepage.  Joint faces are better-developed in more competent 

layers of the shale.  These layers are often greenish-gray or brown shale.  Black shale 

tends to be softer and contained few joint faces.  The Selmier Member, which is clay-

rich, also contains few joints. 

The dominant prominent joint orientation is NE-SW. This set comprises the 

largest and most closely spaced fractures, and although crossing and abutting relations 

are ambiguous, I designate this the dominant set based on the size and spacing of these 

fractures.  An orthogonal set strikes NNW-SSE is also observed in many outcrops, but 

not all.  In some outcrops, the secondary set is more strongly expressed, leading to an 

apparent rotation in dominant joint set orientation. 

Joint height is highly variable.  Joints usually terminate at bed boundaries, and 

most individual joints are 15-20 cm tall but locally reach up to 2 m tall depending on the 

thickness of the bed. Some joints also have stepped geometries, with several joints 

linking at or near the tips of each one to form taller composite joints up to 2 m tall.  This 

has implication for hydraulic fracturing which will be discussed in Chapter 6. 

Joint spacing varies with sedimentary layer where sedimentary rock type and 

interfaces define fractured layers.  Multiple sedimentary beds may act as one fractured 

unit, or a single bed may contain mechanical discontinuities (interfaces) that inhibit joint 
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growth. Thicker beds 40 to 140 cm tend to have taller, more widely-spaced joints, but the 

relationship between bed thickness and joint spacing is neither linear nor predictable. 

My results suggest that many of the joints in outcrop likely formed by near 

surface processes and thus are unlikely to provide direct insights into subsurface fracture 

attributes. However, to the extent that joints form in response to underlying mechanical 

property variations, the outcrop fracture stratigraphy can be used as a guide to subsurface 

mechanical stratigraphy (Laubach et al., 2009). For example, weathering related fractures 

in outcrops of the Austin Chalk accurately identify fracture prone parts of the section 

even though the abundance and origin of fractures in outcrop and the subsurface in this 

case differs (Corbett et al., 1987; Laubach et al., 2009). My outcrop joint observations 

suggest that the Clegg Creek and Blocher members are the most fracture prone parts of 

the New Albany Shale. 

The dolomite veins in the lower Blocher Member are cut by steep faults and are 

vertically sheared.  The differential compaction of the shale around the veins indicates 

they likely formed early in the burial history.  These features are unlikely to enhance 

production of gas, but may serve as mechanical barriers to hydraulic fracture propagation. 

Overall, the joints in the New Albany are highly heterogeneous, both vertically in 

the section and from outcrop to outcrop.  The joints may have been created by near-

surface processes such as uplift, flexure, dehydration of the shale, or even excavation of 

the roadcuts themselves.  The joints lack calcite or quartz cements which would have 

filled in the joints had they been present in the subsurface.  Thus, it seems implausible to 

use the joint system as a direct analog for the fractures in the subsurface, and it is better 

to compare the characteristics of the joints in outcrop to those of fractures observed in 

core. 
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CHAPTER 3:  CORE STUDIES 

The objective of the work described in this chapter is to characterize the New 

Albany Shale fractures in core samples from the subsurface. To accomplish this I 

examined cores together with resistivity-based formation micro-imaging logs where 

available.  I quantified fracture attributes such as depth, dip, strike, height, opening 

displacement or kinematic aperture, completeness of cement fill, cement composition, 

and spacing.  Qualitative observations were also made on fracture terminations, fracture 

shape, roughness, and surface characteristics.  Relative ages of fractures and fracture 

origin were determined where possible, and the host rock lithology noted.  

Four cores were examined in detail in this study, the Noble Energy Solsman #1-

32H and Osburn Trust #1-11H from Sullivan County, Indiana, the Daugherty Petroleum 

(DPI) #2485-21 from Christian County, Kentucky, and the CONSOL Energy (CNX) SA-

005 from McLean County, Kentucky.  See Table 3.1 and Figure 3.1 for locations.  The 

DPI and CNX cores were well experiments drilled as part of the GTI project.  Initially, 

the focus of the project was southwestern Indiana and the well experiments were to be 

drilled there.  However, the focus of the project shifted to the deeper, more thermogenic 

part of the play in western Kentucky.  This is the reason that the cores are located in 

different areas of the New Albany Shale. 

The Solsman and Osburn Trust cores are slant cores drilled at an approximately 

45° angle, the DPI-2485-21 is slightly deviated at an angle of 12°, and the CNX core is 

vertical.  All cores contained natural fractures, but the fracture abundances and attributes 

varied from core to core and by vertical position in the New Albany stratigraphy. 

In addition, cores from the Indiana Geological Survey were sampled for thin 

sections.  These cores are the Phegley Farms #1 in Sullivan County, Voelkel #16-19 in 
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Dubois County, Don McRae #360 in Clark County, and Diversified Operating McAtee S-

26IV in Pike County. 

The Solsman, Osburn Trust, DPI 2485-21, and Indiana Geological Survey cores 

were examined and sampled at the Core Research Center at the Bureau of Economic 

Geology in Austin, TX.  The CNX SA-005 was examined at Weatherford Laboratories in 

Houston, TX.  
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Figure 3.1.  Locations of the eight cores used in this study on a map of the structural 
features of the Illinois Basin (modified from Treworgy, 1981; prepared by 
Nelson, 1986; From Buschbach and Kolata, 1990). 

3.1.  Core Study Methodology 

3.1.1.  Sampling Challenges 

The difficulty of sampling vertical fractures with a vertical wellbore is a major 

problem in core studies, and one that is not easily resolved.  In rare cases a vertical core 
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will yield fracture height data (incomplete fracture interception is prevalent; Laubach, 

1989) and allow for study of the fracture along its entire height but rarely will vertical 

core intersect many fractures or give spacing data (Narr and Suppe, 1991).  Core 

sampling may also suffer from hard-to-detect sampling bias if fractures are clustered 

(Fig. 3.3).  Horizontal cores are expensive and rarely acquired; they can give spacing data 

but little fracture height information.  Slant cores allow for greater horizontal coverage of 

the reservoir, but height data is limited and spacing data can be incomplete or ambiguous 

because the data come from different depths.  Clustering of fractures may also produce a 

sampling bias in slant cores (Fig. 3.3).  Thus, there is no simple solution to the problem 

of sampling fractures in the subsurface.  However, reasonable predictions of fracture 

behavior can be made by combining observations from vertical and slant cores, and 

borehole image logs (in this study Formation MicroImager, FMI) interpretations.  

Comparing FMI log interpretations to core presents another problem.  The image 

log interpretation may not match core observations for several reasons.  The FMI log 

detects resistivity changes around the entire ~20 cm diameter wellbore, while the core 

only samples the center ~10 cm of the wellbore (Fig. 3.2).  Thus, there exists the 

possibility that the FMI will detect more fractures than are observed in the core. 

Conversely, hairline fractures sealed with cement may not be detected on the FMI log, 

and soft cement can be eroded during drilling at the wellbore, making sealed fractures 

appear open.  FMI log interpretations for the Osburn Trust well (ResTech, 2010) showed 

a large number of natural fractures around the wellbore, but only five fractures were 

found in the core. A similar mismatch between image log interpretation and fractures 

present in the core was revealed during core description of the DPI well. This 

discrepancy was highlighted in early project reports (Gale et al., 2009). The FMI 

interpretation for the CNX SA-005 well was also cross-checked directly with the core at 
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the time of core description and the two were found to be in good agreement — far fewer 

fractures had been picked on the image log.  On the basis of this experience I recommend 

calibrating FMI image logs with core data whenever possible when describing fractures 

in the subsurface. 
 

 

Figure 3.2.  Diagram showing how fractures can intersect the wellbore but not necessarily 
the core.  Fracture A would be observed both in core and on the FMI log, 
whereas fracture B would only be observed on the FMI log. 

3.1.2.  Quantitative Characteristics 

The depth, height, strike, dip, kinematic aperture, completeness of cement fill, and 

spacing (between parallel fractures) were measured.  A tape measure or ruler was used to 

measure from foot marks on the core to the top and bottom tips of the fracture.  The 

height of the fracture was also measured by tape measure or ruler. The strike of the 

fracture was measured with a protractor in core with respect to either a red orienting line 
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drawn on the side of the core, or more preferably with respect to the principal scribe line 

in the case of oriented cores.  However, there are problems with these methods of 

determining strike.  The principal scribe line was commonly difficult to identify or had 

been cut away during slabbing of the core, or the toolface report on the real orientation of 

the principal scribe with respect to depth was unavailable.  The red orienting line was 

also unreliable, as the core may have rotated in the core barrel during the coring process, 

and the fits of pieces of core may not be correct.  Therefore, the best method for 

determining strike was to use FMI log data that had been calibrated with core 

observations.  Strike data from FMI logs were available for the Osburn Trust, DPI 2485-

21, and CNX SA-005 wells, although the data quality for the Osburn Trust and DPI wells 

is questionable. However, the strike data for fractures in the Solsman core remains 

unreliable. 

Dip data was collected by measuring both the angle between the fracture and core 

axis and the bedding and the core axis.  This was done so that the dips measured in slant 

cores could be converted to real dips, either by using a known bedding dip or assuming 

bedding to be approximately horizontal, which is a valid assumption throughout much of 

the New Albany at depth in the Illinois Basin. 

The kinematic aperture, which is a measurement of the full width of the fracture 

including both open fracture porosity and cement fill, was measured using a comparator 

(Ortega et al., 2006) and a hand lens or binocular microscope.  Kinematic aperture was 

measured only for intact fractures.  Fractures that were broken apart along the cement 

were not measured, since attempting to fit the fractures back together may lead to an 

overestimation of the width of the fracture. 

The completeness of cement fill was estimated in fractures that had broken apart.  

Most fractures were completely sealed by cement, but some had a patchy, incomplete 
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cement fill.  Care was taken to distinguish between fractures with patchy cement and 

those where the cement had broken off of the fracture.  Indicators that cement has simply 

broken off the fracture wall include jagged edges and the presence of small areas that are 

completely sealed by cement (e.g. Fig. 3.10.D).  Patchy cement is characterized by 

smoother edges and is distributed relatively evenly over the entire fracture wall (e.g. Fig. 

3.27.B). 

The spacing between parallel fractures was measured perpendicular to the 

fractures using a ruler.  The Solsman and Osburn Trust cores, which were slant cores, 

provided the best data because the core covered more horizontal extent.  A problem that 

arises from the limited exposure of the fractures in core is that it is difficult to tell if there 

are two fractures propagating side by side, or if only the tips of the fractures are visible 

(Fig. 3.3).  The second case would be similar to the pattern of joints observed in outcrop, 

in which the tips of joints terminate close to each other, linking to form tall composite 

joints.  A vertical core allows for resolution of this problem, but the probability of coring 

through two parallel fractures is low. 
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Figure 3.3.  Diagram illustrating the difficulty of determining whether parallel fractures 
intersected by a core (red rectangle) are the linked tips of taller, composite 
fractures (left) or actual parallel fractures (right).  Both sets of fractures 
would look the same in core. 

3.1.3.  Qualitative Characteristics 

Many fracture characteristics cannot be quantified, and thus were examined on a 

qualitative basis.  These characteristics include descriptions of the terminations at the 

upper and lower fracture tips, fracture shape, fracture roughness, lithology of the host 

rock, cement mineralogy, cement crystal habit, fracture origin, and relative ages of 

fractures. 

Fractures commonly terminate outside of the core, especially in the slant cores, 

but fractures also gradually taper out, terminate at a mudstone layer, abruptly at a bedding 



 115 

plane, abruptly at another fracture, or at a bedding slip surface.  Petrographic 

observations of thin sections showed terminations in greater detail. 

Fracture shape was described as planar, planar and stepped, curved, or irregular.  

Curved or irregular fractures, including petal-centerline geometries, were interpreted as 

induced fractures.  Natural fractures containing cement tend to have planar or planar 

stepped surfaces. 

The lithology of the host rock was macroscopically designated as black mudstone, 

except for a few fractures in the DPI and CNX cores that are contained in the North 

Vernon Limestone underlying the New Albany Shale. Compositional differences in host 

rock through which the fractures passed, such as silty or pyritic layers, were noted. The 

fine-grained nature of the rock made petrographic observations of the host lithology 

necessary in determining the effect of subtle lithological changes on fracture 

characteristics. 

Cement mineralogy was studied in a similar manner to host rock lithology.  Using 

a hand lens or binocular microscope, the cement could be identified; calcite, quartz, and 

bitumen, are common cements, with pyrite and shale fill occurring rarely.  When the 

fractures were sampled for thin sections, the greater magnification afforded a better 

description of both mineralogy and cement character.  Cement could be fibrous, 

blocky/subhedral, drusy, or amorphous, and ranges in grain size from very fine-grained to 

medium-grained. 

Fracture origin was determined on the basis of fracture shape, fracture roughness, 

and presence of sealing cement.  A planar, smooth fracture with cement filling it is 

considered a natural fracture.  A rough, irregularly-shaped fracture with no cement is 

considered an coring-induced fracture.  Petal centerline structures were observed in one 

induced fracture.  Fractures that show some characteristics of induced fractures, including 
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rough surfaces and irregular shapes, but also have a small amount of cement in the 

fracture tip or at the center of the fracture are termed “hybrid” fractures. This type of 

fracture will be discussed later in the chapter. 

In the rare cases where cross-cutting fractures were present, relative ages were 

determined using cross-cutting relationships.  Displacement of the older fracture indicted 

the younger fractures were opening-mode rather than shear fractures. 

Other fracture geometries, including curving around pyrite concretions and 

hooking behavior between the tips of fractures, were noted and described. 

3.1.4.  Petrographic Methods 

Seventeen of the fractures from the Solsman, Osburn Trust, and DPI 2485-21 

cores were sampled for thin sections.  In addition, fractures in ten core pieces from four 

cores from the Indiana Geological Survey were also sampled, although the whole cores 

were not described.  The core pieces were first stabilized with clear epoxy so that the 

shale would not fall apart during cutting. 

The thin sections were cut perpendicular to the fractures, and were either parallel 

to or perpendicular to bedding.  I cut notches into the sections to mark the orientation of 

the sections.  The thin sections were made slightly thinner than normal, approximately 

20-25 μm thick, due to the fine-grained, very dark nature of the rock. 

The sections were examined and photographed with either a Zeiss petrographic 

microscope fitted with a Zeiss AxioCam digital camera or a Nikon LV100 petrographic 

microscope equipped with a Nikon DS-Ri1 cooled digital camera and reflected-light 

capabilities.  Using these microscopes, observations could be made of the fracture 

attributes, the character of the sealing cement, and the lithology of the host rock. 
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3.2.  Core Descriptions 

 
Core Name 

 
Latitude 

 
Longitude 

Upper 
Depth 
(ft.) 

Lower 
Depth 
(ft.) 

Total 
Ft. of 
Core 

# of 
Fractures 

Noble Solsman 
1-32H 

39.00° N 87.44° W 2547 2638 91 23 

Noble Osburn 
Trust 1-11H 

39.16° N 87.46° W 2495 2580 85 5 

DPI 2485-21 37.07° N 87.32° W 2526 2586 60 8 
CNX SA-005 37.41° N 87.27° W 3572 3884 312 48 

Table 3.1.  Basic information for the four cores used in this study. 

3.2.1.  Noble Energy Solsman #1-32H 

The Noble Energy Solsman #1-32H was drilled in southern Sullivan County, 

Indiana (Fig. 3.1; Table 3.1.).  It is a 91 ft. long, 3.5 in. diameter slant core drilled at a 45° 

angle through the New Albany Shale.  The stratigraphic interval represented extends 

from the Clegg Creek to the base of the Camp Run.  The Solsman contains the second-

most fractures of any core in this study. 

The fractures are narrow, steeply-dipping, and sealed to varying degrees with 

calcite and/or quartz.  See Appendix B.1 for the full set of data on fractures from this 

core.  The strike of the fractures is not measurable due to the lack of an FMI log or a 

reliable principal scribe line from which to measure the strike.  The strike of the fractures 

is consistent throughout the core and no cross-cutting relationships were observed 

between fractures, so it is likely that the fractures all have the same approximate strike.  

The FMI log interpretation in the nearby Osburn Trust well reveals a strong ENE-WSW 

strike of fractures, and the fractures in the Solsman likely have the same orientation. 

The lithology of the New Albany in the Solsman is consistently black, organic-

rich mudrock.  Dolomite, quartz, clay, and organic matter are the primary constituents. 
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Figures 3.4 and 3.5 show the vertical distribution of fractures in the Solsman core.  

Most of the fractures occur in the top 30 feet of the core, while fewer fractures were 

recorded in the lower 60 feet, which correlates to the lower Clegg Creek and Camp Run.  

The upper 30 feet also contain the fractures with the largest kinematic aperture.  This may 

be an effect of the upper part of the formation containing more fractures, or it may be a 

result of sampling bias due to fracture clustering.  The Camp Run has the highest average 

subcritical index of any member in the New Albany Shale, which would result in more 

fracture clustering (subcritical index is further discussed in Chapters 4 and 5).  The 

wellbore has a lower probability of intersecting more widely-spaced fractures (Fig. 3.45).  

However, if fractures are occurring in widely-spaced fractures, I expect that a cluster 

would contain more parallel fractures than a closely-spaced cluster.  The fracture clusters 

encountered lower in the core occur as only two parallel fractures.  Thus, I favor the 

theory that the lower Clegg Creek and Camp Run contain fewer fractures than the upper 

Clegg Creek.   This is consistent with previous work that states the Clegg Creek is the 

most fractured member (Campagna, 1999). 
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Figure 3.4.  Graph of depth of fracture vs. kinematic aperture.  Fractures that lie on the 
vertical axis were either hairline fractures or where kinematic aperture 
measurements are not possible because the core is broken apart. 

 

Figure 3.5.  Histogram showing the frequency of fractures by depth in the Solsman core.  
Fractures appear to be grouped at the top of the Clegg Creek. 
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Figure 3.6.  Photograph (A) of a fracture at 2548.2 ft. that cuts across the corner of a core 
piece.  B) Plane-polarized image of the same fracture with a branched 
geometry.  Also note the circular Tasmanites fossils.  C) Cross-polarized 
image showing blocky calcite cement. 

Fractures may appear to have straight walls (Fig. 3.6.A), but microscopy may 

reveal a more complex wall structure (Fig. 3.6.B).   The orientation of Tasmanites fossils 

is an indicator of the thin section orientation (Fig. 3.6.B).  These algal spores appear 
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circular when viewed from above or below as in this case, but are flattened by 

compaction and appear as thin, irregular lines when viewed from the side (Fig. 3.8.A;E).  

Figure 3.6.C is a cross-polarized image that shows the blocky nature of the calcite 

crystals forming the cement.  The optical continuity between the calcite filling the branch 

and the main fracture indicate that both parts of the fracture filled in with cement at the 

same time, so the branch and the main fracture must have been open contemporaneously. 
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Figure 3.7.  Photographs of a fracture at 2549.4 ft. A) View of the slabbed face of the 
core with two parallel vertical fractures (VF) and one irregular horizontal 
fracture (HF).  B) Slight hooking behavior exhibited by one of the vertical 
fractures.  C) Closer view of the irregular horizontal fracture.  D) Rear view 
of the core showing the face of the left fracture in photo A.  E) Pieces of 
cement that have detached from the face of the fracture. 
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Several interesting features occur at 2549.5-2550.0 ft. in the Solsman core.  Two 

parallel vertical fractures are spaced 7 cm apart (Fig. 3.7.A).  The lower fracture is a 

composite of two fractures whose tips slightly hook toward each other (Fig. 3.7.B).  The 

thin connecting fracture is barren of cement is and is likely a product of coring stresses or 

section damage (Fig. 3.9.A), but may also be a late-stage natural fracture that has not 

been cemented.  Nonetheless, the orientation of this new crack is evidence that fractures 

whose tips terminate in close proximity, or proximal fractures that propagate parallel to 

one another, have a high probability of linking together to form taller composite fractures 

due to the tensile and shear stress fields created around the tip of the fracture (Larsen and 

Gudmundsson, 2010).  This behavior is similar to the composite joint behavior observed 

in outcrops of the New Albany Shale (Fig. 2.31).  In this particular case (Fig. 3.7.B; 

3.9.A; B), the fracture tips may behave similar to soft-linked faults.  Communication 

between the fractures would require fluids to migrate through the matrix.  Given the low 

permeability of the shale, these soft-linked fractures would likely not readily transmit 

fluids vertically through the formation. 

