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Objectives 
Background 
Operators in the Marcellus Shale gas play are aware ofthe importance of natural fractures 
and there has been substantial work on the fracture systems in cdre and outcrop in the 
large region covered Hy this play (Eastern Shale Gas Project reports; Evans, 1980, 1994, 
1995; Engelder et al. 2009 arid references therein; Lash and Engelder, 2005, 2007; 2009). 
The most common fractures do.cumented by these authors in core.· and outcrop are 
subvertical opening-mode (ractures that are broadly strike parallel (Jl) or cross-fold 
joints (J2). Evans (1995) also found strike-parallel veins that post-date the J2 set and 
Lash and Engelder (2005) describe bitumen-filled microcracks developed during 
catagenesis. Gale and Holder (2010) found in a study of several gas-shales that narrow, 
sealed, subvertical fractures are typically present in most shale cores. In shale-gas plays 
that are produced using hydraulic fracturing stimulation these fractures are nevertheless 
important because of their jnteraction with· hydraulic treatment fractures (Gale et al., 
2007); At the scale of hydraulic fracture stimulation, natural fracture patterns and in situ 
stress can be highly variable, even though a broad tectonic pattern may be consistent over 
1 00s of mHes. Thus, . site-specific evaluation of the natural. fractures and in situ stress is 
necessary. Open fractures are observed in a few cases in .core. Fracture-size scaling, 
coupled with a fracture-size control over sealing cementation and a subcritical growth 
mechanism that favors clustering suggests that open fractures are likely to be 
concentrated in clusters spaced hundreds of feet apart (Gale, 2002; Gale et aL, 2007). Our 
goal· for this project is to characterize the fractures and identify the characteristic spatial 
arrangement of fractures, including potential clusters of large fractures. 

Our emphasis is on characterizing, quantifying and modeling fractures that have grown in 
the subsurface in a chemically reactive environment 'through a combination of 
observation at a range of scales, ~etailed petrographic andmicrostructural observation of 
cement fiHs,. and geomechanical modeling (cf Marrett etaL, 1999; Gale, 2002; Laubach 
1997, 2003; Olson,2004). Large natural fractures, open or sealed, are typically sparsely 
sampled in core or image logs. Yet these are the fractures that would have the most effect 
in augmenting gas flow or influencing ·the growth .of hydraulic. fractures. Our approach 
overcomes the sampling prnblem by use of fracture size and spatial scaling analysis 
coupled with geomechanical modeling. That is, we may make predictions about their 
attributes without samplingthem. 

Fracture morphology, orientation, spatial organization and ~ementation were analyzed 
using datasets from the project well-experiment area in SW Pennsylvania. We added a 
dataset from a field area to evaluate the use of outcrop fracture data in reservoir 



Julia Gale Page 2 8/30/2012 

characterization in the Marcellus, thus expanding the relevance of the study beyond the 
well-experiment area in SW Pennsylvania. 

Summary of Results 
• In the Marcellus Shale there are two to three sets of subvertical natural fractures: 

in the quarry exposures near Union Springs, NY, JI fractures trend 075°, and J2 
fractures trend 335°. In the Marcellus reservoir in SW Pem1sylvania in the well 
experiment location for the project there are three trends: NE (which we interpret 
as Jl), NW (which we interpret as J2) and a third set trending ENE. Fractures in 
outcrop are up to 40 m long and the tallest is at least 3 m high. 

• Induced fractures in the reservoir trend NE-SW. ' 
• An analysis of the spatial organization of the calcite-sealed fractures in the Union 

Springs quarry location we found JI fractures have a weak preferred spacing at 
0.2m, 1 m, ~7 m and 14 m. J2 fractures show preferred spacing at 2, 4 and 14 m. 

• J2 fractures in the Gulla Unit # 1 OH horizontal well image log show a preferred 
spacing at 12.5 m, which is comparable to the vertical distance between limestone 
beds observed in the nearby Paxtqn Isaac Unit #7 well. This may be a 
characteristic mechanical layer thickness, which is reflected somewhat in the 
fracture spacing. 

• Samples from the Paxton Isaac Unit #7 well yield subcritical indices from 38 to 
131, with a mean of 75, and fracture toughness, Klc, typically from 1.0- 1.7 MPa 
sqrm. 

• Geomechanical models using measured and selected input parameters specific to 
the subsurface close to the Gulla and Paxton Isaac wells yield fracture spacing 
patterns comparable to those measured directly: geomechanical modeling is a 
useful predictive tool. 

• Horizontal fractures seen in cores were not observed in outcrop. 
• The fractures in the outcrop are mostly barren, with the exception of a few 

examples including those at the Wolfe Quarry in Union Springs. 
• Fractures in core are mostly seaJed. Barren fractures do occur, but where 

orientation is known these are parallel to SHmax and are interpreted as drilling­
induced fractures. 

• Sealing cements in fractures are calcite, quartz, pyrite, barite and anhydrite. The 
cement crystals may be sub-euhedral, anhedral or fibrous. Cements commonly 
show crack-seal texture indicating multiple opening events. 

• Larger fractures (> 5 mm wide) may be partly open, with euhedral cement lining 
open pores: examples were observed in the Onondaga Lst. in the Hardie Unit #1 
core, and in the shale facies in other proprietary cores outside this study. Fractures 
in the shale that are narrower than this are completely sealed, but fractures as 
narrow as 1. mm have been observed with fracture porosity within a carbonate in 
the Dunn Clingermann well. There is also some fracture porosity in fractures that 
are contained within concretions. 
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• Fluid inclusions a.re present in some but not all of the fracture cements 
(hydrocarbonand aqueous). They are typically abse~t of are too small to observe 
with a petrogn1phic microscope inthe fibrous cements. 

• Preliminary 018 andc13 stable isotope data in calcite cements indicates·variation 
in composition offluids from which .cements were precipitated. 

'· Fracture Characterization from Well Data 

Project planning 
Project strategy,and planning for data acquisition were discussedat a 111eeting at Range 
Resources, Carbondale, PAon 12/14/2010.The .experimental well for the projectwas 
confirmed as the Troyer Space Management Unit #10 in Washington County, PA, and 
preparations were made for data on five nearby wells to be made available. 

Slabbed sectiolls of four Range Resources cores housed at TerraTek in Salt Lake City 
were examined and photographed on 3-4 March 2011. Sampling tookplace on November 
15-16after further work on the cores by a third party had been completed.The cores are: 

Range Resources Paxton Isaac Unit #7 
RangeResources HardieUnit#l 
GreatLakes Energy Dunn Clingerman Unit #4 
Great Lakes Energy Stewart Nancy Unit #4 

(Washington Co.) 
(Greene Co.) 
(Washington Co.) 
(Washington Co.) 

The cores are in \Vashingtonand Greene Cbunties in SW Pennsylvania (Fig. 1).They are 
taken through the target interval forthe Troyer well, which had already undergo11e 

• hydraulic fracturing with micrnseismic mbnitoring at the time of core examinatiqn .. The • 
aim of the core examirnition is to characterize the natural fracture system in the vicinity 
of the Troyer well ifforder to better unde~stand the behavior of hydraulic fracture 
treatments, and the permeability system ofthe Marcellus Shale. A horizontal image log 
from a fifth well, the Gulla Unit # l0H, in Washington County was provided for fracture 
orientation and spatial organization analysis. 

Sampling ofCores 
In November 2011 the coreswere sampled for fracture cements, non~cemehted fracture 
surfaces andfor subcritical index and tensile strength offracture planes testing. We used 
the observations of the archived half ofthe core, as described above and in the Terratek 
reports, to select depths from the sampling halves. The sampling inventory is provided in 
Appendix B. ' • 

Additional cor·essamples were obtained by Edgar Pinzon {GTI) from the Eastern Shal~ 
Gas Project #5.(Connie Sokovitz #1) well in Lawrence Co,, PA (received at the Bureau 
facility on JuneJ5th).These samples were collected for subcritical crack iridexwork. The 
well is locatedmorethan 60 milesnorth of the focus area for the project sothe results 
cannot be used forlnocleling ofthefracture.system in the vicinityoftheweH experiment. 
Test results would, however, be used to constrain the variability of subcritical index in 
the Marcellus, Pinzon (pers. comm.) did not observe natural fractures in the cores from 
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which the samples came. The coreswere full diameter, however,and the outer surfaces 
were rough, which may have obscured any hairline fractures present. 

Figure 1. Ooogle Earth base map of New York and Penhsy lvania showing field area andwell • 
experimentlocation. Green boxes are enlargements ofthe well experiment location. 

Fracture Characterization and Fracture Cement Petrography 
Fracture characterization had already been completed by TerraTek for the two cores tliat 
were oriented using scribing techniques: the Paxton Isaac Unit #7 and Hardie Unit #1 
cores. The fracture orientations obtained from the core had been calibrated with image 
logs. Our aim was to augment, notrepeat,this work. WfP used the existing fracture reports 
to establish that most of the fractures in the whole core are represented inthe slabbed 
viewing half. During the March 2011 visit we photographed the fractures in the slabbed 
viewing half of these cores and examined the TerraTek fracture description reports 
provided by Range. We concur with the overall findings of these reports in terms of 
fracture types. There are some differ.ences in our interpretation of features on a fracture­
by~ fracture basis and these discrepancies are discussed below. 

Fracture descriptions were made of the two unorient:ed cores (Dunri ClingermanUnit #4; 
Stewart Nancy Unit #4) as thi's had not previously been done. These data are included in 
Appendix A. 
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The main fracture types described from the cores were sampled and fracture cements 
observed in thin section using conventional petrography and cold-cathode CL. Calcite is 
the dominant fracture cement, with quartz, pyrite, barite and anhydrite also present in 
some fractures. Cements may be fibrous or anhedral-blocky. Characteristic cement types 
and morphologies are summarized in the photo-panels and captions that follow each 
fracture core description section. ,,, 

Range Resources Paxton Isaac Unit #7 

This core extends through the entire interv.al of interest from 5,849 ft in theRhinestreet 
Fm. to 6,533 ft in the Onondaga Lst. Fracture types include (1) networks in carbonate 
concretions, (2) tall, narrow, steeply-dipping, sealed fractures, (3) bedding -parallel 
sealed fractures ( 4) shallow-angle· faults and ( 5) drilling-induced fractures. These are 
described below.The orientations of natural and induced fractures presented in the 
TerraTek reports are interpreted in relation to the Jl/J2 terminology established for the 
Appalachian basin shales by Ertgelder and other workers (see Engelder et al., 2009 and 
references therein) (Fig. 2). 

Figure 2. Orientation of natural .and induced fractures in the Paxton Isaac Unit #7 core, calibrated 
by image log. Data collected by TerraTek, red interpretation lines by Gale, this study. 
Complex networks that are contained within carbonate concretions (Fig. 3a). While these 
fractures are unlikely to contribute significantly to reservoir permeability, the cements in 
the fractures may offer insights into fluid processes operating some time after concretions 
were established. The concretions themselves might affect propagation of hydraulic 
fractures. 
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Figure 3. Sealed natural fractures in the Paxtonisaac l.Jnit #7 core, ( a) fracture network contained 
within carbonate concretion (b) tall, segmented steep fractures. Sealing cement is calcite. 

TaU (up to 4 ft), steep {dip> 70°), sealed fractures are common in this and the other cores 
examined (Fig. 3b ). These are similar to the fractures described by Gale et al., (2007) in 
the Barnett Shale, and are interpreted to be part ofa fracture population that has a power 
-law or exponential size distribution. The fractures observed here likely represent the 
smaller size fraction of the wider population.Jn some parts of the core ( e,g, 6,916 ft) 
fractures of this type are parallel to the slabbed face and are easily ~issed. 
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Figure 4. (a) plane light, (b) crossed polars photomicrographs of anhydrite laths growing 
in fracture pore space. The fracture walls are calcite. This fracture is contained inside a 
carbonate concretio11 (Fig. 3a ); fracture inside concretions. commonly show a different 
cement pattern and morphology from the fractures cutting the shale. Sample from 5909 
ft .. 

Figure 5. (a) Plane light and (b) crossed polars photomicrographs of fracture cement in a 
subvertical fracture similar to the example in Fig. 3b. The cement is fibrous calcite with a 
median line. Adjacent fibers have a common crystallographic orientation so that blocks 
of fibers move into extinction together {b ). Fibres are normal to fracture walls in this case 
indicating no shear component to the opening. Sample depth 6,231.5 ft. 
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Bedding-parallel fractures c.onstitute a third fracture type. They are commonly sealed 
with fibrous calcite (Fig. 6a, b) but others contain blocky calcite cement.. These. fractures 
are not common in the core but several are observed together between 6,483 and 6,485 ft 
in the organic-rich part of the Marcellus Fm. (Fig. 7a). We speculate thatthese fractures 
may be associated with fluid overpressure during catagenesi~ (c.f. Lash and Engelder, 
2005) although we did not observe hydrocarbon fluid inclusions in the fibrous cements in 
this welt.Single phase oil inclusions were noted ih a horizontal fracture in the Dunn 
Clingermann well (see sectioq on this well below). In addition to the planar bedding- • 
parallel fractures there are networks· of shallow angle, non-planar fractures that may have 
slickensides along the surfaces and where the host rock is brecciated (Fig. 7b). These are 
interpreted as zones of shear. In an example at 6,4882 ft a pyrite~rich layer has been 
displaced by approximately 2 mm of reverse shear along a shallow-angle fault (Fig. 7c). 

Figure 6. (a) Bedding-parallel fracture at 6,434.5 ft,with fibrous calcite cement. (b)thin section 
of fracture in (a). Curved fibers indicate a minor horizontal shear component in addition to 
opening normal to the fracture wall. Oxygen and carbon stable isotopes were analyzt:;d for this 
sample. 
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Figure 7.{a) Bedding p~rallel opening.:mode fractur~s, (b)Plane light photomicrograph of 
fracture cement in a fracture frombeddi11gparal1el fracture in the (Fig. 7a). Curved fibers 
indicate a minor hOrizontal shear component inaddition to. opening normal to the fracture 
wan. Oxygen and carbon stable isotope~ were analyzedf or this samples, (c)1ow angle 
shears in the Paxton Isaac well, (d)Iow angle shear cutting a pyrite layer at 6,488,2 ft. 

Range Resources Hardie Unit #1 

Fracture types present in the PaxtonlssacUnit#7werealso observed in the Hardie Unit 
# 1, In addition, there are examples of Imig fractures originally interpreted as induced, 
petal centerline fractures. (Fig. 8a; b}. We reinterpretthese fractures as being reactivated 
naturalfractureson the basis oftwo.factors: 1) the dips.ofthefractures are not subvertical 
but approximately 70°; they are nottruly 'centerline' ,although thefractures·do curve at 
the upper terminus and haye a 'petal' geometry. 2) There are hairline sealed natural 

• fractures in apparently the same orientation in adjacent parts of the core (Fig. 8c, d). In 
any case it is likely that the. strike of these fractures isclose to both the paJeo- and present 

• day SHmax• • • • 

There are several examples of fractures within carbonate or pyrite concretions that. 
contain a severnl phases of cement (Fig. 9). We will sample these. While these fractures 
may not provide conduits forhydrocarbonsthe cements may reveal information about the 
fluids and temperature conditions in the pasin. The concretions can preserve the pre- • 
compaction statecifthe·shale(Fig. 10). 
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(b) 

Figure 8. (a, b) Apparently barren, planar fractures dip at 70° and curve at the upper terminus 
with a 'petal' geometry. These had been interpreted as induced petal centerline fractures. Depths 
7,664-7,668 ft and 7,674 ft (c, d) Natural fractures sealed with calcite with similar orientation in 
adjacent sections of core. Depths 7,683 and 7,691 ft. Hardie Unit #1 core. 
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Figure 9. Fractured carbonate/pyrite concretions with multiple phases of fracture sealing 
cement, Hardie Unit#l core. Samples from (a) 7,803 ft and (b) 7,817.5 ft. (c) Plane light 
ph9tomicrograph of anhydrite, calcite and pyrite cements in the fracture in (a). These are 
similar to the fractures in the Paxton Isaacwell concretions. 