The upper fracture appears to have little cement (Fig. 3.7.D) but this is because 

most of the cement has fallen off the face (Fig. 3.7.E).  This is common where cores have 

split apart along fractures.  The fact that cores are commonly broken along fracture 

planes and the cement detaches from the faces is evidence that natural fractures in the 

New Albany are planes of weakness within the rock mass. 

The horizontal fracture is irregular along its length (Fig. 3.7.C) and can be multi-

stranded (Fig. 3.8.C) or a single fracture (Fig. 3.7.D).  It appears to follow a darker layer 

in the rock (Fig. 3.8.A), which may be a lithologic weakness that the fracture is 

exploiting.  It also has inclusions of shale wall rock within the calcite cement in some 

places (Fig. 3.8.F).  The cement can be fibrous, acicular, or blocky. The horizontal 
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fracture terminates against the upper vertical fracture, and it is likely contained between 

the two parallel vertical fractures.  The horizontal fracture splits into three separate 

strands near the upper vertical fracture (Fig. 3.8.B).  The upper branch joins the central 

horizontal fracture, but the lower branch terminates before it joins (blue arrow, Fig. 

3.8.B).  The calcite crystals in the central horizontal fracture and the two horizontal 

branches are in optical continuity with the blocky cement in the center of the vertical 

fracture.  The blocky cement filling the horizontal branches cross-cuts the fibrous cement 

on the edges of the vertical fracture (orange arrows, Fig. 3.8.B).  It appears that the 

vertical fracture opened and was first sealed by the fibrous calcite cement, then later 

underwent a second period of opening and was sealed by blocky calcite.  The horizontal 

fracture opened during the second stage and was also filled by blocky calcite.  It is 

possible that the secondary opening of the two proximal vertical fractures (Fig. 3.7.A) 

caused the vertical differential stress to become more tensile, allowing the horizontal 

fracture to propagate. 
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Figure 3.8.  Photographs of the horizontal fracture at 2549.4 ft. in Fig. 3.7.A;C in thin 
section.  A) Plane-polarized image showing horizontal fracture running 
through a darker band of rock.  B) Intersection of the horizontal fracture 
with a vertical fracture.  Note the blocky crystals in the center of the vertical 
fracture cross-cutting the fibrous cement on the fracture edges to fill the 
upper and lower branches of the horizontal fracture (orange arrow), and the 
lower horizontal branch terminating before it reaches the central horizontal 
fractures.  C) Multiple strands of the horizontal fracture filled by blocky 
calcite cement.  D) Horizontal fracture as a single strand.  E) Image showing 
orientation of sample.  Short yellow lines are flattened Tasmanites fossils 
that are parallel with bedding.  F) Multiple inclusions of shale wall rock in 
horizontal fracture filled with fibrous calcite cement 



 126 

 

Figure 3.9.  Petrographic photomicrographs of fracture at 2550.0 ft. (Fig. 3.6.A;B).  A) 
Linking of fracture tips.  Fracture extending diagonally from upper tip to 
lower fracture is a crack induced by coring stresses or section damage.  B) 
Linking of fracture tips.  Note the lower fracture tip hooking towards the 
upper fracture.  C) Elongate blocky calcite cement, with fracture cement 
separating from the wall rock.  D) Interfingering acicular fibers within a 
larger calcite crystal.  All photographs taken with crossed polars. 

The most common type of cement observed in New Albany fractures consists of 

blocky, subhedral calcite cement with sharp boundaries between the crystals (Figure 

3.7.C).  In some fractures the crystals are blocky and anhedral to subhedral, but are much 

smaller (Fig. 3.10.E). In the thin section from 2550 ft. the elongate blocky crystals 

commonly contain a pattern of acicular interfingering fibers (Fig. 3.9.D).  This type of 
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cement was only observed in this thin section.  For both cement types, the cement is 

slightly separated from the wall rock, and is further evidence that the calcite cement is not 

very strongly bonded to the shale. 
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Figure 3.10.  Photographs of two parallel fractures at 2555.0 ft.  B) Vertical fracture with 
brownish-tan cement on its face.  Dark lines on sample are where water has 
penetrated along bedding planes or other breaks.  C) Closer view of sealing 
cement.  The bare areas are where cement has broken off the face.  D) 
Plane-polarized photograph of the cement and wall rock.  Note the 
separation of the cement from the wall rock.  E) Cross-polarized photograph 
of the wall rock and the fine-grained, blocky, irregular cement. 
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Figure 3.11.  Photographs of a fracture at 2572.7 ft.  A) Fracture terminating abruptly at a 
bedding plane.  Blue dashed line is bedding parallel.  B) Photograph of the 
fracture face with a very small amount of cement.  C) Thin-section 
photomicrograph of a small amount of calcite cement on the edge of the 
section. 

In Figure 3.11.A a fracture terminates abruptly at a bedding plane, which is 

marked by the blue dashed line.  Although the fracture appears to continue at a ~45° 

angle, it is likely an effect induced by the coring process.  The face of the fracture 

becomes much rougher at this junction and propagates directly towards the edge of the 
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core.  This fracture is mostly barren, but there is a small amount of calcite cement on its 

face that is only visible in thin section (Fig. 3.11.B;C). 

 

 

Figure 3.12.  Fracture at 2595.5 ft.  A) Core piece containing the fracture, B) core 
oriented correctly so that the fracture is subvertical. 

A face of an apparently typical calcite-filled vertical fracture occurs at 2595.5 ft 

(Fig. 3.12), but a thin section reveals a complex cement morphology (Fig. 3.13).  The 

cement is anhedral to subhedral, fine-grained and blocky (Fig. 3.13.A) similar to that in 

the sample at 2555 ft (Fig. 3.10.E).  There is also a zone of very fine-grained to 

cryptocrystalline cement on the margin (Fig. 3.13.A) and cutting through the blocky 

cement in the central part of the fracture (Fig. 3.13.B).  The cryptocrystalline cement is 

also overgrowing the blocky cement in some areas (Fig. 3.13.C), indicating it is younger.  

The left side of the fracture has several narrow fractures separated by wall rock (Fig 

3.13.D).  This morphology indicates a crack-seal mechanism of fracture growth.  The 

fractures are filled by elongate blocky calcite in optical continuity across the trains of 

wall rock.  The calcite likely grows across the slivers of wall rock in the third dimension, 

out of the plane of the section. 
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Figure 3.13.  Thin-section photographs of the fracture at 2595.5 ft.  A) Blocky, irregular 
calcite cement with fine-grained cement along the right side of the fracture.  
B) Blocky cement with a fine-grained zone in the center of the fracture.  C) 
Closer view of the fine-grained cement in photo A.  Parts of the fine-grained 
cement appear to be overgrowing the blocky cement (orange arrows).  D) 
Narrow fractures with calcite crystals that are in optical continuity across the 
wall rock inclusions. 

 



 132 

 

Figure 3.14.  Photograph of two parallel fractures at 2551.6 ft, one of which bends around 
a small pyrite concretion. 

At 2551.6 ft, a fracture bends around a small pyrite nodule, illustrating how 

mechanical discontinuities can affect the propagation of fractures (Fig. 3.14).  Apart from 

the perturbation at the pyrite concretion the fracture is planar.  The effects of mechanical 

discontinuities on fracture propagation are demonstrated and discussed later in this 

chapter.   
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Figure 3.15.  Photograph of a fracture at 2625.6 ft. with patchy euhedral cement (brown 
dots) on the face. 

The fracture at 2625.6 ft. in the Solsman core has individual euhedral crystals of 

calcite on its face (Fig. 3.15). The fracture has broken open so it is not possible to know if 

the crystals would have bridged the fracture and allowed it to remain open while 

preserving fracture porosity and permeability, but it is likely that the fracture would have 

been partially open in the subsurface. 
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3.2.2.  Noble Energy Osburn Trust #1-11H 

The Osburn Trust #1-11H from northeastern Sullivan County, Indiana (Fig. 3.1; 

Table 3.1) is an 85 ft. long, 3.5 in. diameter slant core drilled at an approximately 45° 

angle through the Clegg Creek to the base of the Camp Run. The Osburn Trust core 

contains only 4 fractures, the fewest of any core in this study.  The core is broken into 

hundreds of bedding-parallel disks one to two inches thick. 

As in the Solsman, the fractures are steeply-dipping features with apertures 

ranging from hairline cracks to 0.5 mm.  The full set of fracture data for the Osburn Trust 

can be found in Appendix B.1.  An FMI log analysis of the Osburn Trust well by F.  

Caramanica of ResTech Inc. (2010) found that the fractures strike ENE-WSW.  70% of 

the fractures dip NNW, while 30% dip SSE. 
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Figure 3.16.  Photographs of a fracture at 2514.5 ft.  A) Overview of the core pieces 
containing the fracture.  B) Closer view of the hooking behavior of the 
fracture tips.  C) A part of the fracture that has many wall rock inclusions 
and has a broken-up appearance.  D) A part of the fracture filled with 
fibrous calcite cement with a single, central median line. 

Several fracture morphologies that are present in the Solsman are also manifested 

in the Osburn Trust core.  Figures 3.16.A;B show two fractures whose tips link to form a 

taller, composite fracture.  Figure 3.16.C displays part of the fracture where pieces of the 

wall rock have broken off and become included within the cement.  These inclusions can 

also be absent (Fig. 3.16.D).  The cement here has a fibrous habit, and there is a dark 
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median line extending down the center of the fracture where crystals growing syntaxially 

meet. 
 

 

Figure 3.17.  Photographs of two parallel vertical fractures at 2538.0 ft.  A) Overview of 
the fractures. B) Closer view of the fractures. Note the upper fracture 
terminating at a bedding plane.  The piece of the core containing the tip of 
the lower fracture has broken off at a bedding plane.  C) Left-stepping en 
echelon fractures in a slightly coarser area of the rock. 

The fractures at 2538.0 ft. are another example of composite fractures.  The upper 

fracture terminates at a bedding plane (Fig. 3.17.B).  The upper termination of the lower 

fracture is not visible because the piece of core broke off at a bedding plane (Fig 3.17.A).  

There is a different cement morphology here; long, narrow calcite crystals fill the fracture 

(3.17.C).  As the fracture cuts through a coarser layer of dolomitic and quartzose silt, it 



 137 

transforms from a single continuous fracture into a series of en echelon segments 0.3 to 

0.5 mm long.  This is an example of how abrupt changes in the fabric and composition of 

the rock can affect the morphology of the fracture. 
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Figure 3.18.  Fractures at 2543.0 ft. in the Osburn Trust core.  A) Photograph of the 
parallel fractures.  B) Closer view of the blocky, subhedral cement on the 
face of the upper fracture.  C) Chalcedony cement bridges across the lower 
fracture.  D) Deformation-induced twinning within the chalcedony crystal 
bridging the fracture.  Discrete regions of twinning orientation produced by 
deformation are outlined by red dashed lines.  E) Large, blocky calcite 
crystal in the upper fracture with a small amount of chalcedony.  F) Large 
carbonate crystal surrounded by smaller calcite and wall rock inclusions.   
Photomicrographs C, D, E, and F taken with crossed polars. 
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The upper fracture at 2543.0 ft. (Fig. 3.18.A) is filled with large, blocky, 

subhedral to euhedral calcite crystals (Fig. 3.18.B) commonly surrounded by smaller 

calcite crystals and wall rock inclusions (Fig. 3.18.F).  The best explanation for the 

heterogeneity of the cement fill is cataclasis due to shearing.  The fracture also contains a 

small amount of chalcedony (Fig. 3.18.E).  The second, slightly lower fracture (right on 

Fig. 3.18.A) terminates abruptly at a bedding plane and contains twinned chalcedony 

bridges (Fig. 3.18.C;D), which do not occur in any other fractures observed in the New 

Albany.  One bridge has zones containing twins oriented in different directions (Fig. 

3.18.D), which may also be the result of shearing along the fracture.  However, it is 

unclear why these adjacent fractures have such different cement characters. 

 

3.2.3.  Daugherty Petroleum Inc. #2485-21 

The Daugherty Petroleum Inc. (DPI) #2485-21 was drilled in Christian County, 

Kentucky as part of the GTI/RPSEA New Albany project (Fig. 3.1; Table 3.1).  A 60 ft. 

long, 2.5 in. diameter core was drilled from the base of the Selmier to the uppermost 

North Vernon Limestone below the Blocher Member at a slight deviation of 12°.  The 

DPI core contains eight fractures. 

As in the previous cores, the fractures are steeply-dipping features with apertures 

ranging from hairline cracks to 0.115 mm.  The full set of fracture data for the DPI core is 

in Appendix B.1.  The tallest, widest fractures are grouped at the top and bottom of the 

core, and are commonly grouped in en echelon clusters (Fig. 3.19; 20; 21; 22).  The 

fractures that occur in the middle of the core are less than 10 cm in height and less than 

0.1 mm in aperture.  An FMI log analysis of the DPI well found that most fractures strike 

E-W with fewer striking ENE-WSW.  The fractures dip dominantly to the south, but a 
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few dip to the north (ResTech, 2010).  The image log detected low-resistivity fractures 

(Fig. 3.19), indicating that there was fluid present in the fracture while the well log was 

run.  This may indicate that the fracture was only partially sealed with cement in the 

subsurface.  However, the present SHmax orientation is parallel to that of the fracture 

strike, so it is also possible that the fractures were reactivated during drilling.  

Examination of the core revealed that the fractures contained patchy cement that only 

partially filled the fracture, indicating that it was indeed partially open in the subsurface. 

 
 

 

Figure 3.19.  Comparison of core to the image log.  The core contains en echelon 
fractures with calcite cement.  The image log shows low-resistivity fractures 
indicating they were partially open in the subsurface.  The offset observed at 
2575 ft on the image log is where the next en echelon fracture is recorded. 
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Figure 3.20.  Plot of fracture depth against kinematic aperture for the DPI core.  Fractures 
are regularly-spaced in the core.  The lowest fracture with a large kinematic 
aperture occurs in the underlying North Vernon Limestone.  Fractures on the 
vertical axis are hairline fractures that were too thin to measure. 

 

 

Figure 3.21.  Plot of fracture height vs. depth in the DPI core.  The tallest fractures are 
grouped at the top and bottom of the core. 
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Figure 3.22.  Histogram of fractures with respect to depth in the DPI core. 

The lithology in the DPI core is more heterogeneous than in the Indiana cores.  

The core has many gray layers rich in dolomite and quartz silt interbedded with more 

typical black, organic-rich muddy layers.  The effects of this compositional layer are 

exhibited in the fracture at 2535.5 ft. (Fig. 3.23.C).  Hooked fracture tips link and are 

calcite cemented, so that multiple fractures could be considered a single composite 

fracture.  The fracture widens in the silt layer (a similar relationship is also observed in a 

fracture at 2555.0 ft) and in the silt layer the fracture contained vugs that were sealed 

with bitumen, indicating the silt-rich layers in the rock supported partially open fractures, 

which provided pathways for bitumen migration  (Fig. 3.23.C; 3.24.C). 
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Figure 3.23.  Photographs of a fracture at 2535.5 ft.  A) Overview of the fracture running 
vertically through fine-grained shale and several coarser silt layers.  B) 
Closer view of the fracture where it cuts through the silt layers, including 
linked tips which exhibit hooking behavior.  C) Cross-polarized composite 
photomicrograph of the fracture cutting through the silt layers and the linked 
tips of the fractures.  Note the bitumen-filled vugs in the silt layers. The 
diagonal crack between the fracture tips is open due to section damage, but 
also contains a small amount of calcite cement on the fracture walls.   
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Figure 3.24.  Photographs of a fracture at 2555.5 ft.  A) Overview of a narrow, vertical 
fracture approximately 12 cm long.  B) Closer view of the center of the 
fracture where cement only fills part of the fracture.  C) Varying width of 
the fracture as it passes through compositionally different layers.  The 
fracture is wider and contains bitumen-filled vugs in coarser silt layers.  
Crossed polars with gypsum plate inserted. 
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Figure 3.25.  Photographs of fractures at 2556.5 ft.  A) Two small fractures occurring in 
coarser silt layers in the (member needed).  B) Upper fracture bound in a 
single, nearly continuous layer of silt.  C) Lower fracture crossing several  
layers of silt.  D) Plane-polarized photomicrograph of the lower fracture.  E) 
Photograph of the fracture with crossed polars and gypsum plate inserted. 

Two silt layers at 2556.5 ft. contain hairline, 2 cm tall, layer-bound fractures (Fig. 

3.25.A;B;C)  A silt layer at 2568.5 ft. contains two very narrow, one cm-tall, layer-bound 

fractured spaced one cm apart (Fig. 3.26.C).  Petrographic examination of the fracture at 

2568.5 ft. reveals that the fracture is irregular and curviplanar through the interbedded silt 
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layers.  This morphology is due to irregular fracture growth, as no compaction-related 

structures were observed in or around the fracture.  No other fractures occur in the 

mudstone surrounding these silt layers, suggesting silt layers support fractures more 

readily and the fractures tend to be closely spaced.  This will become important in the 

discussion of subcritical index of the New Albany Shale in Chapter 4. 

 

 

Figure 3.26.  Photographs of three fractures at 2568.3 ft.  A) Photograph of the core piece 
containing the main fracture.  Note the dark halo around the fracture.  B) 
Two small fractures contained in a silt layer located directly above the main 
fracture.  C) Irregular fracture passing through alternating layers of coarser 
dolomite and quartz silt and finer-grained mudstone layers.  D) Plane-
polarized view of the same fracture.  Note the separation of the cement from 
the wall rock along the right side of the fracture. 
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Figure 3.27.  Photographs of two fractures at 2573.3 and 2574.6 ft.  A) Overview of the 
core containing the two fractures.  The fractures tips appear to terminate 
close to one another.  B) Patchy cement on the face of the lower fracture.  
C) Photograph of the upper termination of the lower fracture.  Red dotted 
line marks the location where the fracture tapers out in a silt layer. 

The fractures at 2573.3 and 2574.6 ft. provide an example of closely-spaced 

fractures that propagate parallel to one another rather than linking at the tips (Fig. 

3.27.A).  The lower fracture terminates in the center of a silt layer.  However, the silt 

layer is likely not inhibiting propagation, as silt layers have been shown to support 

fractures more easily than black mudrock (Fig. 3.27.C).  The lower fracture also contains 

patchy, incomplete calcite cement which likely makes this fracture an even weaker plane 

than a completely sealed fracture (Fig. 3.27.B). 
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Figure 3.28.  Photographs of a fracture at 2576.0 ft. in the underlying North Vernon 
Limestone.  A) Overview of the fracture.  B) Oil staining on the face of the 
fracture.  White calcite cement is also present.  C) Bitumen vugs in the 
fracture.  D) Vug in a fracture where the fracture cuts through a crinoid 
columnal fossil.  Vug was originally filled with bitumen as in C.  E) 
Fracture splitting into several strands near its lower termination. 

The North Vernon Limestone underlying the New Albany Shale also contains 

fractures.  A fracture at 2576.0 ft. contains calcite cement with vugs that are filled with 

bitumen (Fig. 3.28.B;C).  In thin section, the fracture contained a bitumen vug only 

where it passed through a crinoid columnal fossil.  The fossil may be more brittle and 

able to support a wider fracture than the surrounding limestone.  The fracture also splits 

into multiple strands near its lower terminus (Fig. 3.28.D).  It is unclear why the fracture 
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behaves like this, but it may be related to the subcritical index of the rock, which will be 

discussed in Chapter 4. 

3.2.4.  CNX SA-005 

The CNX SA-005 well is located in McLean County near Sacramento, Kentucky 

(Fig. 3.1; Table 3.1.).  It is a 312 ft. long, 2.5 in. vertical core drilled through the entire 

New Albany interval and into part of the underlying limestone.  It contains 49 fractures. 

There are a variety of fracture morphologies represented in the CNX core, several 

of which are documented and described in this section.  The full fracture data set is in 

Appendix B.1.  An FMI log analysis showed good agreement between core observations 

and the log interpretation.  Fractures show an ENE-WSW strike and are steeply-dipping, 

dominantly towards the north (ResTech, 2010; Fig. 3.29). 
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Figure 3.29.  Tadpole plot and rose diagram showing the orientations of all natural 
fractures in the CNX core.  Yellow boxes highlight where fractures are 
grouped vertically in the section.  Data are from FMI log interpretation 
(ResTech, 2010). 

The CNX core contains part of the overlying and underlying limestone units as 

well as the typical black mudstone and interbedded silt layers of the New Albany Shale.  
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The width of the fractures does not vary by stratigraphic members.  Consistent with the 

Solsman core, the fractures are concentrated in the Clegg Creek but are also evenly 

spaced throughout the interval (Fig. 3.30; 31).  The tadpole plot constructed from the 

FMI log also appears to show 3 vertical groups of fractures (Fig. 3.29). 