Figure 10. Fossils are preserved with their 
original geometry within a carbonate 
concretion, but are compacted in the 
surrounding layers. This is evidence that the 
concretions grew before compaction ofthe 
sedimentwas complete. Hardie Unit #1 core, 
7,847 ft. • • 
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In addition to the steep planar fractures with large height to width aspect ratios (Fig. 3b, 
8) there are fractures with much lower aspect ratios that occur in en echelon arrays at 
7,881 to 7,883 ft (Fig. 11). These are sealed with fibrous carbonate cement. The 
relationship between these two groups is not known. 

Figure 11. ( a) En echelon arrays of low height to width aspect ratios. (b) Thin section 
photomicrograph showing fibrous calcite fracture fill with variable fiber width and orientation. 

The en echelon arrays may also contain complex branching structures near the tips of each 
segment (Fig. 11 a). In other cases fractures may be dominantly vertical but have horizontal 
(bedding parallel) offshoots (Fig. 12). 

Complex branching low angle fracturesare also present (Fig. 13; c.f. Fig. 7). Some are bedding­
parallel, opening-mode fractures with either blocky or fibrous fill (top of figure). Others have 
shear offsets and slickensides along them (center of figure). 

The unit below the Marcellus, the Onondaga Limestone contains en echelon fractures with vuggy 
openings in calcite cement (Fig. 14). 
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Figure 12 (a) Vertical fracture with fibrous calcite fill and horizontal 
component at the top break. (b) Both fractures have detached from 
the fracture walls, and possibly from each other in thin section. Both 
show curved fibers, which are consistent with contemporaneous 
opening. The vertical fracture has a median line consistent with 
growth from the center outwards (antitaxial) whereas the horizontal 
fracture does not, and has the widest crystals in the center, which is 
consistent with syntaxial growth from the walls inwards. Sample 
depth 7897.5 ft. 

Figure 13. (a)' Low-angle fractures in the Hardie Unit #1 core, 
7,889.5 ft. (b) morphologies of these fractures can be irregular, 
with fracture walls being non-planar. 
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Figure 14, (a) Partly open fractures in the Onondaga Lst. at 7935.8 ft (b) plane light 
photomicrograph of fracture porosity (blue epoxy) in calcite cement in the sample in (a). 

Great Lakes Energy Dunn Clingerman Unit #4 

This core is unoriented and a systematic fracture description hl:ld not been done 
previously. We present a spreadsheet showing someof the measurable parameters and . 
descriptive characterization (Appendix A). Here, we present a summary of the findings. 
As for the· other cores described in this report, there· are both drilling induced and natural 
fractures present. We first give examples of fractures similar to those found in the two 
oriented cores. 

Steeply dipping fractures sealed with calcite in the shale section (Fig. 15a), but partly . 
open in the underlying limestone section (Fig. 15b ), sealed horizontal fractures, 
sometimes associated with pyrite (Fig. 16) and low angle.fractures.(Fig. 17) are present at 
several locations in this core. 

• Also present are steep barren fractures(e.g. 6,515.5 to 6,521 ft) that we interpret as 
drilling induced fractures. 
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Figure 15. (a) Vertical calcite-sealed fractures at 
6,579 to 6,583ft in mudrock, and partly open at 
6,620 ft in limestone. We do not know if the 
fracture sets are the same. 
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(b) 

Figure 16. Horizontal fractures sealed with calcite and associated with pyrite layers or nodules at 
(a) 6,507.6 ft and (b) 6,570.4 ft (c) crossed polars photomicrograph of calcite cement in the 
fracture in (a). Two different calcite morphologies are present; a coarse blocky cement at the base 
and a fibrous layer at the top. 
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Figure 17. Low angle fracture 
at 6,567.6 ft. 

There are many locations in all wells where there are horizontal accumulations of pyrite. 
In the Paxton Isaac Unit #7 well there are several of these near the top of the cored 
interval. Terratek had interpreted these as fractures (Fig. 18a) and many of them are 
notably crenulate. 

(a) 

Figure 18. (a) Horizontal accumulations of pyrite of uncertain origin in the Paxton Isaac Unit #7 
core at 5,882 ft. (b) Vertical, pyrite-filled fracture in the Dunn Clingerman Unit #4 core at 6,600.5 
ft. 

We consider that they are not fractures but are likely sedimentary or diagenetic in origin, 
with the crenulate forms possibly being pyrite replacement of fossils. However, in the 
Dunn Clingerman well there are vertical, pyrite-filled fractures (Fig. 18b ). The origin of 
the pyrite accumulations is therefore unresolved, but we suspect there is more than one 
mechanism. 
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In the crinoidal limestone at the base of the core there are subvertical stylolites, which 
must be tectonic in origin. We have not established the relationship between the stylolites 
and the fractures in the limestone. Tectonic sty lo lites at a high angle to J2 fractures are 
observedin outcrop in the Tully Limestone in the river section below Taughannock Falls, 
NY. Engelder and Engelder (1977) described the strain recorded in fossils, including 
crinoids, and due to solution cleavage in the Appalachian Plateau, concluding that 
horizontal shortening was of the order·of 10%. 

Great Lakes Energy StewartNancy · Unit#4 

This core is unoriented and a systematic fracture description had not been done 
previously. We present a spreadsheet showing some of the measurable parameters and 
descriptive characterization (Appendix B). This core isnotably more disked (many 
horizontal breaks) than the other cores, which may reflect its composition. There are 
several accumulations of silt and pyrite that can superficially resemble horizontal 
fractures (Fig.19). There are very few natural fractures in the core, however, most being 
concentrated in the lowest 4 ft, where there are sealed fractures associated with 
concretions and a few calcite-sealed subvertical fractures (Fig. 20)'. 

Figure 19. Silt (center)and pyrite (top) accumulations at 6,279.2 ft. 
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Figure 20. Bottom box of Stewart Nancy unit #4 core showing 'poker chip' breaks in the 
mudrock interval. A fracture network sealed with calcite and pyrite occurs in the paler grey 
carbonate concretion and vertical, calcite-sealed fractures are present at the base (6,302 to 6,310 
ft). 
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Additional work 

A Petra project was constructed by Laura Pommer (Graduate Research Student, BEG) 
and Edgar Pinzon (GTI) so that intervals of interest relative to the Troyer Space 
Management Unit# 10 could be identified (Fig. 22). Tops identi.fied on the cores and well 
log analysis were used to construct tops on the different members in the section and 
correlate from well to well. The Hardie well depths are greater than those in Washington 
County. In addition to the targetzone for the well itself, units above and below are of 
interest as they are likely to be reached by the hydraulic fracture treatment. 

Figure 22. Cross-section constructed using the weBlogs from the project area. Construction done 
using Petra. 

Field Work 

Two field trips occurred during the first year of the project.Dr. Terry Engelder 
(Pennsylvania State University) led a field trip to several outcrop locations in central 
Pennsylvania and the Finger Lakes district of New York State on June 2-3, 2011 (Fig. 
23 ). The purpose of the trip was to .examine the fracture expression in outcrop in the 
Marcellus and overlying shale-bearing sequences in the region, and to discuss the overall 
gas-plume model for natural hydraulic fracturing that Engelder has developed. For this 
project there were two additional objectives: 

1) To compare findings in outcrop with the fracture characterization previously reported 
for cores from Washington and Greene Counties, SW Pennsylvania in the project focus 
area. We also viewed two cores at the Penn. State Geology Department core laboratory 
for comparison. 

2) To assess whether additional fieldwork would be beneficial for the project. 
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As a result of the first trip a data-acquisition trip took place during September 29~31, 
2011. The outcrop fracture patterns in the Marcellus Shale have been the subject of many 
studies over several· decades. This second trip was. aimed at addressing questions that 
have not previously been answered. Namely, the apparent anomaly in the number of 
fractures observed with cement in the subsurface in cores (many) vs. the number of 
fractures observed with cement in outcrop (few). A further anomaly is that many 
fractures in core dip at around 70-75°, whereas the joints in outcrop are mostly 
subvertical (where bedding is horizontal). The only exception observed is one duster of 
steeply dipping(~ 70°)J2 fractures adjacent to subvertical ones in Fillmore Glen State 
Park. 

Work by Engelder (2009) suggests that joint sets visible in outcrop represent those in the 
subsurface as seen in core and borehole image logs. The joints, in both outcrop and 
subsurface, are observed to be in two main orientations and are hypothesized to have 
formed "close to peak burial depth as natural hydraulic fractures induced by abnormal 
fluid pressures generated during thermal maturation of organic matter" (Engelder et al., 
2009). If this is correct then outcrop and quai::ry observations in the Marcellus Shale can 
thus be used as a proxy for subsurface joint orientation and fracture modeling, as the 
fractures are essentially "fossil reservoir fractures" (Fidler Thesis, 2011 ). We collected 
samples of cement from both fracture sets with the aim of determining whether the 
cements indeed indicate fracturing occurred at depths (temperatures and pressures) 
equivalent to the Present day Marcellus reservoir. Analysis of these samples is ongoing 
as part of Pommer's.thesis, results of which will be available. upon completion. We will 
compare results with Evans ( 1995) who found progressively mature hydrocarbon fluid 
inclusions in fracture cements from fractures of decreasing age in Devonian shales from 
the Appalachian Basin,relative timing having been established through cross-cutting and 
abutting relationship. Evans (1995) relatedthesefindings using a burial history curve 
such that the latest fractures developed at peak burial for the Devonian shales. 
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Figure 23. Map of outcrop locations examined during the June 2-3 field trip. Mapped with 
GoogleEarth, 

Summary of findings 

Key observations in outcrop are that there is a consistent fracture organization in terms of 
orientation and relative timing. Consistencies are seen across the outcrop belt and 
vertically through the section, with repeated patterns of fracture intensity in black and 
grey shales. These are summarized by Engelder and Gold (2008) field guide, in which 
some "conundrums" concerning our understanding of these fracture systems are 
discussed, and by Engelder et al. (2009). There are three main fracture sets: J1 joints, 
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trending ENE-WSW and best developed in the black shales such as the Marcellus, 
Geneseo and Middlesex Formations; J2 joints, trending approximately NNW-SSE, 
normal to fold ~xes and best develqped in the grey shales; JJ which are sub-parallel to JI 
but which tend to be curviplanar and are. interpreted to have developed during uplift in. 
the mod.em day stress field. 

Fractures in outcrop mostly manifest themselves as barren joints with clear surface­
propagation features such as plumose structure and arrest marks. Lacazette and Engelder 
(1992) documented an examplein the Ithaca Sandstone and there are many other 
examples throughout the section (e.g. Fig. 24). 

· Figure 24, J2 joint withplumose structure showing several different horizons where fracture 
growth initiated. Catskill Delta Sherman Creek Formation sandstone south of Buttonwood on 
west side of 199. 

JI fractures are best developedin the black shale, and J2 are .dominant in the grey shale.s. 
Both JI and J2 occur in the grey shales directly overlying black shales (Fig. 25). There 
are in fact two sets of J2 joints, with the later set striking a little clockwise from the 
earlier set. At the Boyd Point stream outcrop the later J2 set are oriented 008/78 E (Fig, 
26) and both J2 sets are also present at Taughannock Faqs State Park, NY. (Fig. 27). 
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Figure 25. Both joint sets are present in Middlesex Shale in the streambed at Boyd Potnt, Keuka 
Lake, NY. A J2joint is parallel to the scale (oriented (343/89NEhere) and is at a high angle to J1 
joints ( oriented 077/90), which are offset aloµg J2 joints in some places. 

Figure 26. J1 anq both J2jointsets are present in the streambed at B9yd Point, Keuka Lake, NY. 
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Figure 27. J2 joint sets, J2(1) and J2(2), are present in the Ithaca Formation at Taughannock Falls 
State Park, NY. Multiple J2(2) joints propagate down from the siltstone shale interface (Engelder 
and Gold, 2008). 

Very few fractures have cement in them although there are exceptions (Fig; 28). A quarry 
near Union Springs, NY contains several well-exposed J1 joint surfaces with calcite and 
pyrite cement in the Union Springs Member of the Marcellus (J2 fractures also have 
cement). Further examples of cemented J2joints are documented by Engelder and Gold 
(2008) in the Union Springs Member of the Marcellus along the Conrail railroad cut at 
Newton-Hamilton, PA. Partly open J2 fractures also occur in the Onondaga Limestone at 
the same location. 

There are two sets with abutting and offset relations· indicating an older J 1 set that trends 
ENE-WSW and a younger J2 set trending NNW-SSE. Both are steeply dipping and 
sealed with calcite and pyrite.· Kinematic apertures of these fractures are up to 1 mm and 
the cement-wall rock bond is weak. 
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Figure 28. JI fracture with 
calcite and pyrite cements 
on the surface. Plumose 
structure can be seen in the 
cement at right Location: 
Wolfe Quarry, The Village 
at Union Springs, NY. 

Figure 29. JI fracture face with patchy calcite cement on the surface. Twist hackles have 
developed in the upper part of the fracture. Several J2 fractures cut the JI .fracture plane; J2 
spacings, widths. and other attributes were collecteq here using a scanline constructed along the JI 
surface atapproximately l mabove the quarry floor. Inset rose diagrams; trends ofJl (n = 52) 
and J2 fractures (n = 42) measured at this location. Location: Wolfe Quarry, The Village at 
Union Springs, NY. 
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Natural fracture spatial organization. 
Fracture spacing data were collected for both fracture sets. J1 spacing data werecollected 
along a scanline normal to J2 fractures in the quarry floor. J2 data were collected along a 
scanline on a J1 joint surface that forms the back wall of the quarry (Fig. 29). Plots of 
fracture aperture versus position along scanline give a sense of the degree to which 
fractures are clustered. The J1 fractures are somewhatclustered (Fig. 30a),while the J2 
fractures appear to be more strongly clustered (Fig. 30b ). No mineral cement was seen in 
the J2 fractures in the scanline along the J1 that forms the back wall of the quarry 
although elsewhere in the quarry J2 fractures contain cement fill. 
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Figure 30. Plots of fracture aperture versus distance along scanline for (a) J1 joints, where orange 
= sealed fractures, blue= apparently barren fractures, and (b) J2 joints. Data were collected from 
scanlines normal to each joint set. 