 

 

Figure 3.30.  Plot of fracture depth against kinematic aperture for the CNX core.  
Kinematic aperture is independent of stratigraphic position. 
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Figure 3.31.  Histogram of fracture frequency against depth.  Fracture intensity appears to 
increase higher in the section, consistent with what is observed in other 
cores. 
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Figure 3.32.  Cross-cutting fractures at 3590.0 ft.  A) Overview of the fractures.  The 
primary vertical fracture is taller and has a wider kinematic aperture.  
Calcite cement from a horizontal fracture is also present, and is not cut by 
the narrower vertical fracture.  B) Closer view of the intersection showing 
the cross-cutting relationship of the fractures.  The narrower fracture is 
offset across the wider one.  C)  Schematic of the intersection of the 
fractures.  The wider fracture hooks in the direction of the narrower one on 
both sides of the fracture.  Both the narrow and wider fractures appear to be 
offset, with the narrower fracture showing a greater magnitude of 
displacement. 



 154 

The cross-cutting fractures at 3590.0 feet intersect at an angle of 55° (Fig. 

3.32.B).  The narrower fracture is offset across the wider fracture, and as the wider 

fracture approaches the narrower one it hooks in the direction of the narrower fracture.  

Both fractures appear to be offset laterally, the narrower fracture having a greater 

magnitude of displacement.  Since the narrower fracture affects the propagation path of 

the wider fracture and is offset by a greater amount, it is likely older.  Only one fracture 

was observed on the image log at this depth, striking 218° and dipping 88°N (ResTech, 

2010), but it is unclear which fracture set is being detected.  The FMI log is most likely 

detecting the wider, taller set, since the logging tool can only detect fractures wider than 

0.05 mm (.002 in.) (Schwartz, 2006) and the narrower set in this case was identified as a 

hairline crack with an aperture below 0.05 mm.  The narrower fracture is 9.1 cm tall, 

while the wider fracture is 76.2 cm tall, which also suggests the wider fracture is the one 

on the image log.  The core piece also contains a small amount of calcite cement oriented 

horizontally, evidence that a horizontal fracture exists at this location.  This occurrence is 

similar to the Solsman core, where a horizontal fracture occurred in proximity to two 

vertical fractures (Fig. 3.6.C). 
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Figure 3.33.  Petal centerline fracture geometry of a fracture at 3815.0 ft. 

The fracture at 3815.0 ft. exhibits petal centerline geometry, which is a 

characteristic morphology of induced fractures (Fig. 3.33).  This fracture is completely 

barren of cement. 

The fracture at 3677.3 ft. is also characteristic of an induced fracture.  The surface 

of the fracture is rougher and more irregular than most natural fractures, and the lower tip 

of the fracture is irregular and tapers towards the edge of the core (Fig. 3.34.A).  

However, in contrast to the induced fractures in Fig. 3.33, this fracture contains a small 

amount of calcite cement at the bottom of the fracture, which is evidence that at least part 

of the fracture is natural and was open in the subsurface.  It is possible that the gradual 

taper is a core-handling break, and that most of the cement is detached from the face of 

the fracture.  However, a core-handling break would likely occur along the fracture and 

along bedding planes, rather than at an angle through the core.  No pieces of cement were 



 156 

found in the bottom of the core bags to indicate that cement had detached from this face, 

and cement detachments commonly occur in irregular, curved patterns (e.g. Fig. 3.10.C) 

rather than straight lines.  Although this may be a natural fracture where most of the 

cement has been removed, it is more likely that this fracture is an example of a hybrid 

fracture where a natural fracture serves as a nucleation point for an induced fracture.  The 

induced part of the fracture is in the same orientation as the natural fracture. 
 

 

Figure 3.34.  Photographs of a hybrid fracture at 3677.3 ft.  A) Side view of the fracture 
showing the termination of the natural fracture and the gradual taper of the 
induced fracture at the edge of the core.  B) Frontal view of the fracture 
showing the small amount of calcite cement preserved at the bottom of the 
fracture and the inferred termination of the original natural fracture.  Also 
note the irregular, curvilinear path of the induced fracture (blue arrow). 
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Figure 3.35.  Photographs of fractures at 3631.0 ft.  A) View of the whole core piece 
showing a cluster of left-stepping en echelon fractures exhibiting hooking 
behavior.  B) A core piece from the bottom of the fracture showing two 
cross-cutting fractures.  The secondary, narrower fracture is offset at the 
primary fracture.  Both sets are composite, consisting of en echelon 
segments. 

Multiple fractures at 3631.0 feet show cross-cutting relationships similar to those 

at 3590.0 feet, as well as en echelon geometries (Fig. 3.35.A;B).  The thinner fracture is 

offset (Fig. 3.35.B) similarly to the fracture at 3590.0 ft. (Fig. 3.32.B), further indication 

that the narrower, shorter fracture set is older than the wider, taller set.  The image log 

interpretation shows the orientation of one fracture set striking 265° and dipping 75°N, 

but it is unclear which fracture set is being detected.  The FMI log is most likely detecting 
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the wider, taller set, since the logging tool can only detect fractures wider than 0.05 mm 

(.002 in.) (Schwartz, 2006) and the narrower set in this case was identified as a hairline 

crack with an aperture below 0.05 mm. 

 

 

Figure 3.36.  Photographs of a fracture and fault at 3743.1 ft.  A) Side view of the vertical 
fracture and the 30° dipping fault plane.  B) Top view of the fault plane and 
fracture.  Note the offset of the fault plane across part of the fracture, 
indicating there was vertical shear offset along the fracture.  The offset dies 
out near the far edge of the core. 

The CNX core contains several faults, one of which is cut by a fracture at 3743.1 

ft (Fig. 3.36).  The 30° dipping fault plane is offset 0.5 cm by the calcite-cemented 
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fracture which had some vertical slip.  The offset dies out part of the way across the core 

(Fig. 3.36.B). 

 

Figure 3.37.  Photograph of a fracture at 3803.3 ft. in a carbonaceous layer that has been 
partially filled with black mud injected from an underlying bed, an 
indication that the muddy layer was partially ductile at the time of 
fracturing. 

A fracture at 3803.3 ft. in the Blocher Member has a very interesting morphology.  

A typical dark grey to black carbonaceous layer is underlain by a black, clay- and 

organic-rich muddy layer.  A fracture at the bottom of the carbonaceous layer is partially 

filled with black mud and partially filled with calcite (Fig. 3.37).  The fracture is wider at 
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the bottom near the mud layer and tapers out at the top, forming a wedge shape.  It may 

be that the fracture terminated at the mud layer, and the mud underneath was ductile 

enough to intrude into the fracture, wedging open the lower part.  However, it is more 

likely that compression of the ductile black mud may have caused it to form a natural 

hydraulic fracture, allowing mud to flow part of the way up into the fracture.  The rest of 

the fracture was then later filled with calcite. 
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Figure 3.38.  Photograph of two fractures at approximately 3855.0 ft. that have the same 
strike but opposing dips.  The upper fracture terminates at the lower 
fracture, (white dashed line). 
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Two fractures at 3855.0 ft. have the same strike but dip in opposite directions 

(Fig. 3.38).  The upper fracture terminates at the lower fracture, and is thus younger.  

Both fractures contain calcite cement.   

3.2.5.  Indiana Geological Survey Cores 

Fractures in four cores from SW Indiana whose character has not previously 

described are included to indicate the range of fracture types present in the New Albany 

Shale.  Cores were sampled by J. Gale and S. Laubach at the Indiana Geological Survey. 

 

 

Figure 3.40.  Horizontal bitumen layer in the Don McRae #360 containing multiple 
boxwork calcite-filled fractures.  Similar features occur in the CNX and 
Osburn Trust cores.  A) Overview of the core piece containing the bitumen 
layer.  B) Photomicrograph of the bitumen with calcite filling the fractures. 

A horizontal bitumen layer that contains boxwork fractures sealed by calcite 

occurs at 29.5 ft. In the Don McRae #360 core (Fig. 3.39).  This type of feature was also 

observed in the Osburn Trust core at 2531.5 ft. and in the CNX core at 3630.0 ft.  These 

fractures form at some point during burial as the bitumen contracts, causing it to become 

extensively and irregularly fractured.  The fractures that form are layer-bound and 

calcite-filled (Fig. 3.39.B). 
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Figure 3.40.  Photograph of a fracture at 2774.5 ft. in the Diversified Operating McAtee 
S-26IV.  A) Photograph of fracture tips terminating close to one another 
linked by a fracture.  B) Mosaic of part of the linking fracture showing 
cement fill patterns and ramp-flat structure of the linkage. 

A fracture at 2774.5 ft. in the McAtee core provides one of the best examples of 

linked fracture tips.  The fractures terminate close to one another, and a fracture forms in 

between the two tips (Fig. 3.40.A).  Both fractures are much wider before the linking 

fracture splits off the main fractures.  The linkage has an irregular morphology consisting 

of wide sections parallel to the original fractures and thinner ramps between these 

sections (Fig. 3.40.B).   

A fracture at 2784.0 ft. in the same core passes through a layer containing 

abundant flattened Tasmanites tests near its lower terminus (Fig. 3.41.A;B).  In some 

areas, the fracture shifts laterally where it encounters a Tasmanites test (white arrows, 

Fig. 3.41.B).  This commonly occurs where the fracture is narrower.  In other areas where 
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the fracture has a wider aperture, the Tasmanites is either wedged apart or incorporated 

into the cement (blue arrow, Fig. 3.41.B).  The fracture also splits into two irregular 

strands near this terminus, which could be caused either by Tasmanites acting as 

mechanical discontinuities or by pressure solution.  No evidence of pressure solution was 

found, so I favor the idea of Tasmanites tests disrupting the normal propagation of the 

fractures. 

 

 

Figure 3.41.  Photograph of a fracture at 2784.0 ft. in the McAtee core.  A) Plane-
polarized image of the fracture passing through a layer with abundant 
flattened Tasmanites tests.  B) Closer view of the fracture passing through 
Tasmanites.  The fracture strands shift laterally where they encounter 
Tasmanites in some areas (white arrows), and some flattened pieces of 
Tasmanites are contained within fracture cement (blue arrow). 
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Figure 3.42.  Smeared calcite cement on the face of a subvertical fracture at 2499.6 ft. in 
the Phegley Farms #1 core.  White arrow denotes the direction of relative 
motion. 

 In the Phegley Farms #1 core striations and smeared calcite cement indicate 

strike-slip displacement (Fig. 3.42).  

Nearly all of the cement observed in fractures throughout the New Albany Shale 

is calcite.  Chalcedony and bitumen are present rarely, and a dolomitic vein similar to 

those observed in outcrop (Fig. 2.9) is present in the CNX core at the base of the Blocher.  

However, a fracture at 2106.0 ft. appears to contain polyphase cement (Fig. 3.43.A).  The 

gray cement lining the walls of the fracture appears to be quartz, and the white cement 

filling the center of the fracture is calcite.  A thin section made from this piece shows 

only calcite cement on the edge of the fracture, but the section was cut from the bottom of 

the core piece where the gray cement appears to be absent.  Therefore, the fracture may 

still contain a polyphase cement of quartz and calcite.  There is also a small amount of 
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porosity preserved along the wall of the fracture between the cement and shale (Fig. 

3.43.B). 
 

 

Figure 3.43.  Photographs of a fracture at 2106.0 ft. in the Voelkel core.  A) Possible 
polyphase fracture cement consisting of early gray quartz and later white 
calcite.  White dashed rectangle is the area represented in a thin section.  B) 
Plane-polarized image of the fracture cement.  C) Cross-polarized image of 
the same area, only calcite is present.  Black areas near fracture wall may be 
fracture porosity or cement detaching from wall. 
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3.3.  Synthesis of Core Observations 

Core and image logs reveal a range of characteristics of fractures in the New 

Albany Shale including information on aspects of height, orientation, spatial 

organization, fracture geometry, fracture origin, lithologic influence on fractures, and 

cement characteristics. Although all of these attributes are incompletely sampled owing 

to the steep dip of most fractures, the core and log data provides constraints on the 

attributes of fractures that can be used to compare with outcrop observations and 

predictive models and to guide understanding of stimulation and production response. 

3.3.1.  Fracture Morphology and Origin 

Natural opening-mode fractures in the New Albany Shale tend to be planar or 

stepped planar features with smooth faces.  They are also commonly partially or 

completely sealed by cement.  Fractures may become irregular or multi-stranded where 

they pass through more brittle layers of the rock, such as silt beds.  Kinematic aperture 

also tends to increase in silt beds, illustrated by the fractures at 2535.5 ft. and 2555.5 ft in 

the DPI core. 

Induced fractures, on the other hand, have more irregular geometries and rougher 

surfaces, and often terminate at the edge of the core or show petal centerline geometries.  

They do not contain cement since they were not open in the subsurface. 

Several hybrid fractures were observed in the CNX core that appear to be 

composed of parts that are induced and natural fractures.  These fractures have rougher, 

more irregular geometries and may terminate at the edge of core, but contain some 

cement either at the tips or in the center of the fracture.  Hybrid fractures occur when a 

coring-induced fracture uses a natural fracture as a nucleation point, since natural 

fractures represent weak flaws within the rock mass.  Since induced fractures propagate 
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in the direction of present-day SHmax, fractures oriented parallel to SHmax are more 

favorable for use as nucleation points.  Although not observed, hybrid fractures 

nucleating from natural fractures oriented obliquely to SHmax will likely curve to parallel 

the current maximum horizontal stress direction. 

3.3.2.  Fracture Orientations 

Fracture orientations were measured from FMI logs in the Osburn Trust, DPI, and 

CNX wells.  Fractures in the Osburn Trust in Indiana and the CNX core in Kentucky 

show a dominant ENE-WSW strike, while fractures in the DPI core in Kentucky 

dominantly strike E-W.  The variation in fracture strike is likely due to underlying local 

structure, and will be discussed further in Chapter 6.  Fractures are ubiquitously steeply-

dipping, but dip directions can alternate. 

All cores contain parallel fractures, but the CNX core is the only one that has 

cross-cutting fractures that occur at 3590.0 and 3631.0 ft.  In both cases there is a 

narrower fracture and a wider one oriented 55° apart, and both times the narrower 

fracture is cut by the wider fracture, indicating the narrow fracture set is older (Fig. 

3.32;35).  The image log detects only one fracture at both depths, striking 218° at 3590.0 

ft. and 265° at 3631.0 ft (Fig. 3.45).  The image log is likely detecting the wider, taller set 

of fractures.  This would make the strike of the narrower set 273° at 3590.0 ft. and 320° 

at 3631.0 ft. (Fig. 3.45), unless the image log is detecting the narrower set at 3631.0 ft., 

which is unlikely given the resolution constraints of the logging tool.  The lack of 

consistency in orientation suggests that the pairs of cross-cutting fractures are not part of 

the same set and likely did not form at the same time.  There is not enough data to 

determine relative timing of all fracture sets, but the data suggest that there were multiple 
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stages of fracture development, and that the fractures developed in different orientations 

at different times. 
 

 

Figure 3.45.  Schematic rose diagrams showing the orientations of two pairs of cross-
cutting fractures at 3590.0 and 3631.0 ft.  Pink lines are the older, narrower 
fractures and green lines are the younger, wider fractures. 

3.3.3.  Cement Morphology 

The most common cement in fractures in the New Albany Shale is calcite, with 

bitumen, pyrite, chalcedony, and shale fill occurring rarely.  Chalcedony occurred as 

bridges in a fracture at 2543.0 ft. in the Osburn Trust core, and was not observed in any 

other cores.  Individual crystals of pyrite were observed in calcite cement in a piece of 

core from the McAtee S-26IV well.  Bitumen filled vugs in fractures in the underlying 

North Vernon Limestone in the DPI core, and in dolomitic veins at the base of the 

Blocher in the CNX core.  A fracture partially filled with black shale was recorded in the 

CNX well.  Cements are weakly-bonded to the walls of the fracture and detach easily.  
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This is part of the reason that fractures in the New Albany Shale are weak planes in the 

rock. 

The interesting part about the calcite cement observed in most of the fractures is 

the wide variety of cement morphologies that are present.  Crystals are commonly 

blocky, elongate blocky, or fibrous, and can range in size from cryptograined to medium-

grained.  A fracture at 2550.0 ft. in the Solsman core contains elongate blocky crystals 

composed of acicular interfingering fibers (Fig. 3.9).  Some fractures, such as the one at 

2595.5 ft. in the Solsman core, contain multiple morphologies of cement.  This fracture 

has medium-grained, blocky calcite in the center of the fracture, with cryptograined 

bands of calcite separated by trains of wall rock running down the right side of the 

fracture (Fig. 3.13).  Calcite cement usually completely seals a fracture, but there are 

several cases such as the fracture at 2625.6 ft. in the Solsman core where the fracture 

contains calcite crystals that partially fill the fracture and preserve some fracture porosity. 

The examples presented here serve to illustrate the heterogeneity of the fracture 

cements in the New Albany Shale.  Cement morphology can be affected by a number of 

factors, including but not limited to temperature, pressure, geochemistry of the saturating 

fluid, fluid flow rate, hydrocarbon saturation, fracture opening rate, and the texture of the 

host rock.  At this point, it is outside the scope of this thesis to determine the influences 

of these factors on cement morphology.  However, it is clear from the wide variety of 

cements observed in the fractures that fractures did not develop contemporaneously 

across the entirety of the formation, but rather formed at different times under disparate 

pressure, temperature, and/or geochemical conditions. 
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3.3.4.  Spatial Organization 

Fractures tend to be bound within fractured layers, although this need not be the 

case (Laubach et al., 2009).  Little information is available on the relationship between 

mechanical stratification and fracture stratification in shales, but it is likely that the height 

of fractures in the New Albany Shale is influenced by the thickness of mechanical units.  

The maximum height of fractures is 15 to 25 cm, but hard or soft linking of fracture tips 

can allow for taller composite fractures.  Hard linked fracture tips either hook towards 

each other or are connected with a short diagonal fracture running from tip to tip.  Soft 

linked fractures terminate with the tips in close proximity. 

Fractures appear to be grouped vertically in the New Albany, although this may 

be the result of sampling bias and clustering of fractures (Fig. 3.44).  The plots of depth 

vs. kinematic aperture, depth vs. height, and stratigraphic histograms should be examined 

together, as the histograms alone can be misleading.  For example, the histogram for the 

DPI well (Fig. 3.22) appears to show fractures occurring throughout the core, but the 

other plots reveal that these are all narrow fracture less than 10 cm tall.  The Solsman 

core from Sullivan County, Indiana and the CNX core from McLean County, Kentucky 

both appear to contain a greater concentration of fractures in the upper Clegg Creek.  The 

DPI core from Christian County, Kentucky contains more fractures at the very top and 

bottom of the Blocher, and these fractures are the tallest and widest fractures in this core.  

There are also intervals in the New Albany Shale that appear to be less intensely 

fractured.  The lower Clegg Creek and Camp Run in the Solsman core and the middle 

Blocher in the DPI core contain relatively few fractures.  Additionally, the Osburn Trust 

core contained only four fractures over its entire length through the Clegg Creek and 

Camp Run. However, fractures occur at fairly regular intervals throughout the CNX core, 

which is the only core that covers the entire section.  Due to the inherent limitations of 
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sampling fractures with core, it is difficult to say conclusively whether parts of the 

section actually contain relatively more or fewer fractures, but the data suggest that the 

upper Clegg Creek, upper Blocher, and lower Blocher are more abundantly fractured, the 

Camp Run and middle Blocher are less fractured, and the rest of the section is moderately 

fractured.  In outcrop, the lower Blocher had a high abundance of joints, and the Clegg 

Creek varied between a moderate and high abundance of joints.  The Selmier contained 

few joints in outcrop, and the Morgan Trail and Camp Run contained moderate 

abundances of fractures. 