Plots of spacings, as shown in Figure 30, give a sense of clustering but do not allow 
quantification ofclustering. To do this we analyzed the spacing data using a geostatistical 
method based on a two point correlation integral - the normalized correlation count (Fig. 
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31 ). This method, developed by Marrett etal. (2005) and Gomez (2007), allows 
quantification of the degree to which fractures are clustered relative to tqe clustering 
expected in a random distribution. Tp.e difference between the correlation count for a 
random set (normalized to l}and the observed correlation count is termed the spatial 
correlation. Peaks in the observed data represent length scales at which spatial 
correlation is greaterthanrandom(Fig. 31). The J1 fractures.have aweakpreferred 
spacing at 0 .2m, 1 m, -7 m and 14 m (Fig. 31 a). The J2 fractures show preferred spacing 
at 2, 4 and 14 m (Fig. 31 b ). The common correlation for both sets at 14 m is noteworthy 
and we speculatethis may reflect an intrinsic mechanical lay(!rthickness forthe Union 
Springs at this location that persisted during burial and governed fracture spacing for t\yo 
fracture sets that developed at two different times. 
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Figure 31. Spatial correlation plots for (a) J1 fractures and (b) J2 fractures in the Union Springs 
Member of the Marcellus Shale fn the Wolfe Quarry at Union Springs, NY. Spacing data were • 
collected along scanlines normal to each fracture set. The plots show the dyviation of the 
observed data ( open circles and black line) from analytical random spatial correlation (blue line) 
and 100 randomized arrangements of the data (green line) together with the 95% confidence 
limits of the randomized data. Peaks indicate greater spatial correlation at that length scale, 
trpughs indicate lower correlation. 
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Natural fracture spatial organization: analysis ofresistivity image log (GVR tool), 
Gulla Unit #lOH Horizontal well, Washington Co., PA. 
The Gulla Unit#lOH well in Washington Co. SW Pennsylvania is part of the group of 
five weUs used in this project to characterize the natural fracture patternin the Marcellus 
Shale. Of the five wells it is the only horizontal well. Fractures along the length of the 
wellbore, both natural and induced, were imaged with a SchluITibetgef GVR log,and 
bedding and.fractures were interpreted and depths and orientations were plotted (picked) 
by Schlumberger. We extracted the fracture orientation data from an Ex~el spreadsheet of 
the fracture picks andplotted them as lower hemisphere stereographic projections (Fig. 
32). 
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Figure 32 .. Compilationof lower hemisphere stereographic projections of poles to fractures for 
different fracture types identified in the GullaUnit#lOI-Iimage log. The drilling azimuth is 329°, 
whichfa normal to the drilling-induced fractures. 

we also examined the fracture picks using the WellEye viewing tool and compared them 
with the fracture data obtained fr0111 core and image logs in the other wells in Washington 
Co. The orientatiops of different fracture types obtained from the image log in the Gulla 
Unit #1 OH well are similar to fracture orientations in the other wells at comparable 
depths. According to the directional survey the well becomes horizontal at about 6,366 ft 
(TVD) which corresponds to a MVD of6,620 ft allowing for the curve around the heel of 
the well. This is close to the top of the Marcellus A. 
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Natural fractures with various degrees ofresistivity trend WNW~ESE (these are 
interpreted as being part of the regional J2 set). Resistivity is an indicator of whether the 
fri:icture is open to conductive fluid. Conductive fractures are commonly interpreted as 
being open. Fractures with openings may have linings of cement on walls or may have 
been reactivated and opened during drilling. Partly open fractures may have 
discontinuous cement fill. Resistive fractures are likely to be filled with cement. The 
presence of all three degrees of mineral fill in a single set is consistent with models of 
cementation that show a size-dependence of fracture fill for synkinematic cement, or 
heterogeneity of fracture fill for postkinematic cements (Laubach 2003). 

The orientation of fractures in this well and their measured depths along the length of the 
well allow us to examine the fracture spatial organization of the different fracture types. 
Examination of fracture occurrence along the length of the well bore gives a qualitative 
sense of clustering (Fig. 33). Plots of fracture location alongthe borehole, from 6,660 to 
7,208 ft (Fig. 33a) and from 7000 to 8364 ft (Fig. 33b) reveal the different fracture types 
are not evenly distributed. There are gaps in natural fracture occurrence between 6,800 
and 7,000 ft and between 8,000 and 8,200 ft. 

Drilling induced fractures trend NE-SW. It is possible some or all of the fractures 
interpreted as drilling induced are in fact natural JI fractures. Otherwise, there are 88 J2 
fractures, zero JI fractures and 16 drilling~induced fractures in 1350 ft oflateral. Induced 
fractures (yellow in Fig. 33) are concentrated midway along the imaged borehole with a 
few at each end. The significance of this clustering of induced fractures ( or JI) is not 
known at this point in the study. We will attempt to investigate further whether these 
fractt1res are natural or induced. 

The deviation survey for the well indicates a drilling azimuth of 329°, which is normal to 
the induced fractures.An orientation sampling bias would lead to undersampling of 
WNW-ESE fractures more so than those trending at a high angle to the wellbore. We 
conclude that even if all the "induced fractures" are in fact J1 natural fractures, the J2 set 
is more intense than the JI set at this locality. 
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Figure 33. Fracture locations along the length of the Gulla Unit l0H horizontal well 
(picks by Schlumberger) (a)from 6,660 to 7,208 ft and (b) from7000 to 8364 ft. Note 
overlap in the plots. Different fracture types are color coded: Red = partially healed 
fracture; Light blue = resistive fracture; Blue = conductive fracture; Yellow= drilling­
inducedfracture; Green= bed boundary. 
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The first step in our quantitative spatial analysis is to take the measured vertical depths 
along the wellbore and compute the spacings between all the fractures in the set. 
Corrections for non-oblique fractures can be made at this stage or after the correlation 
count analysis. The technique requires that the width (kinematic aperture, that is the wall 
to wall dimension of the fracture including porosity and cement) of the fractures be 
included so that mid-point positions for each fracture can be established. In the case of 
data collected in outcrop or horizontal core these would be directly measured, but 
because it is not possible to measure the widths of the fractures in the GVRlog we assign 
arbitrary widths to the fractures. The widths are typical ofthose seen in core and range 
from0.05 to 1 mm. A plot is made of the position of the fracture along the length of the 
well bore, together with the assigned aperture size for each (Fig. 34). Co:m:parison of the 
plot with the visualization of the well bore for the drilling induced fracture shows how the 
plot captures the concentration of the fractures in the m.idsection of the well. 
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Figure 34. Plot of fracture location along the well bore (distance), shown as a cumulative fracture 
count (cumulative number). Widths (apertures) of each fracture are also shown. DriHing induced 
fractures. 

We then use a modified correlation count technique; which is a geostatistical method · 
based on a two point correlation integral. This method, developed by Marrett et al. (2005) 
and Gomez (2007), allows quantification of the degree to which fractures are clustered 
relative to the clustering expected in a random distribution. The difference between the 
correlation count for a random set (normalized to 1} and the observed correlation count is 
termedthe spatial correlation (Fig. 35). Peaks in the observed data represent length 
scales at which spatial correlation is greater than random. In general, the larger the data 
set available the more representative it will be. 
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The plot for the drilling induced fractures shows· a statistically significant peak around 
80,000 mm (262 ft) (Fig. 35). This reflects the spacing of clusters of fractures seen 
around 170,000 and 250,000 mm in the plot of distance along borehole vs. cumulative 
number (,Fig. 34) and in the yellow fractures in the borehole visualization close to marked 
depths of 7,280 and 7,500 ff(Fig. 33). Thus despite there being only 16 drilling induced 
fractures the correlation signal is high, indicating a strong spatial organization. The 
section of the plot from 1000 to 30,000 mm shows a spatial correlation progressively 
decreasing with increasing length scale. This is a mix of signal and artifact. The stepwise 
decrease with incremental decrease in length scale is due to the signal being obtained 
over progressively shorter distance as the length scale increases. However, the overall 
downward trend likely indicates a fractal spacing distribution within the clusters. Cluster 
width is approximately at the crossover on the x-axis at 16, 613 mm (55 ft) 
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Figure 35. Spatial correlation plot for drilling induced fractures in the Gulla 1 OH well 
image log. The points up to 30,000 mm ( ~ 100 ft) indicate a fractal spacing distribution 
within clusters, while the peak at ~80,000 mm is an indication of a characteristic spacing, 
and it is statistically significant as it rises above the 95% confidence limit. 