The horizontal spatial organization of fractures will be explored in detail in 

Chapters 4 and 5, but it is important to note here that clustering of fractures may produce 

a sampling bias in different members of the shale.  High subcritical index causes fractures 

to tend to cluster together in groups spaced wider than mechanical layer thickness, 

whereas a more moderate subcritical index produces more evenly arranged fractures 

spaced at approximately the mechanical layer thickness.  This may explain the Clegg 

Creek fracture intensity discrepancy between the CNX and Solsman cores.  A cluster of 

fractures is much more likely to be intersected by a deviated well bore such as the 

Solsman, than a vertical well bore such as the CNX core (Fig. 3.44).  Given that previous 

studies have identified the Clegg Creek as the most intensely fractured interval and I 

confirmed this in my study of the Solsman core, it is likely that the vertical CNX core 

simply missed a major cluster of fractures in the Clegg Creek. 
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Figure 3.44.  Schematic diagram of how clustering of fractures and well deviation can 
cause a sampling bias in cores.  Vertical cores (e.g. DPI and CNX cores) 
may intersect few fractures (red) or several fractures (green), depending on 
whether they intersect clusters of fractures.  Slant cores (e.g. Solsman and 
Osburn Trust cores) may intersect many fractures (blue), but also may 
intersect relatively few fractures (orange) depending on the spacing between 
fracture clusters. 

Lithology can have an influence on spatial organization.  The variation in the 

vertical grouping of fractures is likely due to subtle lithologic changes.  For example, the 

Selmier Member has been previously reported as containing few natural fractures in core 

and few joints in outcrop (Campagna and Hill, 1999), likely because it is clay-rich and is 

not brittle enough to support fractures.   Conversely, 2 cm-tall silt layers in the DPI 

contain bed-bound fractures spaced one cm apart.  This suggests that parts of the New 

Albany Shale that are relatively silt-rich may be more brittle and able to support more 

fractures.  The link between lithology and fracture clustering will be explored more 
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thoroughly in Chapters 4 and 5, but it is important to note here that lithology influences 

fracture patterns, both vertically and horizontally. 

3.4.  Core Study Conclusions 

Four whole cores and pieces of four other cores were examined and sampled in 

order to provide a comprehensive characterization of the natural fractures in the New 

Albany Shale.  Fractures are ubiquitously narrow, steep-sided features commonly sealed 

to varying degrees with calcite cement. 

Fracture abundance varies by stratigraphic member.  The Clegg Creek is the most 

fractured member, followed by the Blocher.  The upper Clegg Creek and upper and lower 

Blocher are the most intensely fractured parts, although sampling bias may skew this 

data. 

Fractures are commonly less than 30 cm tall in core, but can link at the tips where 

the terminations of fractures are within 2-3 cm of one another.  This causes fractures to 

form taller composite fractures. 

The orientation of fractures from the Osburn Trust, DPI 2485-21, and CNX-

SA005 wells was interpreted from FMI logs by ResTech Inc. (2010).  The fractures were 

found to dominantly strike ENE-WSW in all wells irrespective of the local structural 

grain.  The fractures dipped both to the north and south.  Where parallel fractures were 

observed in core, the spacing ranged from 0.5 to 10 cm.  Cross-cutting relationships were 

observed in the CNX core, with the narrower, shorter fractures found to be older.  One set 

of fractures was observed on the image log at each depth where a cross-cutting 

relationship was recorded, and is presumably the wider, younger set, but the orientations 

between the pairs are not consistent. 
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Fractures commonly terminate with a gradual taper, but abrupt terminations at 

another fracture, at a bedding plane, or at a mudstone layer were also observed.  A 

fracture in the CNX core is partially sealed by mud injected into it from an underlying 

mudstone layer. 

Natural fractures have smooth planar or stepped planar surfaces, while induced 

fractures tended to be more irregular and rougher.  Induced fractures often gradually 

tapered out at the edge of the core, and one exhibited petal centerline geometry.  Hybrid 

fractures consisting of an induced fracture that nucleated off a preexisting natural fracture 

were also observed. 

Most of the fractures are in black mudstone, but a few 1-2 cm tall fractures are in 

silt layers.  Fractures that pass through interbedded silt and mudstone are commonly 

wider, more irregular, and contain bitumen vugs within the silt layers.  Brittle silt layers 

tend to support natural fractures more readily, and kinematic aperture tends to increase in 

silt layers. 

The cement within the fractures has a wide variety of characteristics.  Grain sizes 

ranges from cryptocrystalline to medium-grained, with blocky, acicular, feathery, fibrous, 

amorphous, anhedral to euhedral crystals.  Some cement contains inclusions of wall rock 

that has broken off the walls of the fracture, and one fracture in the Osburn Trust is 

bridged open by chalcedony.  This is evidence that fractures formed at different times in 

the formation’s history under varying pressure, temperature, and geochemical conditions.  

The cement is weakly bonded to the walls of the fractures and the cores commonly split 

apart along fracture planes.  This leads to the conclusion that natural fractures are weak 

planes that are susceptible to reactivation during hydraulic fracturing. 
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CHAPTER 4:  GEOMECHANICAL TESTING 

Spatial organization of fractures within the New Albany Shale is an important 

reservoir parameter. However, it is difficult to study due to the limited lateral extent of 

core and the apparent mismatch between fractures in outcrop and those in the subsurface 

(Chapters 2 and 3).  An alternative way to quantify spatial organization is to model 

fracture growth in the New Albany using a fracture propagation model input with varying 

geomechanical properties.  I tested New Albany Shale samples to obtain Young’s 

modulus (E), fracture toughness (KIC), and subcritical crack index (SCI), which are key 

input parameters for the geomechanical model. A description of the model and modeling 

results is presented in Chapter 5.   

Mechanical rupture of a material occurs when the mode I (normal opening) stress 

intensity factor, KI, is equal to KIC, at which time the fracture propagates with a velocity 

approximately equal to the speed of sound in the material (Lawn and Wilshaw, 1975).  

Conversely, subcritical crack growth occurs when cracks propagate at stress intensity 

factors below KIC and at velocities much lower than critical rupture velocity (Atkinson, 

1984).  Subcritical growth is facilitated by stress corrosion of the chemical bonds within 

the material (Atkinson, 1984; Swanson, 1984).  The subcritical index is derived from an 

empirical power-law function:  (KI/KIC) 

 

    Equation 4.1 (Charles, 1958) 

where V is the crack velocity, A is a critical fracture propagation velocity constant, and n 

is the subcritical index.  Subcritical index is an important property because it exerts a 

strong control on fracture length, spacing (Olson, 1993; Renshaw and Pollard, 1994; 
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Olson et al., 2001), connectivity (Renshaw, 1996), and the degree of fracture clustering 

(Olson, 2004). 

 

 

Figure 4.2.  Geomechanical models showing the effect of subcritical index on fracturing 
spacing and clustering.  At low values (n=20), fractures are evenly-spaced 
and occur individually.  At moderate (n=50) and high (n=100) values 
fractures tend to cluster together in widely-spaced groups. Modified from 
Olson (2004). 
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Figure 4.1.  Three regions of crack propagation.  Region I is dominated by stress 
corrosion.  Region II is controlled by the transport of reactive species to the 
crack tip.  Region III is where mechanical rupture occurs.  Subcritical crack 
growth occurs between the stress corrosion limit, K*I and the fracture 
toughness, KIC.  From Ozkan, 2010 after Atkinson and Meredith, 1981. 

The subcritical index of both homogenous, manufactured materials (Charles, 

1958; Evans, 1972) and geological materials (Atkinson, 1982; Atkinson, 1984; Atkinson 

and Meredith, 1989; Rijken et al., 2002; Rijken, 2005) has been studied extensively.  

Atkinson (1984) and Atkinson and Meredith (1989) performed tests on single crystals 

and polycrystalline ceramics and found that subcritical fracture growth is influenced by 

strain energy release rate, temperature, chemical environment, pressure, rock 

microstructure, and residual internal strains.  Atkinson (1984) also found that subcritical 

index tends to increase with increasing microstructural complexity of rocks.  Rijken et al. 

(2002) and (2005) attempted to determine the individual effects of mineralogy and 

texture and found that grain size, porosity, and cement mineralogy had the greatest 

effects on subcritical index.  I examined my test samples petrographically and found 
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qualitative correlations between mineralogical composition and subcritical index, but I 

was unable to quantify the effects.  The relationship between lithology and subcritical 

index will be discussed later in the chapter. 

Six core pieces were used for geomechanical testing samples.  One piece from the 

Orbit J. Ray Clark #1 well, two pieces from the DPI 2485-21 well, and three pieces from 

the CNX SA-005 well were prepared into geomechanical test samples.  The depths of the 

samples and stratigraphic locations of the pieces are shown in Figure 4.3.  All five 

stratigraphic members are represented by at least one core piece, with the Blocher 

represented by two pieces. 
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Figure 4.3.  Depths and stratigraphic locations for the core pieces used for geomechanical 
testing. 

4.1.  Geomechanical Testing Methodology 

The New Albany Shale proved to be significantly more difficult to use than other 

rock types for geomechanical testing because of the fragility of the rock and the relatively 

sparse amount of previous data with which to compare my results.  In this section I 

present the methods I used, which evolved over time, as well as my recommendations for 

future methodologies.  My suggestions are a result of trial and error, and are empirically 

found to maximize both sample recovery and data quality. 
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4.1.1.  Sample Preparation 

The core pieces used in this study were not preserved in any way.  For future 

work, care should be taken to preserve the volatile content of the shale as best possible.  

The samples should at least be wrapped in plastic wrap and/or placed in sealable plastic 

bags as soon as they are retrieved.  The time between coring and testing should be 

minimized so that dehydration of the shale prior to cutting is minimized.  Loss of 

volatiles can lead to bedding-parallel cracking which reduces the competency of the 

sample.  Core pieces should also be as long as possible so that a sufficient number of 

samples can be cut for repeatability purposes. 

First, the core samples were sliced parallel to bedding using an oil-cooled saw.  

The samples were clamped in to the mechanism that feeds the core through the saw at a 

rate of approximately 3.5 mm/minute to minimize stress and vibration.  If bedding was 

not perpendicular to the core axis, the sample was clamped at an angle so that the slices 

were still parallel to bedding.  The optimal thickness of the slices is 0.065 in. (1.65 mm).  

Care must be taken not to exceed 0.080 in. (2.03 mm) because it reduces the quality of 

the test data.  All tests from samples that were thicker than 0.080 in. were eventually 

discarded because a power-law decline curve could not be fit to the data. 

During cutting, approximately half the slices crumbled or cracked along bedding-

parallel cracks, which make the sample less competent.  Fresh, preserved core is better 

because it has fewer bedding-parallel cracks than older cores.  Natural fractures are also 

planes of weakness that can cause a slice to fall apart. 
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Figure 4.4.  Photograph of the saw and clamp mechanism used to slice the core samples 
into thin, bedding-parallel disks. 

Next, the slices were cut into rectangles measuring 1.10 in. (2.79 cm) wide and at 

least 2.00 in. (5.08 cm) long (Fig. 4.5).  The samples were almost always longer than two 

inches, but this is the minimum length required to satisfy both experimental and 

theoretical conditions.  A groove approximately 0.02 in. (0.51 mm) deep was cut 

lengthwise down the center of the chip to guide the growth of the subcritical crack.  A 

notch was cut in one end of the chip to represent a flaw from which the crack will 

propagate.  Measurements of all sample dimensions are provided in Appendix C.2.  

Samples sometimes fall apart during this stage of preparation.  In total, I achieved a 

recovery rate of slightly less than 50%.   

All the samples from the CNX core were then placed in a vacuum oven overnight 

to remove the saw-cooling oil.  The Orbit Clark and DPI samples were left wrapped in 

paper towels to soak up residual oil.  Both methods were equally effective in removing 
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the oil because it did not soak into the samples and needed only to be removed from the 

surface. 

 

Figure 4.5.  Diagram of a sample prepared for subcritical index analysis. 

4.1.2.  Testing Procedure 

The samples were tested for subcritical crack index and fracture toughness using a 

dual-torsion load-relaxation test.  The dual-torsion machine applies a constant 

displacement at a rate that can be precisely controlled with a computer-controlled motor 

(Fig. 4.6; 4.7).  A load cell measures the load and a micrometer measures the 

displacement of the sample.  The dual-torsion test is described in detail in Evans (1972), 

Holder (2001), and Gale et al. (2007).  A description of the derivation of the dual-torsion 

test can be found in Williams and Evans (1973) and (2009).  The test relies on the 

observation that sample compliance is a linear function of crack length.  The subcritical 

index can be calculated by measuring the load decay over time as the crack propagates 

and fitting a power-law equation to the load decay curve. 
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All tests were performed in air at 21-24°C (70-75°F), one atmosphere, and 50% 

relative humidity.  Subcritical index is partly dependent on the fluid in the crack.  

Previous studies have shown that immersion of the sample in water or other corrosive 

mediums reduces subcritical index values by approximately 50% (Holder et al., 2001; 

Kumar, 2009).  I was concerned about the stability of the shale in water and decided to 

perform my tests in air with the knowledge that subcritical values are likely to be at the 

high end of the range for the rock.  Future work should include a study on effects of a 

corrosive medium on subcritical index in shales.  I recommend using whole cores at least 

4 inches in diameter so that multiple samples can be cut from the same slice, one of 

which should be tested in air and the other in water.  It is best to compare results from 

two adjacent samples because my results indicate that SCI can be variable from slice to 

slice. 
 

 

Figure 4.6.  Dual-torsion mechanism used for geomechanical testing with various 
components labeled.  Care must be taken on this instrument to ensure that 
the displacement micrometer is functioning correctly. 



 185 

 

Figure 4.7.  Schematic of the dual-torsion mechanism used for geomechanical testing 
(Williams and Evans, 1973). 

Young’s modulus is the first test performed on all samples since it is 

nondestructive.  The sample is loaded with 3-4 lbs. and subsequently unloaded.  Three to 

four cycles of loading and unloading, each lasting approximately 15 seconds, are 

performed to ensure good data recovery. 

The samples are then tested for subcritical index and fracture toughness.  Two 

different methodologies were used to load the samples.  The Orbit Clark and DPI samples 

were loaded at a constant rate either in large steps of 3-4 lbs. or loaded constantly until an 

observed drop in load signaled the initiation of crack growth, at which time displacement 

was held constant and the load allowed to decay for approximately 10 minutes (Fig. 4.8).  

This method was slightly revised for the CNX sample testing.  In order to account for the 

effects of non-elastic sample relaxation the samples were loaded in small increments of 

1-1.5 lbs. and the samples allowed to relax until a constant load was observed (Fig. 4.8).  

This process was repeated until a sharp drop in load signaling the initiation of crack 

growth was observed, at which time the load was allowed to decay for approximately 10 
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minutes.  The second method was found to produce results that have a better fit to a 

power-law curve than the results obtained by the first method.  Good curve fits are 

required for subcritical index calculation.  Therefore, I recommend that a stepped loading 

method be used for all future tests in shales. 

 

 

Figure 4.8.  Graphs showing the two methodologies used for loading the samples.  
Stepped loading produces better data. 

The crack length for a single test was commonly less than the total length of the 

specimen, allowing multiple tests and multiple values to be gathered from each sample.  I 

continued to run tests on a sample until it completely broke apart. 

4.1.3.  Data Reduction 

After testing, the raw data files are analyzed using several MATLAB scripts.  

Young’s modulus is calculated from load and displacement data, while subcritical index 

and fracture toughness only use load data.  Data points are recorded once every second. 

For Young’s modulus, the start and end points should be selected so that the points in 

between have a linear relationship.  All fracture toughness measurements presented in 

this chapter were calculated from the maximum measured load, which usually coincided 

with the peak load before the first load decay on a given sample. 
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Selecting the start point for subcritical index calculations is more subjective.  

There is a sharp drop in load after crack initiation where propagation approaches critical 

speeds; the selected start point must be after this region to ensure that the data are within 

the subcritical growth region.  A good curve fit is also essential.  The curve that is fit to 

the data must have a low error, especially in the first few seconds of the load decay when 

the load is decreasing rapidly (Fig. 4.9).  The curves for all tests from which a value was 

calculate are in Appendix C.  Results from the Orbit Clark and DPI samples initially 

showed an extremely wide range that could not be explained.  Upon reexamination of the 

curve fits for these data, many results were thrown out and the variability of the measured 

subcritical index values was reduced.  Some tests have “bumps” in the data where the 

load decreases rapidly after flattening out (Fig. 4.9).  Physically, the crack tip is likely 

passing through areas of the sample with different subcritical indices, and the crack 

accelerates in response, producing the bump in the data.  These data cannot be salvaged 

in any way and must be discarded or else erroneous values for subcritical index will be 

calculated.  In order to obtain a good data value, the crack must grow according to one 

subcritical index, or else the value cannot be extracted from the data.  In total, 62 

individual SCI values were obtained from approximately 125 runs. 
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Figure 4.8.  Examples of both well-fitting and poorly-fitting power-law curves.  Bumps in 
data will always cause the subcritical index to be incorrectly calculated. 

4.1.4.  Petrographic Methods 

Twenty-two geomechanical samples from the Orbit Clark and DPI wells were 

made into polished thin sections for petrographic study.  The sections were scanned with 

a Nikon high-resolution thin section scanner and examined with a Nikon LV100 

petrographic microscope equipped with a Nikon DS-Ri1 cooled digital camera and 

reflected-light capabilities.  The sections were studied for lithology, texture, and crack 

morphology.  Three sections were also carbon-coated and examined using a scanning 

electron microscope to examine fine textures and chemical compositions of areas on the 

sections.  The samples were studied in an attempt to determine the lithologic controls on 

the geomechanical parameters.  This subject will be discussed later in the chapter, but 

petrographic study of the samples proved to be inconclusive in constraining the reasons 

that subcritical index, fracture toughness, and Young’s modulus varied from sample to 

sample, and from core to core.  I suggest that future work should include x-ray diffraction 

and/or x-ray fluorescence analysis, and perhaps more time devoted to SEM study of the 

sections, as the constituents of the rock are simply too small to be adequately studied 

through standard transmitted light petrography alone. 
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4.2.  Geomechanical Data 

The geomechanical data from the six core pieces are compiled in Appendix C.  

The core piece name, abbreviation, and stratigraphic member are given in Table 4.1.  

Young’s modulus is in units of GPa, KIC is in units of MPa*√m, and subcritical index is 

dimensionless. 

 

Core Name Abbreviation Stratigraphic 
Location 

CNX SA005-3624’ CNX-3624 Clegg Creek 
CNX SA005-3650’ CNX-3650 Camp Run 
CNX SA005-3700’ CNX-3700 Morgan Trail 
DPI 2485-21, 2528.5’ DPI-2528.5 Selmier 
DPI 2485-21, 2537.5’ DPI-2537.5 Blocher 
Orbit Clark #1, 2280’ NAOJ-2280 Blocher 

Table 4.1.  Names, abbreviations, and stratigraphic locations of the six core pieces used 
in this study. 

The values for subcritical index in the New Albany Shale samples range from 24 

to 136, with a mean of 59.  Most values fall within a range of 40-65 (Fig. 4.10.).  This is 

considerably lower than Barnett Shale values, which are commonly greater than 100 and 

can be in excess of 200 (Gale et al., 2007).  The values also varied by stratigraphic 

member, with the Selmier consistently having the lowest subcritical index and the Camp 

Run the highest (Table 4.2.).  The low values in the Selmier are due to the high clay 

content of the shale in that member.  The variability is also greater than Barnett tests, 

with most core pieces on which multiple tests were done having a variability greater than 

30. 
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Core Strat. 
Interval Min. Max. Mean Median Std. Dev. # of 

Tests 
CNX-3624 Clegg Ck. 42 76 53 51 10.5 10 
CNX-3650 Camp Run 70 89 81 83 6.5 8 
CNX-3700 Morgan Tr. 39 98 53 46 20.7 7 
DPI-2528.5 Selmier 24 59 46 36 12.9 5 
DPI-2537.5 Blocher 35 91 54 51 15.8 13 
NAOJ-2280 Blocher 43 136 72 62 26.3 18 

Table 4.2.  Subcritical index statistics for the six core pieces tested. 

 

Figure 4.10.  Histogram showing the frequency of all subcritical index measurements. 
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Sample Silt Pyrite SCI (mean) E KIC 

DPI-2528.5 1 low low 31 16.5 - 
DPI-2528.5 3 high low 36 22.9 0.62 
DPI-2537.5 1 med med - 14.7 - 
DPI-2537.5 2 high med 62 13.0 0.76 
DPI-2537.5 3 med low 77 13.7 1.03 
DPI-2537.5 4 med med 44 17.5 1.04 
DPI-2537.5 6 med med 60 15.5 1.12 
DPI-2537.5 9 high high 38 19.1 1.08 
DPI-2537.5 10 high high - 19.3 1.39 
DPI-2537.5 11 high med 42 19.8 1.25 
DPI-2537.5 12 high high - 21.6 0.90 
DPI-2537.5 13 high med 54 26.4 1.76 

NAOJ 2A med low 66 - 1.79 
NAOJ 3A med low 62 - 2.00 
NAOJ 3B med med 48 23.4 0.93 
NAOJ 4 high med 110 - 0.36 

NAOJ 7A med low 49 19.6 1.13 
NAOJ 7B high med 43 14.7 0.95 
NAOJ 8A med low 52 - 1.94 
NAOJ 8B med low 102 - 1.78 
NAOJ 9A high med 74 23.1 1.34 
NAOJ 9B high med 57 21.1 1.31 

Table 4.3.  Characteristics of the 22 samples used for petrography. 