Although the natural fractures in the GVR log were split into three different groups on 
the basis of degree of mineral fill we argue above that these can be treated as a single set 
(J2). The combined data are plotted (Fig. 36) and analyzed (Fig. 37). In this case, irt the 
absence of measµred apertures, the apertures were assigned using a data set from an 
outcrop of Austin Chalk, where the largest fracture is 100 mm wide. These.values are 
used to assign the midpoint of the fracture and have no further utility in this study. The 
cumulative number plot (Fig. 36) indicates the segments of the well bore along which 
there are many fractures (blue curve is steep) and those segments where there are no 
fractures (blue curve is flat). • 



Julia Gale Page 34 8/30/2012 

The spatial correlation analysis (Fig. 37) shows a significant peak at 7,000, (23 ft) and 
weaker ones at 13,300 (44 ft) and 24,670 (81 ft). These all need to be corrected asthe 
borehole is at alow angle tothe fractures. If we take the mean trend of the fractures as 
300° and the borehole direction as 329° then the correction to be applied is: 
True spacing =apparent spacing (sin 29°') 
Or, · True spacing :::: half apparent spacing 
Thus the preferred spacings for 12 fractures are approximately at3.5 m (ll .5 ft), 6.75 m 
(22 ft) and 12.34 m (40 ft). The latter two are likely harmonics of the first.. Unlike the 
plot for the induced fractures the natural fractures do not show a strong correlation at 
small length scales, progressively decreasing to zero or negative correlation. Rather, there 
is a single peak at 1500 -1700 mm (5 ft). 
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Figure 36. Plot of fracture location along the well bore (distance), shown as a cumulative 
fracture count(cumulative number') and fracture width (aperture') for natural fractures.in 
the 12 set. 
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Figure 3 7. Spatial correlation plot for natural fractures in the Gulla 1 OH Well image log. 
Significant spatial correlation is seen at approximately 1.5, 3.5, 6.8 and 12.3 m. 

We now compare these results with fracture spacing data obtainedfrom Marcellus Shale 
in a quarry at Union Springs, NY.In outcrop the J1 fractures have a weak preferred 
spacing at 0.2m, 1 m, ~ 7 m and 14 m. (These latter three spacings are not quite at the 
95% confidence limit). The J2 fractures show preferred spacing at 2, 4 and 14 m. We 
highlighted the common correlation for both sets at 14 m in the field section of this report 
and speculated this may reflect an intrinsic mechanical layer thickness for the Union 
Springs at this location that persisted during burial and governed fracture spacing for two 
fracture sets that developed at two different times. The spacings for·J2 obtained here are 
comparable to the spacings in outcrop. One would not expect a direct one to one 
correlation as the outcrop and reservoir are almost 300 miles apart and the actual spacings 
are sensitive to mechanical. layer thickness. But the tendency to develop clusters and for 
these to be spaced perhaps 12-'14 meters apart with some smaller scale clustering is 
common to both data sets. Inspection of the vertical pilot well logs for the Paxton Isaac 
well revealed thin limestone units at this 12.5 m spacing, and indeed we interpret the 
preferred spacing of fractures to reflect this mechanical layer thickness (Fig. 38). 
Spacings will modified by subcritical index also. 
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MarcellOsA 

Figure 38. Paxton Isaac well log suite. The ECS shows.limestone layers spaced at 12.5 m 
and 3 m. These may form boundaries to mechanical layers, which in turn control fracture 
height and thereby spacing. 

The comparison with J1 is more problematic. Ifwe assume all the "Induced fractures" are 
in fact J 1 fractures that were reactivated during drilling there is still no similarity. In 
outcrop the J1 setwere also clustered with clusters spaced weakly at around 14 m (with 
smaller spaced clusters within), but in the Gulla well these are spaced at 80 m. The 
difference could be due to the fact that the Gulla well samples a much longer distance 
normal to. fracture strike than the outcrop. It is possible that our outcrop study contained 
just one large cluster of Jl as it was only about 45 m long. 

Comparing empirically-derived spatial organization data with 
geomechanical modeling of fracture growth 

The next phase of the spatial organization study was to compare the results from the 
outcrop and image log· study with spatial analysis of fractures generated through 
geomechanical modeling of fracture growth .. The modeling was done using JOINTS 
software, previously developed by Dr. Olson at The University of Texas at Austin. 
Modeling requires measurement of a mechanical rock property, the subcritical crack 
index (Holder et al., 2001 ), Measurements of subcritical crack index, fracture toughness 
and mechanical layerthickness from the Paxtonisaac well logs and samples were used as 
mbdel input. 

Geomechanical Testing 
Core segments from the Paxton Isaac Unit #7 from Washington Co. (PI) and EGS#5 well 
(EG) from Lawrence .County, were sampled for measurements of subcritical crack index 
(SCI) and Mode I fracture toughness (Klc, MPa-sqrt(m)). The reported Marcellus interval 
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in the EGS#5 well is 4010 to 4132 ft. The sample from 4082.2 ft yielded four test 
specimens, but the other samples (from 4099.4, 4106.7, 4119.2 and4122 ft) could not be 
prepared because there was too little material for testing. SCI and Klc were determined 
from dual torsion measurements. The thicknesses of the test specimens are included in 
the tabulation. SCI was determined for 3 load decay measurements, followed by Joading 
to failure (for Klc). Results are summarized in Tables 1 and2. 

Mean SC Is are. 7 5, and 31, for the PI and EGS material. Kie values are generally 1 ••• - 2 
MPa-sqrt(m)for the Paxton Isaac samples and 0.7 MPa-sqrt (m) for the EGS#5. 

Sample Thickness subcritical index KIC 
. Mpa-

(in) 1 2 3 4 5 sqrt(m) 
PI29S-4 0.084 78 95 92 0.36 
PI29S-8 0.071 45 75 79 1.4 
PI29S-9 0.075 65 80 88 1.4 

PI85S-4 0.094 38 70 43 1.0 
PI85S-6 0.082 67 73 57 1.2 
PI85S-7 0.079 50 78 99 1.4 
PI85S-8 0.075 81 123 131 •. 2.2 
PI85S-9 0.078 58 79 87 1.4 

PI84S A 0.080 76 1.3 
PI84S C 0.088 86 1.2 
PI84S D 0.085 60 1.7 
PI84S E Q.089 49 

Table 1. Subcritical crack index and fracture toughness results from tests on samples 
from the Paxton Isaac #7 well. 

Sample Thickness subcritical index KIC 
Mpa-

(in) 1 2 3 4 5 sqrt(m) 
EGSP4 1 0.075 27 

.EGSP4 2 0.075 35 0.72 
EGSP4 3 0.068 33 30 0.71 

Table 2. Subcritical crack index and fracture toughness results from tests on samples 
from the EGS#5 well. 



Julia Gale Page 38 8/30/2012 

Geomechanical Modeling 
In order to generate sufficient numbers of fractures to compare with outcrop and well 
datasets the output from the JOINTS geomechanical model was mqdified. The length of 
the model normal.to fracture strike was extended while keeping the length parallel to 
fracture strike at least 5 times the layer thickness. We experimented with three. different 
mechanical layer thickness~s: 1, 5 and 10 m. With this approach we were able to generate 
a model200 m long so that a scanline constructed normal to the fractures intersected 39 
fractures. This is comparable to the number of fractures observed in the field in 40 m 
scanlines and in the Gulla Unit # 1 OH well. Spatial organization analyses of these 
different data sets.are then compared. 

We show a model using these input parameters and using a mechanical layer thickness of 
10 m (Fig. 39). Although the fracture intensities are different and the number of fractures 

• is lowthere arejust sufficient (39) to give a signal in the spatial correlation plot (Fig. 40) 
so that spatial organization of these different data sets could be compared. 

100 

X (meters) 
Figure 39. Map view of JOJNTSgeomechanical model of one setof natural fractures in 
Marcellus Shale usingmeasured subcritical index (n= 80) and fracture toughness Klc == 
1.3 MP a sqrm. Mechanical h1yer thickness is 10 m. Young's modulus and Poisson's ratio 
are chosen at 20 GPa and 0.2 respectively. Spacings and apertures were measured in the 
model along the orange line constructed normal to fractures at x = O. 
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Figure 40. Spatial correlation plotfor modeled fractures shown in Fig. 39, 

Weak spatial correlation is seen at approximately 9 .5 • and 20 m. These correlation reflect 
the effect of mechanical layer thickness on fracture spacing. The subcritical index for this 
modeled example is 80, which is moderate to high and close to the mean for the sampels 
measured. Subcritical indices higher than this value would lead to more clustering of 
fractures, whereas indeices lower than 80 would lead to less clustering, but the 
mechanical layer thickness would still exert a strong control.· The large trough between 
the 4.8 and 5.5 m length scale indicates lack of fracture spacings at this size. 

Fracture Cement Studies: stable isotope work 
Stable isotope work on some ofthe fracture cement samples expanded the original 
RPSEA project scope of work. Four samples of fracture calcite cement (2 outcrop from a 
quarry near Union Springs in that member, and 2 core samples from the Paxton Isaac 
well) were micro-drilled for analysis in a pilot study ofo 13C and 8180 values. The 
samples from the outcrop JI fractures show several narrow layers of calcite cement and a 
blocky cement section (Fig. 41 ). We interpret the layers as crack-seal texture, that is, 
repeated breaking and sealing of the fracture. The blocky cement ismostcommonly 
found in the fracture center but in some cases it is at the margin, which we interpret in 
terms of variation in the location of breaking frofil fracture to fracture. The J2 fracture we 
sampled has only blocky cement. 

The fractures in the Paxton Isaac well sampled for the pilot study are both low angle, 
containing fibrous calcite cement fill (Fig. 42). We selectedthese as the most likely 
candidates to give a contrast in isotopic composition to the vertical sealed fractures from 
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Figure 41. Photomicrograph of cement textures in a JI fracture Marcellus fracture. Note 
the crack seal texture, delineated by of the presence of small, host rock inclusions parallel 
to fracture orientation. Blocky cement in the fracture center contains abundantfluid 
inclusions. 

(a) 

Figure 42. Fibrous calcite from horizontal and low angle fractures in the Paxton Isaac 
well. These samples were analyzed for o13C and 0180. 

The results of the stable isotope study are shown in Fig. 43. The samples from outcrop JI 
and J2 have higher o13C and less negative 0180 than those from the Paxton Isaac core (red 
circles). The interpretation of stable isotope data requires that temperature and growth 
rate effects be taken into account before concluding that source fluids are different. This 
study is outside the scope of the RP SEA project, but will be a major part of MS student 
Laura Pommer'sthesis work.·Pommer's thesis will be publicly available through the 
University of Texas at Austin library, and RPSEA funding will be acknowledged and the 
relation to the wider, GTI-led, Marcellus project will be made clear. 
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Figure 43. Isotopic composition of calcite cements from outcrop samples from JI and J2 
fractures in the quarry atUnion Springs and core samples from the Paxton Isaac well. 

Preliminary results. . 
For the purposes of this project the preliminary stable isotope results can betaken to 
indicate that there is potential in using stable isotope signatures of fracture cements to 
help distinguish fracture sets and sealing everits in the Marcellus Shale. Fracture porosity 
and the strength of fracture. planes are both dependent on the degree to which fractures 
are sealed so that knowledge of the sealing events is desirable. 

Comparison of Fractures in OU:tcrop and Core 

• The striking difference between the outcrops and core is the degree of mineral fill 
observed. In core there are many filled fractures, whereas in outcrop most of thejoint 
surfaces do not appear to have cement on them. There are exceptions, as noted above. An 
additional difference is that in core there are many examples of low~angle or horizontal 
filled fractures, but none were observed in the outcrops. 

Technology Transfer 

April 19-20t\ 2011: Oral presentation (J.F.W. Gale) "Comparisons of natural fractures in 
the Marcellus Shale with fractures in other shale-gas plays. RPSEA Unconventional Gas 
Conference, Denver, Colorado. 
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September 25-2ih 2011: Poster entitled "Natural Fracture Characterization in Shale-Gas 
Reservoirs: Spatial Organization and Fracture Sealing" presented at AAPG Eastern 
Section meeting, Arlington (Gale, Pommer andOuyang). 

September 28th 2911: Oral presentation (J.F.W. Gale) RPSEA Marcellus Workshop, 
Arlington. 

October 31st, 2011: Guest lecture (J.F.W. Gale) on "Marcellus Shale Geology - Natural 
Fracture systems", GraduateLevel Class "Advances in Unconventional Shale Gas 
Resources", University of Texas at Austin. 

November gt\ 2011: Oral presentation (J.F.W. Gale) on "Marcellus Shale Geology -
Natural Fracture systems" given to the Fracture Research and Application Consortium 
(FRAC) 2011 Sponsors' group meeting in Santa Barbara, CA. FRAC is an Industrial 
Associates program at The University of Texas at Austin. 

February 20th-21st, 2012: J.F.W. Gale presented a poster at theHouston Geological 
Society Applied Geoscience Mudrocks Conference on "Natural Fracture Characterization 
in Shale-Gas Reservoirs: Spatial Organization and Fracture Sealing", where Marcellus 
examples from this project were included. The conference was attended by close to 400 
people. 

March 61\2012: J.F.W. Gale gave a talk on "Marcellus Shale Geology - Natural Fracture 
systems" at the Bureau of Economic Geology Mudrocks Industrial Associates sponsors' 
group meeting. The consortium has over 20 companies involved in North American and 
global mudrocks exploration and development. 

March 31st, 2012: Laura Pommer presented her MS thesis work on "Fracture 
cementation in the Marcellus Shale" at The Jackson School of Geosciences Masters 
Saturday event, which was. attended by· students, faculty, industry sponsors and members 
of the public., Jackson School of Geosciences, The University of Texas at Austin. 