I attempted to determine the lithologic controls on subcritical index, Young’s 

modulus, and fracture toughness through petrographic examination of 22 thin sections 

prepared from tested samples of the Orbit Clark, DPI-2528.5’, and DPI-2537.5’ cores.  

Specifically, I was interested in the effect of variations in quartz and dolomite silt and 

pyrite content, grain size, and presence of natural fractures on the measured 

geomechanical properties. 
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Figure 4.11.  Plot of subcritical index against relative amount of silt in the petrographic 
samples. 

Based on an initial examination of the data and thin sections, it appeared that 

samples with a relatively higher silt content tended to have a subcritical index.  However, 

when all the data are plotted (Fig. 4.11), this correlation does not hold true.  Although the 

highest measured value does occur in a sample with high silt content, the values 

measured in samples with high silt range from 36-110, with most of the values falling 

between 40 and 80.  Therefore, there is no conclusive evidence that a sample with a 

higher silt content will have a higher subcritical index.  Samples with a relatively 

moderate amount of silt have indices ranging from 44-102, with most again falling 

between 40 and 80.  Samples with moderate silt content do not have significantly 

different values than samples with high silt content. The lowest measured value occurred 
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in a sample with a low silt content, but it is only a single data point and is not sufficient to 

conclude that low silt content correlates with low measured subcritical index. 

 

 

Figure 4.12. Plot of subcritical index against relative amount of pyrite in the petrographic 
samples. 

Initially, it appeared that samples with high silt content also had a high pyrite 

content, but upon closer examination this also proved to be untrue.  I based my original 

hypothesis on the observation that samples that contain clusters of silt also tend to have 

high amounts of pyrite in the silt clusters.  However, clusters of silt and pyrite only occur 

in 6 of the 22 samples.  In all other samples, the silt and pyrite are dispersed fairly evenly 

throughout the rock mass, and in these samples the pyrite content was either moderate or 

relatively low. 
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Similar to silt, pyrite content does not appear to have a systematic correlation 

plotted against subcritical index (Fig. 4.12).  The sample with the highest pyrite content 

had the lowest subcritical index, at 38.  Samples with moderate amounts of pyrite have 

indices ranging from 42 to 110, with most lying between 40 and 60.  Samples with low 

amounts of pyrite show the widest range in indices, with values between 31 and 102 and 

all values except one falling between 30 and 80. 

 

 

Figure 4.13.  Plot of Young’s modulus against relative silt content in the petrographic 
samples. 

Continuing with the trend, Young’s modulus does not vary systematically when 

plotted against variations in silt content (Fig. 4.13).  The single sample that contained a 

relatively low amount of silt, DPI-2528.5 #1, has a Young’s modulus value of 16.5 GPa.  



 195 

Samples with moderate amount of silt have values ranging from 13.7-21.9 GPa, and 

samples with high amounts of silt have E values ranging from 13.0-26.4 GPa.  Thus, it 

appears that as the silt content of the samples increase, the range of Young’s modulus 

values increases.  There are two possibilities for this.  The first is that increasing silt 

content causes the rock to behave more variably when tested for Young’s modulus.  The 

second is that the data appear this way because there are a greater number of samples that 

have relatively high silt content.  There is one sample with a low silt content, five 

samples with a moderate silt content, and ten samples with a high silt content.  Therefore, 

it is also possible that the values of Young’s modulus naturally vary a great deal in the 

shale regardless of silt content, and it just appears that it is more variable in samples with 

high silt content because that subset of the data happens to be more well-represented.  At 

this time it is difficult to know which of these possibilities is more likely.  However, in 

the plot of pyrite content against E (Fig. 4.14), Young’s modulus also has the widest 

range in the most well-represented subset of samples, which are those with moderate 

pyrite content.  Thus it appears more likely that the rock naturally has a large natural 

variability in Young’s modulus values, and that the apparent trends in this data (Fig. 

4.13) are caused by the division of samples into different categories.  However, more 

testing is needed to verify this hypothesis. 

Young’s modulus does not appear to systematically correlate with pyrite content 

either (Fig. 4.14).  Samples with a low pyrite content had values of E ranging from 13.7-

22.9 GPa, samples with a  moderate amount of pyrite had values ranging from 13.0-26.4 

GPa, and samples with a relatively high pyrite content had values ranging from 19.1-21.6 

GPa.  The subset that contains the most samples, those with moderate amount of pyrite, 

shows the widest range in values. 
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Figure 4.14.  Plot of Young’s modulus against relative pyrite content in the petrographic 
samples. 

Fracture toughness does not appear to vary systematically with silt content (Fig. 

4.15).  The only sample with a low silt content has a KIC value of 0.50 MPa√m, samples 

with moderate amounts of silt have KIC values ranging from 0.93-2.00 MPa√m, and 

samples with high silt content have values ranging from 0.36-1.76 MPa√m.  There is no 

systematic variation in fracture toughness with respect to silt content, even when broken 

down into subsets by which core piece the sample came from.  Values from the DPI-

2528.5’ core do not show an increase or decrease in fracture toughness with increasing 

silt content, nor do the DPI-2537.5’ or NAOJ-2280’ values.  Interestingly, the lowest 

value of 0.36 occurred in NAOJ-2280’ #4, which had the highest measured subcritical 

index value of 110. 
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Figure 4.15.  Plot of fracture toughness against relative amount of silt in the petrographic 
samples. 

Finally, fracture toughness does not systematically correlate with pyrite content of 

the rock (Fig. 4.16).  Samples with low amounts of pyrite have KIC values ranging from 

1.03-2.00 MPa√m, samples with moderate amounts have values ranging from 0.36-1.34 

MPa√m, and those with high silt content have KIC values ranging from 0.9-1.76 MPa√m.  

The mean for all samples with a low silt content is 1.53, the mean for all samples with a  
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Figure 4.16.  Plot of fracture toughness against relative pyrite content in the petrographic 
samples. 
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Figure 4.17.  Plot of KIC vs. Young’s modulus. 
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Figure 4.18.  Plot of subcritical index vs. KIC. 



 201 

 

Figure 4.19.  Plot of subcritical index against Young’s modulus. 

I also explored the relationships between the three measured geomechanical 

parameters.  I broke the data out into subsets of each core piece and plotted subcritical 

index, fracture toughness, and Young’s modulus against each other.  Young’s modulus 

and fracture toughness are positively correlated for all cores except the NAOJ-2280’, 

where the trendline is nearly flat (Fig. 4.17).  Subcritical index appears to be negatively 

correlated with fracture toughness (Fig. 4.18).  Data from all cores except for the SA005-

3624’ have a trendline with a negative slope, but the slopes vary.  The slopes for the data 

from the SA005-3700, DPI-2537.5, and NAOJ-2280’ are low, while the data from the 

SA005-3650’ have a steep negatively sloped trendline.  The relationship between 

subcritical index and Young’s modulus appears to be more complex, if in fact a 

systematic relationship exists at all.  Overall, subcritical index is negatively correlated 
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with Young’s modulus when all the data are considered, but the correlation factor is low.  

Data from four cores show a negative correlation, while data from the other two show a 

positive correlation.  It is difficult to say with certainty what the relationship may be, but 

based on the R2 values of the trendlines it seems more likely that a negative correlation 

exists between subcritical index and Young’s modulus.  In fact, R2 values for all of the 

relationships range from 0.00026-0.8663 (I excluded the value of R2=1 from the SA005-

2624’ in Fig. 4.19 since it only applied to two points).  Using a cutoff of 0.5 as a good R2 

value, eight out of the sixteen trendlines fit the data well.  With only a 50% success rate 

in correlating the three geomechanical parameters to each other, it is difficult for me to 

say with certainty that these relationships exist, and that they correlate in the manners that 

I have described.  I recommend that further testing of shales be performed to more fully 

determine the nature of the relationships between subcritical index, fracture toughness, 

and Young’s modulus. 

The grain size of a sample is intrinsically linked to its silt content.  A sample with 

higher silt content will have a larger grain size.  Therefore, given that silt content is not 

linked to subcritical index, fracture toughness, or Young’s modulus it is not surprising 

that a systematic correlation was not observed between grain size and these parameters.  

A coarser grain size by itself had no systematic effect on the subcritical index of a 

sample.  Sample DPI-2528.5’ #1 contained a coarser texture at one end of the chip than at 

the other, but the values of subcritical index were consistent for all tests conducted on this 

sample.  If grain size were a major factor in the measured subcritical index of the New 

Albany Shale, then the values would be expected to change as the crack tip propagates 

through different parts of the rock. 

Samples NAOJ-2280 – 2A and 3A from the top of the Orbit Clark core piece 

contained natural fractures, but these did not appear to affect subcritical index.  The 
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natural fracture in sample 2A was split apart through the calcite cement, while the 

fractures in sample 3A remained intact.  Therefore, the fractures in 3A are not expected 

to affect the subcritical index, but according to Wu et al. (1978), the branching of the 

crack into the natural fracture in 2A should have caused the energy needed for crack 

propagation to increase, which would cause an increase in subcritical index according to 

the equation: 

  Equation 4.2 (Gesing and Bradt, 1983) 

where n = subcritical index, c =  a constant, a = flaw length, d= grain size, G = applied 

crack propagation force, and Go = critical crack extension force (material property).  

Following this equation, the subcritical index of a rock would decrease if more energy 

were needed to induce cracking due to branching of the crack into a natural fracture.  

This indicates that either the actual subcritical index value for sample 2A is higher than 

what was measured, or that the measured values accurately reflect the actual value of the 

rock and the sample cracked open along the fracture due to stresses from thin section 

preparation.  Without direct observation of the crack growth, it is difficult to say which of 

these is the case. 

Published Young’s modulus and KIC data for shales are summarized in Table 4.4, 

and the values for nearly all samples were within normal ranges, although on average 

New Albany Shale samples have higher KIC and lower Young’s modulus. One exception 

is that the KIC values for the DPI-2528.5 core were very low, ranging from 0.50-0.64 

MPa√m.  This core piece comes from the Selmier Member, which has been described as 

richer in clay minerals than any of the other members (Lineback, 1968).  After the 

preparation and drying of the samples, the clay in the samples is very weak and prone to 
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breakage.  These samples consistently had the lowest subcritical indices and highest 

Young’s moduli of all cores tested.   

 
 

 
Sample 

KIC (MPa√m) 
range  (mean) 

E (MPa) 
range  (mean) 

Published Shale Data 0.7 – 2.16 (0.9) 4500 – 61000 (26800) 
SA005-3624’ 1.44 – 2.27 (1.77) 7118 – 18814 (13793) 
SA005-3650’ 1.70 – 2.76 (1.93) 5339 – 20340 (15255) 
SA005-3700’ 1.61 – 2.06 (1.69) 17288 – 23136 (18916) 
DPI-2528.5’ 0.50 – 0.62 (0.55) 16526 – 22882 (21102) 
DPI-2537.5’ 0.76 – 1.76 (1.15) 13729 – 26441 (18077) 
NAOJ-2280’ 0.36 – 2.00 (1.28) 9153 – 23342 (19877) 

Table 4.4.  Young’s modulus and KIC values from published data compiled in Rijken and 
Cooke (2001) and the samples used in this study. 

4.3.  Geomechanical Testing Discussion 

The hypothesis tested in this study is that a combination of outcrop and core 

observations, rock property tests, and geomechanical modeling can yield accurate 

representation of essential natural fracture attributes that cannot be obtained from any of 

the methods alone. 

Preparation of geomechanical test specimens of New Albany Shale is difficult.  

Out of 75 total core slices 50 samples were made – a 66% recovery rate.  However, this is 

misleading, as 15 of the samples came from only 9 slices of the Orbit Clark core piece.  

The recovery rate for the other 5 pieces from the DPI and CNX cores was 50%.  

Combined with the fact that the data for half of the runs had to be discarded due to poor 

quality, I was only able to produce results from 25% of the available rock material.  The 

issue that arises is whether these data are truly representative of the samples.  It is unclear 

whether there is an underlying reason that some core slices or samples fall apart while 
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others remain intact.  It may be that more clay-rich layers in the rock are less stable, and 

that subcritical index, fracture toughness, and Young’s modulus from those parts of the 

rock are underrepresented in the data set.  However, given that I have no data on how the 

three parameters vary with different amounts of clay, it is not possible to determine if the 

values for the parameters are skewed towards the high or low side.  At this time, I make 

the assumption that the data from a given sample are representative of the properties for 

that sample in order to analyze the effects of varying subcritical index on the spatial 

organization of fractures.  Subcritical index, Young’s modulus, and fracture toughness 

vary from member to member in the New Albany. Given that these parameters affect 

fracture growth this variation suggests that each member will have a characteristic spatial 

arrangement of fractures, and that some members are more likely to have clustered versus 

evenly-spaced fractures.  This topic will be discussed in detail in Chapter 5 in 

conjunction with geomechanical models that use the values obtained from testing as input 

parameters.   

An important question that remains to be answered is whether the subcritical 

index as measured in the laboratory is the same as at reservoir conditions at the time of 

fracturing.  The effects of confining pressure on the measurements are relatively 

unknown, and determining these effects is a difficult task (Holder, 2011; Olson, 2011).  It 

is likely that confining pressure has a marginal effect on the equations governing 

subcritical index, and measurements obtained at ambient lab conditions should not be 

much different from those in the subsurface (Gale et al., 2007; Ozkan, 2010).  

Temperature has been shown to affect fracture toughness, but its effect on subcritical 

index is unknown (Zuo et al., 2009).  At this point there is no information available on 

how subcritical index changes over time as the shale undergoes diagenesis such as 

compaction, mineral replacements, clay conversion, and hydrocarbon generation.  For 
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many of the fractures in the shale, the opening of which may or may not have been 

assisted by hydrocarbon generation (Engelder et al., 2009), most diagenesis had likely 

taken place already, and I assume that the subcritical index as measured is close to what it 

was at the time of fracturing.  The exception to this are the compacted veins in the 

Blocher since they formed early in the burial history before most diagenesis took place.  

The subcritical index of the shale was likely different at the time these veins formed, but 

at the time of writing I cannot speculate on what it may have been. 

The silt and pyrite content of a sample does not appear to correlate with the 

measured subcritical index, fracture toughness, or Young’s modulus.  This may be due to 

the relatively small population of samples that were characterized.  For example, Rijken 

(2005) studied thin sections of 67 samples in order to determine the lithological controls 

in various sandstones, versus only 22 for the New Albany Shale.  It is possible that trends 

may become more apparent with a larger sample population.  However, I believe it is 

more likely that the controls on the geomechanical parameters are more complicated than 

the amount of silt or pyrite in a given part of the rock.  The amount of clay, the type of 

clay, the amount of organic matter in the shale, porosity, pore shape, and diagenesis are 

all possible controls.  However, at this point I cannot evaluate the effects of these factors. 

4.4.  Geomechanical Testing Conclusion 

I measured the Young’s modulus, fracture toughness, and subcritical index of 

New Albany Shale samples for use as input parameters for a geomechanical model that 

simulates fracture pattern development.  Of these parameters, subcritical index is the 

most important because it controls whether fractures will be evenly-spaced at a distance 

roughly equal to mechanical layer thickness, or whether fractures will occur in widely-

spaced clusters at distances greater than mechanical layer thickness.  Subcritical crack 
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growth occurs at stress magnitudes and velocities much lower than critical rupture.  

Fracture toughness and Young’s modulus also play important roles in controlling spatial 

organization. 

Subcritical crack index showed a wide variability, with values ranging from 24 to 

136.  Petrographic examination of the pyrite and silt content of 22 samples did not reveal 

the main cause of this variability.  The Selmier Member had the lowest overall subcritical 

index, and the Camp Run the highest.  The Clegg Creek, Morgan Trail, and Blocher 

Members had moderate subcritical index values.  Young’s modulus and critical fracture 

toughness also varied by member, but all values were within normal ranges for shale.  

The Selmier Member had a significantly lower KIC than the other members. Young’s 

modulus was found to positively correlate with KIC, while subcritical index is negatively 

correlated with KIC.  The relationship between Young’s modulus and subcritical index is 

unclear from the data. 

Overall, the subcritical index data show a fairly large variability that is likely due 

to mineralogical variations from core to core and from sample to sample.  The effects of 

these variations and of Young’s modulus and KIC on the spatial organization of fractures 

will be discussed in detail in Chapter 5. 
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CHAPTER 5:  GEOMECHANICAL MODELING 

Spatial organization of fractures within the New Albany Shale is an important 

reservoir parameter.  Optimization of drilling practices and hydraulic fracturing 

techniques requires knowledge of the spacing between natural fractures and the degree of 

clustering of fractures.  Several authors have demonstrated through experimental studies 

(Blanton, 1982; Warpinski and Teufel, 1987; Renshaw and Pollard, 1995; Zhou and Xue, 

2011) and with numerical modeling (Zhang and Jeffrey, 2006; Zhang et al., 2007; Olson 

and Dahi-Taleghani, 2010; Chuprakov et al., 2011) that natural fractures may affect the 

propagation of hydraulic fractures.  However, this task is difficult to accomplish with 

core and outcrop studies.  Core provides limited coverage, while outcrop studies are 

problematic, as explored in Chapter 2 of this thesis, because of the differences between 

barren joints observed in outcrop and sealed fractures present in the subsurface.  

Geomechanical modeling provides an alternative tool to address spatial organization.  In 

order to model fracture propagation patterns, I used Joints, a boundary element model 

(Olson 1993, 1997, 2004).  This model allows me to model fracture patterns within each 

member of the New Albany Shale using the subcritical index, fracture toughness, and 

Young’s modulus obtained from geomechanical tests (Chapter 4). 

I will provide a brief description of the model here, but I refer the reader to Olson 

(1993, 1997, 2004) for a more complete discussion of the Joints model.  Joints is a 

fracture pattern growth simulator that uses a subcritical, opening-mode fracture 

propagation mechanism.  It operates by imposing a strain displacement on the model, and 

calculating the stress intensity induced on a number of starter flaws, which serve as 

fracture seeds.   Fracture propagation is simulated by adding constant-length elements to 

the tips of the starter flaws.  The model is pseudo-3-D; meaning that the results are 
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displayed in a 2-D plan view, but bed height is included in the governing equations.  

Fracture pattern growth is influenced by a large number of factors beyond subcritical 

index, Young’s modulus, and fracture toughness, but sensitivity analyses of these factors 

are beyond the scope of this study. 

5.1.  Geomechanical Modeling Methodology 

The goal of modeling is to investigate the effects that variations in measured 

subcritical index have on spatial organization of fractures.  One model was run for each 

of the minimum and maximum subcritical index values measured from a single load 

decay curve in all samples from a given core, and another model was run using the mean 

value for the entire core piece.  This method was used in order to highlight contrasts in 

modeled fracture patterns using various values of subcritical index.  Young’s modulus 

and fracture toughness were held constant for each core sample.  Table 5.1 contains the 

values that were changed for each model. 

Joints requires a large number of parameters to be input.  Some user-chosen 

parameters such as the number of fracture seeds, size of the model, and loading 

conditions remained consistent throughout all of the models (Table 5.2), while other 

parameters such as Young’s modulus, fracture toughness, and subcritical index varied 

from model to model (Table 5.1).  Qualitative sensitivity analyses were performed to 

determine the influence of fracture toughness and Young’s modulus on fracture patterns. 
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Sample Member Min. 
SCI 

Mean 
SCI 

Max 
SCI 

E 
(GPa) 

KIC 
(MPa√m) 

SA005-3624’ Clegg Ck. 42 53 76 13.8 1.77 
SA005-3650’ Camp Run 70 81 89 15.3 1.93 
SA005-3700’ Morgan Tr. 39 53 98 18.9 1.69 
DPI-2528.5’ Selmier 24 46 59 21.1 0.55 
DPI-2537.5’ Blocher 35 54 91 18.1 1.15 
NAOJ-2280’ Blocher 43 72 112 19.9 1.28 

Table 5.1.  Variable values used for each model. 