April 1 i\ 2012: J.F.W. Gale oral presentation "Natural Fracture Attributes: Spatial 
Organization, Marcellus Gas Shale Project 09122-04" at the RPSEA Unconventional Gas 
Conference, Canonsburg, PA, 17-18th April, 2012. 
April 24th, 2012: J.F.W. Gale and L. Pommer presented a poster on "Natural Fracture 
Characterization in Shale-Gas Reservoirs: Spatial Organization and Fracture Sealing" at 
the AAPG Annual Meeting in Long Beach, CA. 
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Appendix A 

Dunn Clingenrtan andNancy Stewart core fracture descriptions 

Dunn·Clingerman fracture descriptions 
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Nancy Stewart fracture descriptions 
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Appendix B 
Sampling inventory for petrography and geomechanical tests. Samples labeled "double 
polished, standard thin sections with blue epoxy fill" were used for petrographic work, 
samples labeled "SCI" were used in geomechanical tests. Samples Iabled "goldcoat" 
were to be analyzed with SEM for surface features, but this was not possible within the 
scope of the project. 
Core samples from well experiment area 
Sample Sample type Core Number-Terratek Box Number-Terratek Depth 
Pl 5909 2x3 Double Polished, standard TS with blue epoxy fill ,,·· 2 na 5909' 
"'' ·~·- lrirl i.110;{~:;it'.i(:'••>C••···•••••·, f • .. <. ·• i• ··•·••,;•:::?,· •••\!:' i'n:.• ··i ''.:s,i:··. • :<••··· ,•·•• ' ....... ,., ... , .,, 2 na 5920' 2.5" -5920'7" 
Pl 5921.8 Double polished, standard TS with blue epoxy fill 2 na 5921' 8" - 5922' 
Pl 6231.5 Double polished, standard TS with blue epoxv fill 8 .na 6231' 6".- 6232' 1" 
Pl 6382.1 Double polishPrl standard TS with blue epoxy fill 11 na 6382' 1" - 6382' 4" 

l~:r SCF.···•· .................. •(Jit]/:i:•••> :::{Sih 1,, •.. ·,.•,•; 11 na 6384' 8" - 6385' 
sh/ ... :i•.f J; , '.};;:1'.i{{, .):;t,,;:J} ... ,.,)/''/,''\ 12 na 6428' 10" - 6429' 3" 

Pl 6434.5 Double polished, standard TS with blue epoxy fill 12 na 6434' 5.5" - 6434' 11" 
Pl 6463 Double polished, standard TS with blue epoxy fill 12 na 6462' 7" - 6463' 3" 
Pl 6474 Double polished, standardTS with blue epoxy fill 12 na 6474' - 6474' 8" 
Pl 6484.5 Double polished, standard TS with blue epoxy fill AND GOLD COAT 13 na .' 6484.5' - 6484' 8" 
Pl 6484.8 Double polished, standard TS with blue epoxy fill 13 na 6484' 8"- 6485' 7" 
cl\t7l::<:'7A ,u;;•·\'.i'/''' ,:,:,· ,::• ·,.;;', ;·• ••·.••: ·>••:··,;-;1,;,,';•+;•:.,.;';;;:,;,.: ::::<:]'i}i<\·••;.:1;::;;i;,(}!{:' 1 2 7667' 4' - 7668' 1" , .. 

H 7683 Double polished, standard TS with blue epoxy fill 1 8 7682' 11" - 7683' 3" 
H 7691.4 Double polished, standard TS with blue epoxy fill 1 11 7691' 4" - 7691' 7" 
H 7795.9 Double polished, standard TS with blue epoxy fill 3 5 7795' 11" - 7796' 6" 
H 7802.7 Double polished, standard TS with blue epoxy fill 3 7 7802' 7" - 7802' 11" 
H 7827.2 Double polished, standard TS with blu.e eooxv fill 3 16 7827',2" - 7827' 5" 

' ;/\<"'' ' ; 3 18 7831' 5" - 7832' 2" 

H 7836.4a Double polished, standard TS with blue epoxy fill 3 18 7836' 4" - 7838' 6" 

H7836.4b Double polished, standard TS with blue epoxy fill 3 18 7836' 4" - 7838' 6" 

H 7836.4c Double polished, standard TS with blue epoxy fill 3 18 7836' 4" - 7838' 6" 

H7861 Double polished, standard TS with blue epoxy fill AND GOLD COAT 4 7 7861' - 7861'5" 

H 7882.1 Double polished, standard TS with blue epoxy fill 5 3 7882' 1" - 7882' 11" 
H 7889.25 Double polished, standard TS with blue epoxy fill 5 6 7889' 3" - 7890 

H 7897.S Double polished, standard.TS with blue epoxy fill 5 8 7897' 6" - 7898' 1" 

H 7899.6 Double polished, standard TS with blue epoxy fill 5 9 7899' 6" - 7900' 4.5" 

H 7936 Double polished, standard TS with blue epoxy fill 6 2 7935' 11"- 7936' 1" 

DC 6507.5 Double polished, standaro TS with blue epoxy fill AND GOLD COAT 1 10 6507'6" - 6508' 

DC 6570 Double polished, standard TS with blue epoxy fill 2 11 6570' - 6570'2" 

DC 6572.2 Double polished, standard TS with blue epoxy fill 2 ,' 12 6572'3" - 6572' 6" 

DC6581.8 Double polished, standard TS with bl.ue epoxy fill 2 15 6581'8" - 6582 

DC6592.1 Double polished, standard TS with blue epoxy fill 2 19 6592'1" - 6592'7" 

DC 6593.5 Double polished, standard TS with blue epoxy fill 2 20 6593'6" - 6593'8" 

DC 6600.5 Double polished, standard TS with blue epoxy fill ', 2 22 6600'6" - 6600' 10" 

NS 6277.9 Double polished, standard TS with blue epoxy fill 3 16 6277'10" - 6278'6" 

NS 6307.5 Double polished, standard TS with blue epoxy fill 4 4 6307'6" , 6308' 

Field samples from quarry at Union Springs, NY 
Sample sample type Orientation Relative to Field Orientation Notes 

WQ1 Double polished, standard TS with blue epoxy fill Horizontal Horl'ZOntal relative to bedding for sampling vertlcal filled fracture Jl 
WQ2a Double oolished, standard TS with blue eooxv fill Horizontal Want caliche crust too if oossible /on sidel-Horlzontal rE!lative to beddine: for sai,, lln vertlcal filled fracture Jl 
WQ2b Double col!shed, standard TS with blue eooxv flll Horizontal Hoi-lzontal relative to beddlne: fol" sam lin vertical filled fracture Jl 
WQ3a Double collshed standard TS With blue eooxv fill Horizontal Horlzontal·relative to beddin_g for samolin_g vertical filled fracture Jl 

WQ3b DOuble pol!shed, standard TS with blue ePtix\l flll Horizontal Horizontal relative to bedding for sampl!ng vertical filled fracture J1 
WQ4 •. Double oollshed standard TS with blue eooxv fill Horlzontal HorJzontal relatlve to beddlM for sam lln vertical filled fracture Jl 

WQS Double oolished, standard TS with blue eooXv fill Mixed/Horizontal ' •.. Cement collectlotl lined uo oarallel a·nd cut across bottom 

WQ6 Double ooliShed, standard TS with blue eoOxv fill Horizontal Little cement-Horizontal relative to beddin_g for samolin_g vertical filled fracture Jl 

WQ7. Double oolished, standard TS _with blue eooxv fill Horizontal Llttle cement-Horizontal relatiVe to beddine: forsamolln_g vertical fllled fracture Jl 
WQ8a Double colished, s'tandai-d TS with blue ecoxv fill Horizontal little cement-Horizontal ·relative to bedding for sampllne: vertical filled fracture'Jl 
WQ8b Double polished, standard TS with blue epoxv fill Horizontal little cement-Horizontal relatlve to bedding for sarTlpling vertical filled fracture Jl 

WQ9 Double oollshed, standard TS with blue eooxv fill Mixed/Horizontal Cement collectlon lined uo oarallel and cut across bottOm 
WQ10 Double oolished, stand.ird TS with blue·eooxv fill Mixed/Horizontal Ceme.nt collection lined uo oari'lllel and cut across bottom 
WQll Double oolished, standard TS with blue·eooxv fill Mixed/Horizontal Cement collection lined uo oarallel and cut across bottom 