Parameter Value 
Iterations 1500 
# of Initial Fracture Seeds 250 
# of Boundaries 4 
Initial Flaw Spacing 2 elements 
Model Size 20 m x 20 m 
Initial X Strain 0 m 
Total X Strain 0 m 
Initial Y Strain 0 m 
Total Y Strain .1 m 
Strain Increments 100 
Loading Time 10 My 
Fracture Friction Coefficient 0.6 
Diagenesis None 
Mixed Mode? No 
Bed Height 5 m 
Subcritical Threshold 10% of KIC 
Poisson’s Ratio 0.3 

Table 5.2.  Parameters that were unchanged for all models. 

The model size was limited to 20 m by 20 m for time considerations, since larger 

models take longer to run.  Strain was applied in the Y direction only, causing all 

fractures to propagate in an X direction.  Also, mixed mode propagation and diagenesis 

were not allowed.  The bed height was a difficult parameter to set.  Individual fractures in 

the New Albany reach heights of up to 2 m, but linking of fracture tips has been observed 
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in core and outcrop.  Linking of fracture tips has the potential to create taller, composite 

fractures.  Therefore, I chose 5 m as the bed height to account for this occurrence.  The 

subcritical threshold is a stress intensity factor below which no crack growth occurs, and 

is theorized to be approximately 1/10 the magnitude of fracture toughness (Segall, 1984). 

 

5.2.  Model Data and Analysis 
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Figure 5.1.  Example cumulative number plot and models of evenly-spaced, clustered, 
and mixed fracture patterns. 

I analyzed the spatial organization of the fracture patterns in the models both 

qualitatively and quantitatively.  I made qualitative observations of the amount of fracture 

clustering within a set of models for a given core piece.  For a quantitative analysis, I 

measured fracture spacing on a single scanline in the Y-direction across the center of the 

model, extracted length data from the model, and then constructed cumulative number 

plots for both length and spacing.  A preferred method for quantifying spatial 

organization of fractures along a scanline is to use a modified two-point correlation 

integral (Gomez, 2007).  However, this method requires more data points than are 

available in the models.  Therefore, my analysis is limited to comparison of the 

cumulative frequency plots for the different models rather than a robust analysis of 

spatial organization. 

I expected that low values of subcritical index would produce more evenly-spaced 

fracture patterns, while high values of subcritical index would produce more clustered 

fracture patterns, in accordance with previously published results (Olson, 1993, 2004; 

Rijken, 2005).  To aid with interpretation of the plots I generated synthetic fracture 

patterns representative of clustered, evenly-spaced, and mixed pattern types and 

constructed cumulative number plots for these (Figure 5.1.)  Clustered fracture patterns 

have a few spacing values ranging from 4-10 m, with most spacing values ranging from 

0.1 to 1.0 m.  On the cumulative number plot, this results in a pattern that has a few data 

points at high value, a steep line of data points at low spacing values, and a higher 

number of fractures overall.  An idealized plot of evenly-spaced fractures would have a 

single vertical line of data points.  However, models run with relatively low subcritical 

index (n≈20) still produce fracture patterns with a fairly wide range of spacing values.  
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Most fractures are spaced 2-4 m apart, with fewer fractures spaced less than 1 m apart.  

The cumulative number plot shows this data as a relatively steep line of data points from 

2-4 m, with a few data points plotting between 0.5 and 1.0 m and a lower number of 

fractures.  Patterns that are a mix of regularly-spaced and clustered fractures have smaller 

maximum spacing values and fewer data points at very low spacing values than strongly 

clustered patterns.  Similar to clustered patterns, they show a steeply sloped line of data 

points at low spacing values on a cumulative number plot. 
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Figure 5.2.  Cumulative number plot of the spacing in the models from the CNX SA-005 
3624’ core sample data. 
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Figure 5.3.  Cumulative number plot of the spacing in the models from the CNX SA-005 
3650’ core sample data. 
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Figure 5.4.   Cumulative number plot of the spacing in the models from the CNX SA-005 
3700’ core sample data. 
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Figure 5.5.   Cumulative number plot of the spacing in the models from the DPI-2485-21 
2528.5’ core sample data. 
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Figure 5.6.   Cumulative number plot of the spacing in the models from the DPI-2485-21 
2537.5’ core sample data. 
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Figure 5.7.   Cumulative number plot of the spacing in the models from the Orbit Clark 
#1 2280’ core sample data. 
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Figure 5.8.  Cumulative number plots of fracture length for all samples. 

Overall, the spacing results show what is expected.  Models with higher values of 

subcritical index have a more clustered fracture pattern, indicated by a higher maximum 

spacing value, steep slopes at low spacing values, and higher numbers of fractures per 

model.  Conversely, models with a lower subcritical index input have more evenly-
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spaced fractures, with a lower, more consistent slope throughout the range of spacings.  

Models run with mean values of subcritical index have some combination of clustered 

and evenly-spaced fractures, but it is dependent on the exact value of subcritical index. 

Varying the subcritical index in the Clegg Creek sample caused a large difference 

in the fracture patterns (Fig. 5.2).  At the lowest value of 42, there are small clusters of 

two to three fractures spaced 2-3.5 m apart.  The mean subcritical index value of 53 

produced a much more clustered pattern, with a large cluster forming near the bottom of 

the model and more pronounced en echelon fracture growth.  The maximum fracture 

spacing increased from 3.5 m to 5.5 m.  The highest subcritical index value, 76, caused 

another increase in clustering.  The maximum value of spacing was slightly higher at 5.7 

m, and there were more fractures measured than the mean value model. 

The models of the Camp Run (Fig. 5.3) showed little variation since the range 

from the lowest value to the highest was only 19.  The mean (n=81) and high (n=89) 

models are nearly indistinguishable from one another, and this is reflected in the 

cumulative number plot, as many of the points lie directly on each other.  The low value 

(n=70) shows a mix between even spacing and clustering, with some fractures having 

spacings of 1.7-2.3 m and the model having a lower maximum spacing than the mean and 

high models. 

Varying the subcritical index in the Morgan Trail had a significant effect on the 

spatial organization of fractures (Fig. 5.4).  At the lowest value of 39, the fractures are 

fairly regularly-spaced and commonly occur in small clusters of two or three fractures.  

At the mean value of 53, the spatial organization becomes a mix of regular spacing and 

clustered fractures.  The model with the highest subcritical index of 98 shows a strong 

amount of clustering.  There are 4 clusters with at least 6 and as many as 15 fractures. 
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The Selmier is an interesting case because it contained the lowest value of 

subcritical index measured in all samples (Fig. 5.5).  At the lowest value of 24, the 

fractures are fairly regularly-spaced, with some spacings being approximately 

proportional to bed height.  This model also contained relatively few fractures.  At the 

mean value of 46 and the high value of 59, the spatial organization transitioned to a mix 

between regular spacing and clustering, with the high value model showing a greater 

degree of clustering. 

Analysis of the spatial organization in the Blocher is complicated by the fact that 

there are two samples that represent this member.  The model from the lowest overall 

value of 35 in the DPI-2537.5’ sample has regular spacing and little clustering (Fig. 5.6).  

At the lowest value of 43 from the Orbit Clark-2280’ sample (Fig. 5.7) and the mean 

value of 54 from the DPI sample, the models show a greater amount of clustering while 

still retaining some regular spacing between fractures.  The mean value model from the 

Orbit Clark and the high value model from the DPI are similar, with both showing a 

fairly high amount of clustering.  The high value model (n=112) from the Orbit Clark has 

3 clusters with at least 15 and as many as 20 fractures.  One interesting effect is that the 

spacing between the clusters is actually fairly low, but this may be because the clusters 

contain so many fractures. 

Variations in subcritical index appear to have a small effect on individual fracture 

length (Fig. 5.8).  Lower values tend to result in fewer longer individual fractures, while 

higher values tend to produce shorter, more numerous fractures.  However, this 

difference in fracture length does not appear to be very significant. 

Overall, the Clegg Creek (SA005-3624’; Fig. 5.2), Camp Run (SA005-3650’; Fig. 

5.3) and Blocher (NAOJ-2280’; Fig. 5.7) appear to have the most clustered fractures, 

regardless of which subcritical index value was used from those cores.  The Selmier 
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Member (DPI-2528.5’; Fig. 5.5) has the most regularly-spaced fractures, and the lowest 

overall subcritical index values.  The values from the Morgan Trail (SA005-3700’; Fig. 

5.4) and the other Blocher sample (DPI-2537.5’; Fig. 5.6) have widely variable 

subcritical index values, and as such do not exhibit a consistent pattern of spatial 

organization. 

Qualitative sensitivity analyses were performed to determine the effects of 

fracture toughness (Fig. 5.9) and Young’s modulus (Fig. 5.10) on spatial organization.  

The models for DPI-2537.5’ were re-run with the minimum, mean, and maximum values 

for subcritical index, but with the value for KIC and E either doubled or halved (Fig. 5.9; 

5.10).  I then compared the secondary models to the original models.  At a subcritical 

index value of 35 (minimum), a doubling of KIC led to an increase in the spacing between 

fractures, but the fractures remained individual, evenly-spaced features.  A halving of KIC 

with a low subcritical index increased the spacing as well, but also caused an increase in 

fracture clustering.  A doubling of KIC at a mean subcritical index value of 54 led to a 

slight increase in the spacing between clusters of fractures, and also increased the average 

length of the fractures.  When KIC was halved, the fracture length again increased, and the 

number of fractures within a given cluster increased.  At the maximum subcritical index 

value of 91, a doubling of KIC was not observed to have a significant effect on the spatial 

organization of the fractures.   However, a halving of KIC caused clustering to increase 

and the spacing between the clusters increased. 

Young’s modulus had a lesser effect on spatial organization.  At the minimum 

subcritical index value of 35, a halving of E caused a slight increase in spacing and the 

spacing between the fractures became less consistent.  A doubling of E caused a small 

increase in the degree of clustering.  At a mean SCI value of 54, a doubling of E causes 

more fracture to form, likely due to the larger amount of stress exerted on each flaw, and 
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the degree of clustering increases.  However, a halving of E had no significant effect.  

Halving of E at a high subcritical index value of 91 also had no significant effect on 

spatial organization.  A doubling of Young’s modulus caused more fractures to 

propagate. 
 

 

Figure 5.9.  Joints models showing the effect of varying fracture toughness on spatial 
organization. 
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Figure 5.10.  Joints models showing the effect of varying Young’s modulus on spatial 
organization. 
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5.3.  Modeling Discussion 

The Joints program is a powerful tool for modeling fracture propagation.  

However, it requires a large number of user-defined inputs, and the values of some inputs 

are difficult to determine.  I used a bed height of 5 m for all models due to the occurrence 

of taller composite fractures created by fracture linking.  All fractures observed in core 

and outcrop did not reach heights of 5 m, but due to the model setup, all fractures were 

modeled as having a height of 5 m.  Since taller fractures have a wider stress shadow, 

choosing a relatively thick bed height would alter the results of the model.  Rijken (2005) 

examined the effects of bed height on fracture patterns produced by the Joints model and 

found that increasing bed height increased fracture spacing.  No other effects on spatial 

organization were reported, so I assume that the fracture patterns I observe in my models 

are valid, and that a decrease in bed height would simply decrease the spacing between 

the fractures and clusters of fractures.  Most of the measured fractures spacings were less 

than bed height, which is contrary to the common observation that observed fracture 

spacing is proportional to bed height (Ladeira and Price, 1981; Narr and Suppe, 1991; 

Olson, 1993; Gross et al., 1995; Wu and D Pollard, 1995; Bai et al., 2000). 

The strain applied to the model is another problematic parameter.  I chose to only 

model a small amount of constant, slow extension in the Y-direction to simplify the 

model.  However, it’s very likely the real stress and strain history of the New Albany 

Shale is much more complicated than this.  In addition, structure can strongly affect the 

local stress fields, which would affect the local fracture patterns of an area. 

 Finally, the size of the model is a limiting parameter.  A 20 m by 20 m square is 

not large enough to accurately model fracture patterns for studies such as the placement 

of hydraulic fracturing stages, but is much larger than the area within or around a 
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wellbore investigated by core, image logs or more deeply penetrating dipole sonic logs.  

However, larger fracture simulation models take much more time and computing power 

than a smaller model.  Rijken (2005) addressed the issue of upscaling fracture patterns for 

use in a fluid flow simulator, but did not cover the subject of upscaling the fracture 

patterns themselves.  For now, upscaling remains an issue to be studied further. 

 The issues with modeling do not prevent me from drawing conclusions about the 

spatial organization of fractures in the New Albany Shale.  From the cumulative 

frequency plots of fracture spacing (Fig. 5.2; 3; 4; 5; 6; 7) and qualitative observation of 

the model results, it is clear that subcritical index plays a large role in influencing fracture 

patterns. Depending on Young’s modulus and KIC, fractures become widely-spaced and 

clustered at subcritical index values of approximately 70.  At subcritical index values 

below approximately 40, fractures tend to be more evenly-spaced.  Values between 40 

and 70 tend to produce a mix of individual, evenly-spaced fractures and clustered, 

widely-spaced fractures.  Based on the mean values of subcritical index for each member, 

it appears that the Clegg Creek, Morgan Trail, and Selmier will tend to have a mixture of 

evenly-spaced and clustered fractures, while the Camp Run and Blocher will tend to have 

clustered fractures.  The Blocher is the only member represented by two core pieces, and 

these had different mean values.  This suggests that spatial organization may vary within 

stratigraphic member, and that sampling of the specific targeted interval is needed to 

accurately model the organization of fractures within that interval. 

5.3.  Geomechanical Modeling Conclusions 

Spatial organization of fractures in the New Albany Shale was modeled using a 

pseudo-3D fracture growth simulator called Joints.  The model takes into account a 

number of user-defined parameters to model fracture patterns.  I used the Young’s 
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modulus, minimum, mean, and maximum values of subcritical index, and fracture 

toughness values from geomechanical testing along with a number of estimated values to 

create the model most representative of fractures in the subsurface.  Cumulative 

frequency plots of model results showed that subcritical index was the most influential of 

the three parameters investigated controlling fracture spacing.  The Camp Run and part of 

the Blocher appear to have the most clustered fractures, and the Selmier had the most 

evenly-spaced fractures.  The Clegg Creek and Morgan Trail likely have a combination 

of clustered and evenly-spaced fractures.  Fracture toughness and Young’s modulus were 

found to have varying effects on spatial organization depending on the subcritical index. 

Broad agreement of the modeling results with aspects of the core and outcrop 

observations confirms that modeling conditions by core and outcrop data produces 

plausible representations of key fracture attributes. 
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CHAPTER 6:  DISCUSSION 

Geologic characterization of natural fractures is a notoriously difficult endeavor 

(Marrett et al., 2007).  Limited subsurface coverage, sampling difficulties, and the 

differences in diagenesis between core and outcrop are just a few of the issues that must 

be tackled in any study.  Thus, the study of natural fractures is often accomplished with a 

combination of investigation methods.  The most common approach is to complement 

core investigation with observations from outcrop analogs. Geophysical and 

geomechanical methods are also useful, but the results must be verified in core or outcrop 

before the observations can be reliably applied.  I applied a multi-pronged approach of 

field study, core investigation, and geomechanical testing and modeling to gather as 

much data possible.  The hypothesis tested in this study is that a combination of outcrop 

and core observations, rock property tests, and geomechanical modeling can yield 

accurate representation of essential natural fracture attributes that cannot be obtained 

from any of the methods alone.  Results demonstrate the limitations of outcrop and core 

studies, but broad agreement of the modeling results with aspects of the core and outcrop 

observations confirms that this tripartite fracture analysis approach produces plausible 

representations of key fracture attributes. 

A secondary goal of my thesis, beyond characterization of the natural fractures in 

the New Albany Shale, was to evaluate the effectiveness of each of these methods. I 

address this secondary goal first. 

6.1 Effectiveness of Study Methods 

Each method has its advantages and disadvantages.  Field study in the New 

Albany presents an opportunity to gather a large amount of data on the characteristics and 

spatial organization of fractures quickly and at relatively low cost.  However, the 
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relationship between joints in outcrop and fractures in the subsurface is questionable at 

best.  Joints in outcrop did not contain cement, had widely varying orientations within a 

relatively small area (Fig. 2.52), and were commonly evenly-spaced, contrary to the 

predictions of many of the geomechanical models.  Given these dissimilarities, I believe 

that the joints in outcrop cannot be used as a reliable analog to the fractures at reservoir 

depth.  This is a serious disadvantage for fracture study of the New Albany Shale.  

However, studies of joints in the Marcellus Shale have shown evidence they can be used 

as reliable analogs (Engelder et al., 2009), so this conclusion may not apply to shales in 

general.  The reason that outcrops in some shales may be acceptable as analogs while 

others are unsuitable may be related to the fracture mechanism.  Engelder (2009) argues 

that most of the Marcellus Shale fractures observed in outcrop are natural hydraulic 

fractures caused by gas generation.  If this is indeed the case, then it means that those 

outcrops reached sufficient thermal maturity for gas generation to occur.  The reason that 

this may not be the case in the New Albany Shale is that thermogenic gas is only present 

in the deepest parts of the basin, such as the Rough Creek graben.  Therefore, it is likely 

that the outcrops studied for this project never reached sufficient thermal maturity for gas 

generation, and as a consequence the New Albany rocks in outcrop may never have 

acquired gas-generation-driven natural hydraulic fractures.  

A vitrinite reflectance map of the New Albany Shale (Fig. 6.1) corroborates this, 

showing that the RO at the basin margins is commonly 0.5 and rarely 0.6, corresponding 

to early maturity.  Thus, since other mechanisms must be invoked to explain the fractures 

in the shallower areas of the New Albany Shale, consideration must be made as to 

whether those mechanisms would operate in both outcrop and the subsurface at the time 

of fracturing, and whether the fracture expression would be the same.  
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Weathering fractures in outcrop may provide some qualitative insights into likely 

fracture prone horizons, but for the New Albany outcrops I studied the evidence suggests 

some, and perhaps much of the variability reflects the specific weathering conditions the 

outcrops have experienced. An example of this is the differences in fractures for 

differently oriented road cuts. 
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Figure 6.1.  Vitrinite reflectance (RO) map of the New Albany Shale in the Illinois Basin.  
From Strapoc (2010), modified after Hasenmueller and Comer (2000). 
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Core investigation is always a reliable method for gathering data on fractures, and 

I used core to quantify and observe characteristics of fractures in the New Albany Shale.  

However, vertical cores provide limited coverage with regards to the horizontal spatial 

organization of fractures, and upscaling of core observations is also potentially 

misleading due to possible heterogeneities in the fracture system.  Additionally, three out 

of the four cores used in this thesis only covered part of the reservoir, which leads to an 

incomplete data set on the vertical distribution of fractures.  Ideally horizontal cores 

would be used in addition to vertical cores, but this would be very costly and 

operationally challenging. 

Geomechanical modeling is a useful tool for predicting the spatial organization of 

fractures over relatively large areas.  It provides the opportunity to study possible fracture 

patterns to a greater extent than what is possible with conventional core sampling.  

However, like the other methods employed in this study, it is not without its own 

limitation and caveats. 

There are several issues with the geomechanical testing used to provide input 

values for the model.  Dual-torsion beam testing to obtain subcritical crack index is a 

relatively novel technique and has not been applied extensively to shales, and as such 

there is a wide variability in subcritical index values that is currently unexplained.  

Additionally, the samples come from three different cores, and I feel there are an 

insufficient number of core samples to get a sufficiently comprehensive picture of the 

mechanical stratigraphy of the New Albany Shale, which may influence the fracture 

stratigraphy of the shale (Laubach et al., 2009). 

Part of the problem with the modeling itself is that I had to estimate important 

input parameters such as strain history and bed height, variations of which may 

significantly alter fracture patterns.  However, the main concern with geomechanical 
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modeling is that there is no way to verify the model findings since outcrops of the shale 

do not serve as sufficient analogs and core provides very limited coverage.  Part of the 

larger GTI project on the New Albany Shale, of which this study was a part, was 

microseismic monitoring of the hydraulic fracturing of the DPI-2485-21 and CNX-

SA005 wells (Pinnacle, 2010).  It was hoped that microseismic studies would provide 

some confirmation of the model results.  I discuss the microseismic results later in the 

chapter, but the microseismic monitoring also had shortcomings that prevented it from 

being used to conclusively corroborate the model results.  The best way to verify the 

model results may be with the use of horizontal image logs, but these were not available 

in this study. 

Neither field work, core study, nor geomechanical modeling alone can provide a 

complete fracture characterization of the fractures in the New Albany Shale, but by 

combining observations from each I can increase the knowledge of the fracture system.  

Obviously, the linkage of these methods will also have limitations, but I make my best 

attempt nevertheless.  In my opinion, owing to severe limitations specific to the New 

Albany outcrops, core study and geomechanical modeling are the most effective methods 

in this case.  Core allows for detailed examination of the fractures, including petrographic 

observation, while geomechanical modeling covers a larger area and can provide an 

image of the spatial organization of the fractures. 

6.2 Natural fractures and Gas Production 

Although the inherent limitations in the methods employed in this study prevent 

me from attaining a complete picture of the vertical and horizontal spatial organization of 

fractures in the New Albany Shale, I can still draw some conclusions from my work and 

predict how the fractures may affect natural gas production.  I base my conclusions on the 
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assumption that stimulating a larger reservoir volume is the key to increasing gas 

production. 

The joints observed in outcrops of the New Albany Shale may resemble those that 

play a role in the production of gas from the northern Illinois Basin, where gas is mostly 

biogenic and generation of gas relies on recharge by fresh meteoric waters which could 

filter down to reservoir depth by utilizing the flow pathways of open joints, but it is 

unlikely that they play a large part in the production of gas from the southern, 

thermogenic part of the play.   

Lithology appears to exert a large influence on fracture intensity.  In both outcrop 

and core, I observed that more clay-rich layers contained fewer, less developed joints and 

fractures.  Additionally, joints in soft clay-rich outcrops were more widely-spaced than in 

more competent shale layers. 

In outcrop, I observed that thicker (taller) mechanical layers tend to have taller, 

more widely-spaced joints.  However, the increase in spacing with greater bed thickness 

is not a linear relation or a particularly predictable correlation (there are many exceptions 

where thick layers have close fracture spacing). Given the sparse occurrence of fractures 

in core, outcrop examples may overestimate fracture abundance.  A scanline from the 

Lodge Creek location shows that the maximum spacing between joints is approximately 3 

m (2.75 m) for a bed of unknown thickness (due to it being a bed-parallel outcrop), and 

the maximum length of the fractures is approximately 12 m.  In contrast results from the 

geomechanical models, have maximum spacings of up to 5.8 m, for a bed of 5 m 

thickness, and maximum fracture lengths of 20 m. These results are broadly similar, but 

the model predicts fracture abundance that is about half that of the comparable outcrop. 

Subsurface fractures may be more similar to those predicted by the geomechanical 

models, as these models are input with geomechanical values that are representative of 
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reservoir conditions and reflect the very low strain and protracted slow fracture growth 

that likely epitomizes subsurface fracturing. 

Perhaps the greatest impact of natural fractures in the New Albany Shale is the 

effect that they may have on hydraulic fracture treatments.  Core observations 

demonstrate that the New Albany Shale fractures are weak planes within the reservoir 

(Fig. 3.10.C; 3.27.B).  Cores are often broken apart along fractures, and qualitative 

testing shows that cement is bonded weakly to the walls of the fractures.  It is not difficult 

to envision a hydraulic fracture popping open a natural fracture and sending most of its 

energy down that path.  In that case, production would likely be affected depending on 

how the interaction modifies reservoir volume stimulated and brought into 

communication with the wellbore.  If the result is less unfractured rock is being broken 

by the hydraulic fracture treatment it is possible that the consequence will be more gas 

remaining untapped in the matrix.  However, if the hydraulic fracture follows a different 

path and breaks open intact rock, the natural fractures could increase production by 

serving as additional flow pathways to the wellbore, but only if they are open or have 

some porosity. 

Fracture abundance (intensity if fracture sizes range is taken into account), 

kinematic aperture, height, orientation, lithologic discontinuities, cement character, and 

spatial organization may play a role in determining the effects natural fractures have on 

hydraulic fracture treatments (Dershowitz et al., 2010).  Clusters of fractures, such as 

those predicted by Joints in the Clegg Creek, Camp Run, Morgan Trail, and Blocher 

Members, may be beneficial because hydraulic fracture energy is directed down multiple 

planes rather than just one, or they may be detrimental because they draw even more 

fracturing energy away from potential fracturing of untapped reservoir volume than a 

single fracture.  Similarly, the linking of fractures to form taller composite fractures may 
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be either beneficial or detrimental for stimulation depending on whether it opens up more 

of the rock to stimulation.  If hydraulic fractures utilize linked natural fractures to grow 

taller, the result could be unwanted fracture height growth and diversion of fracturing 

energy into parts of the rock with less favorable characteristics for gas production, such 

as members with lower amounts of organic matter. 

The orientation of fractures is a key factor.  It is reasonable to assume that natural 

fractures aligned parallel to SHmax are more likely to be reactivated than those at a high 

angle to SHmax although many factors need to be considered (Dahi-Taleghani and Olson, 

2011).  Cement deposits observed in New Albany Shale fractures suggest that, if fracture 

cement fill is incomplete, such fractures may remain naturally propped open, even if they 

are aligned at a high angle to SHmax or are otherwise under loading conditions that might 

close them (Laubach et al., 2004; Olson et al., 2009). In areas with complex fracture 

patterns such as the CNX well location, hydraulic fractures are more likely to intersect 

natural fractures as they propagate parallel or sub-parallel to SHmax.   

Microseismic studies were conducted on the fracturing of the two experimental 

wells drilled for the project.  Recent schools of thought have advanced the theory that 

purely tensional events, such as the breaking of intact rock, are too small in magnitude to 

detect using microseismic monitoring and instead the events observed and mapped using 

a microseismic study are associated with shear reactivation of natural fractures (De La 

Pena et al., 2010; Dershowitz et al., 2010).  In the DPI-2485-21 well in Christian County, 

Kentucky, the microseismic events were dominantly oriented at an azimuth of 085° (Fig. 

6.2), while events from monitoring of the CNX SA-005 well in McLean County 

dominantly trended 065° (Fig. 6.3; Pinnacle, 2010).  Both of these trends are consistent 

with the orientations of fractures observed on the FMI logs (Fig. 3.29), which suggests 

that hydraulic fractures could utilize preexisting fractures as propagation paths.  
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Additionally, event mapping of the CNX SA-005 well showed that fracture propagation 

was extremely rapid, with the fractures reaching full length in only a few minutes.  

Pinnacle Microseismic (2010) interpreted this as a reactivation of natural fractures. 

That the microseismic is likely detecting shear reactivations suggests a possible 

reason that hydraulic fracture treatments are beneficial for production.   However, if a 

natural fracture were to slip a small amount when it reactivated during treatment, the 

mismatch of fracture walls after displacement may allow the fracture prop itself open 

along discontinuities in the fracture.  Alternatively, if seismic reactivation of natural 

opening-mode fractures as conduits for treatment fluids is widespread, and if stimulation 

fractures subsequently close, stimulated rock volume in contact with the wellbore might 

be smaller. These issues should be taken into account in further evaluation of the success 

of New Albany Shale production response. Possibly some of these interactions account 

for the differences in development success between the New Albany Shale and other 

shale plays noted in the Introduction. 
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Figure 6.2.  Microseismic map of the DPI-2485-21 well in Christian County, Kentucky.  
Modified from Pinnacle Microseismic (2010). 
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Figure 6.3.  Microseismic map of the CNX SA-005 well in McLean County, Kentucky 
with natural fracture trends.  Modified from Pinnacle Microseismic (2010). 

The role of the cement type and distribution and texture within the fracture 

(morphology) in aiding or deterring reactivation of natural fractures is unclear.  The most 

common type of cement is calcite that completely seals fractures, with crystal sizes 

ranging from cryptocrystalline to medium-sized.  Crystal size may be important because 

fractures sealed with larger crystals may preserve some porosity, such as in the fracture at 

2543.0 ft. in the Osburn Trust core (Fig. 3.18).  Crystal textures are widely varied and 

include blocky, acicular, feathery, fibrous, amorphous, and anhedral to euhedral habits.  

Some fractures in core are only partially cemented with calcite, and one fracture in the 

Osburn Trust contained chalcedony bridges.  Additionally, one fracture in the Voelkel 

core from Dubois County, Indiana contained possible quartz cement.  Tests to determine 

the effects of variations in composition, crystal size, crystal habit, texture, and degree of 
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sealing on the tensile strength of the sealed fracture were not performed, partly because 

obtaining samples for cement bond tests is challenging because the cement is so weak.  

Aside from the possibly slight effects of differing textures, qualitative observations of 

easily broken cement bonds in core fractures suggests that the fractures will act as weak 

planes regardless of the cement morphology.  Cement composition may have a larger 

effect, as quartz tends to be more strongly bonded to the fracture walls than calcite, but 

since the overwhelming majority of the fractures contained only calcite cement, it is 

likely that most fracture cements will behave similarly during hydraulic fracture 

treatments. 

6.3 Fractures and Local Structure 

Local structures include folds and faults and fault zones.  Local structure, such as 

the N-S trending Wabash Valley Fault System (WVFS; Fig. 1.9) and the E-W trending 

Rough Creek Fault Zone (RCFZ; Fig. 1.6), might have an effect on the orientation of 

natural fractures in the New Albany.  These structural areas are important because they 

are large structural regimes within the Illinois Basin and because the wells in this study 

are located near either the WVFS or RCFZ. 

It is reasonable to expect that some opening-mode fractures in these areas would 

develop parallel to the fault trends; fracture zones are a common element of fault zones 

(Hancock, 1985). The dominant orientation of fractures in the DPI-2485-21 is E-W, 

which is consistent with the trend of the faults in that area.  Fractures in the CNX SA-005 

well are oriented ENE-WSW to NE-SW.  This shift in orientation may be due to the 

influence of faults in the Rough Creek Fault Zone that trend obliquely to and appear to 

link the dominant E-W trending faults (Fig. 6.4).  Given the fault geometries, it is likely 

that these are relay structures that developed contemporaneously with the other faults.  
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The relay structures trend 060° while the main faults trend 090°.  Activation of these 

features at different times in the burial history may have led to the observed variation in 

the orientations of the fractures in the CNX SA-005 core (Fig. 3.32). 

Fractures in the Noble Energy Osburn Trust #1-11H also strike ENE-WSW, even 

though the well is located near the N-S trending WVFS.  There are several possible 

explanations for this.  It may be that many of the approximately E-W tending fractures in 

this area developed prior to the activation of the faults.  It could also be that the fracture 

influence of the faults is limited to a small, localized area.  Finally, it is a possibility that 

both E-W and N-S trending fractures exist in the area around the WVFS, but there are 

fewer fractures in the N-S set and they were not sampled by the Osburn Trust well. 

 

 

Figure 6.14.  Map showing possible relay structures in the Rough Creek Fault Zone that 
may affect natural and induced fracture orientations.  Main faults trend 
nearly E-W, relay structures trend 060°. 
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CHAPTER 7:  CONCLUSIONS 

Operators identified natural fractures as a key unknown potential influence on gas 

production in the New Albany Shale, an Upper Devonian organic-rich gas shale in the 

Illinois Basin.  Although the New Albany Shale is in an intracratonic setting dominated 

by unstructured areas separated by small faults and open folds, opening-mode fractures 

are widespread in outcrop and in core.  

The hypothesis tested in this study is that a combination of outcrop and core 

observations, rock property tests, and geomechanical modeling can yield accurate 

representation of essential natural fracture attributes that cannot be obtained from any of 

the methods alone.  Results demonstrate the limitations of outcrop and core studies, but 

broad agreement of the modeling results with aspects of the core and outcrop 

observations confirms that this tripartite fracture analysis approach produces plausible 

representations of key fracture attributes. 

Although previous studies found ubiquitous joints in New Albany Shale outcrops 

and documented fracture strike, my study based on 15 locations in the outcrop belt 

around the margins of the Illinois Basin documented joint orientation, height, length, 

mineralization, and spacing and shows that most joints cannot be shown to have formed 

at depth.  These fractures likely formed under the influence of near-surface conditions.  

Joints are dominantly steeply dipping and oriented NE-SW, parallel to present-day SHmax, 

with a secondary set trending NNW-SSE.  Overall, there is a high degree of variability in 

joint orientation.  Joint height is also highly variable.  Most joints are 15-20 cm tall, but 

can reach heights of 2 m.  Some joints also have a stepped geometry, linking to form 

composite joints up to 2 m tall.  Thicker layers tend to have taller, more widely-spaced 

joints that are commonly spaced closer than bed thickness, but the pattern is not a simple, 
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clear relationship.  Longer joints also tend to be more widely spaced.  Overall, joints are 

highly heterogeneous both vertically and laterally within the shale.  They are likely 

created by near-surface events such as uplift and unloading, and lack cements. The only 

fractures that can be demonstrated to have formed at depth are dolomite veins present in 

the lower Blocher that are cut by steep faults and are vertically sheared; differential 

compaction of the shale fabric around the veins indicates they formed early in the burial 

history. The origin of these veins is unknown. 

New Albany Shale in four whole cores and individual pieces of four other cores 

shows that within the reservoir natural fractures are narrow (hairline cracks to 1.5 mm), 

steeply dipping (85-90 degrees) and commonly sealed to varying degrees (in many cases 

completely) with calcite cement.  Fractures in core are typically less than 30 cm tall, but 

can link with other fractures where the terminations are within 2-3 cm of each other, 

forming taller composite fractures up to 2 m tall.  Owing to sampling limitations, the 

existence of larger (taller and possibly proportionally longer) fractures in the subsurface 

cannot be ruled out. Fracture orientations measured with image logs in the Noble Energy 

Osburn Trust #1-11H, DPI-2485-21, and CNX SA-005 wells found E-W to ENE-WSW 

strikes  with dips to both north and south.  Spacing between parallel fractures in core 

ranges from 0.5 to 10 cm (the largest spacing dimension measurable in vertical core); 

wider spacing elsewhere is likely.  Fractures commonly terminate with a gradual taper, 

but abrupt terminations at another fracture, bedding planes, or at mudstone layers are also 

present.  Natural fractures have smooth planar or stepped planar surfaces, while induced 

fractures tend to be rougher and more irregular surfaces.  Induced fractures commonly 

curve towards and terminate at the edge of the core, and one example exhibits petal 

centerline geometry.  There are also hybrid fractures that consist of induced fractures 

nucleating off a preexisting natural fracture.   
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Cement within the fractures has a wide variety of characteristics. Grain size 

ranges from cryptocrystalline to medium-grained, with blocky, acicular, feathery, fibrous, 

amorphous, anhedral to euhedral crystals.  Some cement contains inclusions of wall rock 

that has broken off the walls of the fracture, and one fracture in the Osburn Trust is 

bridged open by chalcedony.  This is evidence that fractures formed at different times in 

the formation’s history under varying pressure, temperature, and geochemical conditions.  

The cement is weakly bonded to the walls of the fractures and the cores commonly split 

apart along fracture planes. 

Geomechanical testing was performed on 50 test samples from six core pieces to 

provide subcritical index, fracture toughness, and Young’s modulus as input parameters 

to a fracture propagation model used to infer the spatial organization of fractures in the 

New Albany Shale.  Subcritical index is the most important of these parameters because 

it exerts a strong influence on whether fractures are regularly spaced or clustered 

together, but fracture toughness and Young’s modulus also play important roles in 

controlling fracture spatial organization.   

Subcritical index data shows a wide variability, with values ranging from 24 to 

136. The latter, high values, are compatible with natural fracture clustering. Silt and 

pyrite contents in test samples were assessed petrographically but do not appear to exert a 

systematic control on subcritical index, and further study is needed to determine the 

lithologic controls on subcritical index.  The Clegg Creek, Morgan Trail, and Blocher 

members commonly have moderate subcritical index values.  Clegg Creek samples have 

values ranging from 42 to 76, with a mean of 53.  Morgan Trail values range from 39 to 

98 and have a mean of 53.  Blocher sample values range from 35 to 136 and have a mean 

of 64.  The Selmier has the lowest values, ranging from 24 to 59 with a mean of 46, and 
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the Camp Run overall has the highest measured values, ranging from 70 to 89 with a 

mean of 81. 

Spatial organization of fractures was modeled using the fracture growth simulator 

Joints (Olson, 2004).  The model uses a number of user-defined patterns to model 

fracture patterns.  Using measured Young’s modulus, fracture toughness, and minimum, 

mean, and maximum values of subcritical index with a number of estimated values of 

other parameters I created a range of models of likely fracture patterns in the New 

Albany Shale.  Cumulative frequency plots of fracture spacing in the models showed 

subcritical index to be the most influential parameter influencing fracture spacing.  The 

models reveal that the Camp Run and Blocher Members are likely to have the most 

clustered fractures, and the Selmier has the most evenly spaced fractures.  The Clegg 

Creek and Morgan Trail likely have a mix of clustered and evenly spaced fractures. 

Geological characterization of fractures is challenging but the multi-pronged 

approach of field study, core work, and geomechanical modeling I used to tackle the 

problem in the New Albany Shale was effective. New Albany Shale outcrops 

experienced a substantially different burial history than the productive interval, including 

lack of exposure to gas-driven natural hydraulic fracture and a strong overprint of near-

surface fracture.  Thus the joints in the outcrops of the New Albany Shale do not appear 

to be direct analogs for subsurface fractures.  Core study and geomechanical modeling 

are useful for studying the fracture system at reservoir depth.. 

The issue posed by operators, what role do natural fractures play in production in 

this shale, cannot be answered definitively based on the results of this study.  But some 

observations suggest ways that fractures may be influential.  Overall, natural fractures in 

the New Albany Shale are widespread.  They are probably closely spaced (meters to tens 

of meters), they could be both long (in plan view) and tall (in cross section), and core 
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data suggest they may be extensively filled with calcite. Site-dependent effects on gas 

production may be dominantly in the realm of interaction with hydraulic fracture growth, 

as in the Barnett Shale (Gale et al., 2007).  In areas where present-day SHmax is nearly 

parallel to the dominant natural fracture orientation, such as in the southern Rough Creek 

graben around the DPI-2485-21 well, hydraulic fracturing may cause reactivation of 

natural fractures.  In other areas, such as in the northern part of the Rough Creek graben 

near the CNX-SA005 or in Indiana near the Noble Energy Osburn Trust and Noble 

Energy Solsman #1-32H wells, the natural fractures may not be reactivated as extensively 

due to the slight divergence of natural fracture orientation from regional stress directions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 248 

APPENDIX A – JOINT ORIENTATION AND SPACING DATA 

Joint Spacing     
Location 5 - Lodge Creek    
 
Rockford LS 

    

Joint No. Size Spacing (m) Comments 
1 medium 0.06   
2 medium 0.09   
3 medium 0.15   
4 small 0.08   
5 medium 0.11   
6 large 0.11   
7 large 0.18 step in scanline 
8 medium 0.18   
9 large 0.27   
10 medium 0.04   
11 small 0.34   
12 large 0.26 joint open 0.12 in. 
13 medium 0.46   
14 medium 2.23   
15 medium 0.08   
16 large 0.16 open 0.2 in. 
17 medium 0.12   
18 large 0.17   
19 medium 1.10 irregular path 
20 large 0.67   
21 large 1.34 open 0.1 in, step in scanline 
22 large 0.26 open 0.85 in., step in scanline 
23 large 0.87   
24 medium 0.41   
25 small 0.28   
26 small 0.37   
27 small 0.15   
28 medium 0.07   
29 small 0.07   
30 medium 0.14 step in scanline 
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31 large 0.12 open 0.1 in. 
32 medium 0.61   
33 medium 0.16   
34 small 0.06   
35 medium 0.09 open 0.01 in. 
36 large 0.15 open 0.6 in. 
37 large 0.17 open 0.7 in. 
38 small 0.13   
39 large 0.20   
40 medium 0.21   
41 large 0.11   
42 large 0.04 open 0.2 in., step in scanline 
43 large 0.52   

      End of LS exposure 
 
New Albany Shale 

   

Joint No. Size Spacing (m) Comments 
1 large 1.10   
2 large 0.52 step in scanline 
3 large 0.64   
4 medium 1.12   
5 large 0.62   
6 large 1.42   
7 large 1.91   
8 large 1.05 step in scanline 
9 medium 0.41   
10 medium 0.11   
11 medium 0.75   
12 medium 0.40   
13 large 0.13   
14 medium 0.17   
15 medium 0.42   
16 medium 0.23 large step in scanline 
17 large 2.62   
18 large 1.26 end of exposure 
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Rockford LS New Albany Shale 
Large Joints (n = 17) Large Joints (n = 10) 

Range 0.04 - 
1.34 

Range .13 - 2.62 

Mean 0.33 Mean 1.13 
Medium Joints (n = 18) Medium Joints (n = 8) 

Range .04 - 2.23 Range .11 - 1.12 
Mean 0.35 Mean 0.45 

Small Joints (n = 8) All Joints (n = 18)   
Range .06 - .37 Range .11 - 2.62 
Mean 0.19 Mean 0.83 

All Joints (n = 43)    
Range .04 - 2.23    
Mean 0.31     

Table A.1.  Joint spacing data in the Rockford Limestone and New Albany Shale at 
Lodge Creek near Henryville, IN 

Joint 
Measurements 

   Location 1 - I-65 and KY-245 
 Joint No. Strike Dip Comments 

1 028 - First well-developed joint plane 
2 030 -   
3 040 -   
4 040 -   
5 035 -   
6 006 -   
7 040 82 S Cluster of joints, see Fig. 2.6 
8 329 70 E Cluster of joints, see Fig. 2.6 
9 340 72 E Same face as joint 8, parallel to outcrop 

10 272 87 N Cluster of joints, see Fig. 2.6 
11 351 70 E 2nd cluster of joints, see Fig. 2.7 
12 308 62 E 2nd cluster of joints, see Fig. 2.7 
13 029 81 SE 2nd cluster of joints, see Fig. 2.7 
14 041 79 SE   

Location 3 - Rt. 311 near Sellersburg, IN 
1 259 88 N   
2 258 88 N   
3 237 90   
4 254 90   
5 258 85 N   
6 346 90   
7 345 87 E   
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8 328 89 E   
9 165 87 W   

10 348 88 E   
11 196 81 W   
12 185 78 W   
13 190 82 W   
14 180 84 W   
15 176 81 W   
16 196 88 W   
17 162 88 W   
18 186 79 W   
19 181 88 W   
20 183 89 W   
21 086 82 S   
22 271 78 N   
23 269 89 N   
24 077 80 S   
25 098 82 S   
26 269 88 N   
27 267 80 N   
28 261 84 N   
29 082 89 S   

Location 4 - Old Slate Quarry on Munk Rd. 
1 076 82 S large joint face in quarry 
2 068 88 SE   
3 098 90   
4 079 89 S   
5 079 80 S   
6 079 88 S   
7 079 88 S   

Location 5 - Lodge Creek exposure near Henryville, IN 
1 359 83 E Rockford Limestone joints - spacing in Table A.1 
2 005 80 E   
3 004 88 E   
4 000 89 E   
5 001 90   
6 359 88 E   
7 001 88 E   
8 012 90   
9 089 85 S   

10 356 78 E   
11 001 85 E   
12 001 86 E   
13 359 83 E   
14 004 87 E   
15 003 86 E   
16 002 88 E   
17 178 89 W   
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18 256 75 N New Albany Shale joints 
19 161 88 W   
20 001 -   
21 263 83 N   
22 256 84 N   
23 219 55 NW   
24 256 87 N   
25 089 86 S   
26 254 86 N   
27 180 86 W   
28 262 80 N   
29 255 82 N   
30 257 85 N   
31 351 84 E   
32 261 88 N   
33 171 78 W   
34 179 -   

Location 6 - KY-52 at Emmanuel Baptist Church 
1 231 84 NW Dolomitic part of shale 
2 310 82 NE   
3 204 80 NW   
4 228 90   
5 233 77 NW   
6 115 70 SW   
7 048 71 SE   
8 044 79 SE   
9 124 81 SW   

10 230 88 NW   
11 051 80 SE   
12 050 86 SE   
13 156 87 SE   
14 044 84 SE   
15 045 80 SE   
16 045 80 SE   
17 050 72 SE   
18 314 80 NE   
19 043 84 SE   
20 041 85 SE Less dolomitic part 
21 232 78 NW   
22 046 87 SE   
23 291 89 NW   
24 124 83 SE   
25 085 82 S   
26 064 76 SE Clegg Creek quarry joints 
27 150 83 SW   
28 160 80 SW   
29 090 74 S   
30 314 88 NE   
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31 097 84 S   
32 282 74 N   
33 072 90 several closely-spaced joints 

Location 7 - KY-52 2 mi. west of Location 6, Picnic Hill Rd. quarry 
1 144 81 SW Picnic Rd. quarry 
2 72 90   
3 146 72 SW   
4 152 89 SW   
5 127 81 SW   
6 330 89 NE   
7 241 76 N   
8 146 84 SW   
9 281 85 N   

10 296 80 NE   
11 186 82 W   
12 110 72 SW   
13 318 86 NE   
14 148 68 SW   
15 286 89 NE   
16 134 85 SW   
17 140 79 SW   
18 141 72 SW   
19 216 82 NW   
20 241 72 NW   
21 344 82 E KY-52 roadcut, south side 
22 62 87 SE   
23 316 72 NE   
24 358 90   
25 168 91   
26 345 88 E   
27 262 89 NE   
28 347 88 E   
29 324 86 NE   
30 246 84 N   
31 235 80 NW   
32 334 65 NW   
33 248 88 NW   
34 329 80 NE   
35 128 84 SW KY-52 roadcut, north side 
36 328 88 NE   
37 251 84 N   
38 174 68 W   
39 334 78 NE   

Location 8 - KY-52 roadcuts 1/4 mi. east of Location 7 
1 053 78 SE   
2 160 82 W   
3 056 78 SE   
4 132 89 SW   
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5 165 88 W   
6 228 88 NW   
7 238 84 NW   
8 058 90   
9 153 80 W   

10 126 90 Parallel to road cut 
Location 9 - KY-52 roadcuts 1/8 mi. east of Location 8 

1 237 87 NW   
2 048 89 SE   
3 238 84 NW   
4 197 86 W   
5 109 9+ SW   
6 035 72 SE   
7 233 81 NW   
8 041 87 SE   
9 040 58 SE   

10 060 86 S   
11 056 84 S   
12 235 85 NW   
13 055 75 S   
14 344 90   
15 065 88 S   
16 340 60 E   
17 250 90   
18 234 48 NW   
19 230 90   
20 240 85 N   
21 234 88 N   
22 140 85 SW   
23 060 87 S   
24 330 87 E   
25 036 87 SE   
26 229 85 NW   
27 059 86 S   
28 232 90   
29 348 78 E   
30 063 80 S   
31 051 89 S   
32 030 64 SE   
33 034 88 SE   
34 035 52 SE   
35 040 60 SE   
36 232 86 NW   
37 324 82 NE   
38 238 90   
39 312 74 NE   
40 229 90 Shorter joints step to form clusters 2 m tall 
41 341 88   
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42 230 90 Shorter joints step to form clusters 2 m tall 
43 309 83 NE   

Location 10 - KY-52 roadcut 200 m west of Location 6 
1 060 82 S   
2 240 80 N   
3 055 80 S   
4 148 80 W   
5 042 88 SE   
6 310 82 NE   
7 034 84 SE   
8 064 70 SW   
9 081 42 S   

10 304 76 NE   
11 236 90   
12 231 80 N   
13 325 90   
14 269 80 N   
15 248 78 N   

Location 11 - KY-499 1.0 mi. east of Estill/Madison County line 
1 221 88 NW   
2 043 88 SE   
3 139 78 SW   
4 224 88 NW   
5 048 88 SE   
6 004 83 E   

Location 12 - Dump on KY-1457 
 1 236 85 NW   

2 338 85 E   
3 324 90   
4 058 84 SE   
5 079 84 S   

Location 13 - Roadcut on KY-3325 near Turpin Ridge Rd. 
1 327 87 NE   
2 220 80 NW   
3 319 89 NE   
4 091 80 S   
5 209 80 W   
6 120 78 S   

Location 14 - Outcrops along KY-127 south of Junction City 
1 278 76 N 1st roadcut 
2 258 80 N   
3 021 90   
4 250 78 N   
5 170 84 W   
6 251 85 N   
7 252 80 N   
8 253 87 N   
9 251 84 N   
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10 023 65 SE   
11 094 89 S 2nd roadcut 100 m north 
12 232 56 NW   
13 198 51 NW   
14 139 79 SW   
15 217 79 NW   
16 194 83 W   
17 236 80 NW   
18 202 86 W   
19 068 90   

Location 15 - Roadcut 200 m north on KY-127 
1 204 68 W Joint 2 m tall 
2 240 67 NW Joint 2 m tall 
3 174 62 W   
4 030 90   
5 200 87 W Joint 2 m tall 
6 330 88 NE   
7 212 73 NW   
8 073 50 S   
9 142 50 SW   

10 219 78 N   
11 050 71 S   
12 245 70 N   
13 173 45 W   
14 170 90   
15 242 62 N   
16 214 88 NW   
17 189 72 W   
18 210 72 NW   
19 166 65 W   
20 146 82 W   
21 211 60 NW   
22 183 80 W   
23 009 70 E   
24 168 89 W   

 

Table A.2.  Table of joint orientation measurements for all locations 
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Bed Joint Height 
(m) 

Joint Spacing 
(m) 

Lowermost layer below yellow-brown 
dolomite 

1.21 1.09 

 1.18 1.14 
 0.91 1.04 
 0.91 1.09 

1st competent layer above dolomite 0.21 0.24 
 0.16 0.23 
 0.18 0.29 
 0.24 0.45 
 0.22 0.36 
 0.23 0.50 
 0.22 0.51 
 0.18 0.49 
 0.13 0.30 
 0.20 0.53 
 0.17 0.64 
 0.18 0.46 

1 m tall yellow-brown competent unit 0.21 0.55 
 0.99 1.29 
 0.95 0.83 
 0.51 0.79 
 0.40 0.39 
 0.70 1.00 
 1.43 0.61 
 0.64 1.01 
 0.86 0.55 
 0.85 0.38 
 0.91 0.82 
 0.64 0.54 
 0.79 0.48 
 0.63 0.41 
 0.84 0.90 
 0.83 0.55 
 0.95 0.65 
 1.18 1.07 
 0.80 0.62 
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 1.13 0.43 
 0.63 0.84 
 0.64 0.57 

Thin interbedded brown competent units 0.04 0.14 
 0.05 0.29 
 0.09 0.13 
 0.06 0.14 
 0.05 0.14 
 0.06 0.19 
 0.12 0.16 
 0.05 0.18 
 0.12 0.30 

Thick brown unit at top of panorama 0.16 0.48 
 0.13 0.52 
 0.18 0.43 
 0.16 0.17 
 0.14 0.26 
 0.14 0.27 
 0.15 0.33 
 0.12 0.30 
 0.14 0.25 
 0.19 0.38 
 0.17 0.63 
 0.18 0.40 
 0.17 0.51 
 0.19 0.32 
 0.19 0.42 
 0.15 0.46 
 0.17 0.26 
 0.18 0.48 
 0.21 0.36 
 0.21 0.63 
 0.19 0.68 

Table A.3.  Joint height and spacing from panorama taken at location 6. 
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APPENDIX B:  CORE FRACTURE DATA 
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Table B.1.  Core fracture data for the Noble Energy Solsman #1-32H 
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Table B.2.  Core fracture data for the Noble Energy Osburn Trust #1-11H 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 263 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 264 

 

Table B.3.  Core fracture data for the DPI 2485-21 
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Table B.4.  Core fracture data for the CNX SA-005 
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APPENDIX C:  GEOMECHANICAL DATA 

Appendix C.1.  Geomechanical Test Data 
  Subcritical Index   Young's Modulus KIC  
 Run Number      

Core 1 2 3 Mean (MPa) Mean MPa-√m Mean 
CNX SA005 - 3624'      

3 48 59 44 50  15763.1  2.01  
5 76 - 61 69    1.97  
7 59 44 - 52    1.64  

12 - 49 - 49  18814.1  2.27  
14 - - - -  13474.9  1.53  
16 - - - -  7118.8  1.44  
17 53 42 - 48    1.5  

           Core Piece Avg = 53 13792.7  1.77 
CNX SA005 - 3650'      

8 - - - -  20339.5  1.99  
10 - - - -  5339.1    
11 - - - -  19068.3    
12 85 89 - 87  10424.0  1.28  
14 75 83 - 79  15763.1  1.92  
16 83 77 - 80  16271.6  1.7  
17 70 87 - 79  19576.8  2.76  

           Core Piece Avg = 81 15254.7  1.93 
CNX SA005 - 3700'      

6 55 41 - 48  17797.1  1.67  
7 - 43 - 43  19831.0  1.61  
9 39 - - 39  23136.2  2.06  

10 - - - -  16525.9    
12 62 - - 62  17288.6  1.68  
13 46 98 - 72    1.41  

           Core Piece Avg = 53 18915.8  1.69 
          

          CNX-SA005 Avg. = 61 16033.3  1.79 
          

DPI 2485-21, 2528.5' Depth    
1 34 24 36 31  16525.9    
2 - - - -  22627.7  0.50  
3 36 - - 36  22882.0  0.62  
4 - - - -    0.54  
5 59 - - 59  22373.5    

    Core Avg = 46  21102.3  0.55 
DPI 2485-21, 2537.5' Depth    
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1 - - - -  14746.2    
2 51 72 - 62  12966.5  0.76  
3 62 91 - 77  13729.2  1.03  
4 44 - - 44  17542.8  1.04  
6 61 58 - 60  15508.9  1.12  
9 - 40 35 38  19068.3  1.08  

10 - - - -  19322.6  1.39  
11 45 38 - 42  19831.0  1.25  
12 - - - -  21610.8  0.90  
13 45 63 - 54  26441.4  1.76  
    Core Avg = 54     
          
   DPI-2485-21 Avg. = 50   

       18076.8  1.15 
Orbit Clark #1, 2280' Depth    

1A - - - -    1.86  
1B 112 - - 112  18559.8  1.17  
2A 67 65 - 66    1.79  
2B - - -   9152.8  0.89  
3A 46 77 - 62    2.00  
3B 47 48 - 48  8644.3  0.93  
4 110 - - 110    0.36  

6A - - - -  19576.8  0.83  
6B - - - -  9407.0  0.88  
7A 50 47 - 49  21865.0  1.13  
7B 43 - - 43  14746.2  0.95  
8A 52 - - 52  8390.1  1.94  
8B 68 136 - 102  64069.5  1.78  
9A 78 69 - 74  23136.2  1.34  
9B 54 59 - 57  21102.3  1.31 1.28 

      Core Avg = 72  19877.3   

Table C.1.  Geomechanical test data for all samples tested in this project. 

Appendix C.2.  Sample Measurements 
Sample # SCI 

Value 
Thickness Thickness Length Length Width Width 

 Avg. 
Value 

(in.) (mm) (in.) (cm) (in.) (cm) 

NAOJ-1B - 0.085 2.16 2.25 5.72 1.07 2.72 
NAOJ-2A 66 0.067 1.70 2.31 5.87 1.07 2.72 
NAOJ-2B - 0.086 2.18 2.35 5.97 1.08 2.74 
NAOJ-3A 62 0.069 1.75 3.55 9.02 1.07 2.72 
NAOJ-3B 48 0.074 1.88 2.60 6.60 1.07 2.72 
NAOJ-4 110 0.068 1.73 2.40 6.10 1.07 2.72 
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NAOJ-6A - 0.107 2.72 3.15 8.00 1.08 2.74 
NOAJ-6B - 0.102 2.59 2.19 5.56 1.09 2.77 
NAOJ-7A 49 0.063 1.60 3.37 8.56 1.08 2.74 
NAOJ-7B 43 0.063 1.60 2.28 5.79 1.09 2.77 
NAOJ-8A 52 0.060 1.52 3.27 8.31 1.09 2.77 
NAOJ-8B 102 0.060 1.52 2.14 5.44 1.09 2.77 
NAOJ-9A 74 0.066 1.68 3.31 8.41 1.09 2.77 
NAOJ-9B 57 0.067 1.70 2.26 5.74 1.08 2.74 

DPI25285-1 31 0.077 1.96 2.67 6.78 1.09 2.77 
DPI25285-3 36 0.066 1.68 2.57 6.53 1.09 2.77 
DPI25285-5 71 0.074 1.88 2.58 6.54 1.09 2.77 
DPI25375-1 38 0.074 1.88 2.37 6.02 1.08 2.74 
DPI25375-2 62 0.065 1.65 2.55 6.48 1.08 2.74 
DPI25375-3 77 0.072 1.83 2.17 5.51 1.08 2.74 
DPI25375-4 51 0.087 2.21 2.64 6.71 1.08 2.74 
DPI25375-6 72 0.075 1.91 2.10 5.33 1.08 2.74 
DPI25375-9 46 0.074 1.88 2.45 6.22 1.08 2.74 
DPI25375-10 33 0.073 1.85 2.58 6.55 1.08 2.74 
DPI25375-11 42 0.075 1.91 2.55 6.48 1.08 2.74 
DPI25375-12 60 0.071 1.80 2.61 6.63 1.08 2.74 
DPI25375-13 54 0.065 1.65 2.66 6.76 1.08 2.74 
CNX3624-3 50 0.068 1.73 2.45 6.22 1.06 2.69 
CNX3624-5 69 0.076 1.93 2.35 5.97 1.06 2.69 
CNX3624-7 52 0.079 2.01 2.45 6.22 1.06 2.69 
CNX3624-12 49 0.071 1.80 2.05 5.21 1.06 2.69 
CNX3624-14 - 0.077 1.96 2.60 6.60 1.06 2.69 
CNX3624-16 - 0.085 2.16 2.49 6.32 1.06 2.69 
CNX3624-17 48 0.075 1.91 2.00 5.08 1.06 2.69 
CNX3650-8 - 0.067 1.70 2.63 6.68 1.05 2.67 
CNX3650-10 - 0.074 1.88 2.59 6.58 1.05 2.67 
CNX3650-11 - 0.070 1.78 2.58 6.55 1.05 2.67 
CNX3650-12 87 0.076 1.93 2.52 6.40 1.05 2.67 
CNX3650-14 79 0.077 1.96 2.58 6.55 1.05 2.67 
CNX3650-16 80 0.076 1.93 2.35 5.97 1.05 2.67 
CNX3700-6 89 0.065 1.65 2.54 6.45 1.08 2.74 
CNX3700-7 48 0.068 1.73 2.50 6.35 1.08 2.74 
CNX3700-9 43 0.071 1.80 2.32 5.89 1.08 2.74 
CNX3700-10 39 0.064 1.63 2.45 6.22 1.08 2.74 
CNX3700-12 62 0.064 1.63 2.47 6.27 1.08 2.74 
CNX3700-13 72 0.070 1.78 2.00 5.08 1.08 2.74 

Table C.2.  Measurements of the dimensions of all samples tested in this project. 
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APPENDIX D:  ROTATION OF JOINT ORIENTATION FROM NEW 
ALBANY SHALE TO ROCKFORD LIMESTONE 

Keene (1989) presents evidence that the 90° rotation in joint orientation from the 

New Albany Shale to the overlying Rockford Limestone observed at outcrop location 5 is 

due to the early cementation of the Rockford combined with an episode of uplift along 

the Cincinnati Arch in the early Mississippian, possibly related to a final episode of 

Acadian orogenesis or the onset of Alleghenian collision.  Keene (1989) mapped joints in 

the New Albany and overlying limestones in Indiana, and found a 90° rotation in joint 

orientation at all study locations.  Keene (1989) argues that uplift of the N-S trending 

arch would have likely caused joints to form in a N-S orientation.  Laskowski et al. 

(1980) used Rb-Sr dating to date authigenic glauconite nodules in the Belfast Member of 

the Brassfield Formation in south-central Ohio and found an age of 337 ± 27 Ma for a 

significant geologic event, which they interpreted as an uplift of the Cincinnati Arch.  A 

burial history by Strapoc et al. (2010) indicates the New Albany would have been buried 

a maximum 1500 m during the reactivation of the arch.  Shale compaction curves by 

Rowan et al. (2003) show that the shale would have had a porosity of approximately 

25%, leaving it relatively soft and unlithified.  Thus, the shale likely would deform in a 

ductile manner at such an early time in its history while the overlying carbonate would be 

more cemented and prone to fracturing.  However, no cement fills were found in the 

Rockford joints to suggest that they were open at some point in the subsurface.  One 

explanation for this is that whatever cement was present may have weathered away.  

Another possibility is that the fractures created by the reactivation of the Cincinnati Arch 

were subsequently closed when the arch stabilized and the local stress field shifted back 

to an E-W orientation.  The fractures in the limestone could then be reactivated during 

uplift and exhumation since they are weak planes.  The problem with this explanation is 
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that Keene (1989) completely disregards the possibility of cross-fold joints, which are 

pervasive in the black shale sequence of the Appalachian Basin (Engelder, 1985), 

forming as the Cincinnati Arch is uplifted.  Thus, it is impossible to say for sure whether 

such a rotation exists at all, let alone evaluate the possible cause. 
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