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INTRODUCTION

Organic-rich, low permeability, sometimes fractured, shale deposits, once ignored by drillers
seeking more readily understood plays and faster returns on their investments, are boosting the fortunes of
midsized producers across the United States and becoming an increasingly important resource base. This
burgeoning interest is driven largely by increased natural gas prices, improved completion technologies and
a lack of conventional reservoir targets. However, there is no universal model applicable to each and every
unconventional or continuous-type reservoir. Indeed, most vary in terms of basic stratigraphic facies
distribution, mineralogy (i.e., quartz content and clay type and content), fracture parameters (length,
orthogonal spacing, connectivity, anisotropy), porosity and permeability, and rock mechanical properties.
There clearly is a need to further our understanding of these economically important deposits. This
fieldtrip focuses on the evolution of the heavily fractured Upper Devonian Rhinestreet black shale, which
has served not only as a hydrocarbon source rock, but also as its own seal and reservoir, the essence of the
unconventional reservoir. Specifically, we address the Rhinestreet shale in terms of the hydrocarbon
system, which comprises three basic elements (Demaison and Huizinga, 1994). The first component,
charge, is the hydrocarbon volume available for entrapment and is dependent upon source rock richness
and volume. Migration, the second parameter, can be thought of in terms of the lateral movement of
hydrocarbons via permeable carrier beds versus vertical migration via faults and, more to the point of the
Rhinestreet shale, fractures. The final component of the petroleum system is entrapment, which involves
consideration of those rock properties that would favor the arrest of migrating hydrocarbons.

We will consider the Rhinestreet shale from deposition through early diagenesis, including
mechanical compaction, followed by the early and relatively shallow generation of abnormally high pore
fluid pressures caused by a marked increase in sedimentation rate at the end of the Devonian. Soon after
this, at the onset of the Alleghanian orogeny, the Appalachian Basin of western New York state and
western Pennsylvania was uplifted resulting in the initial phase of fracturing in the Rhinestreet shale. This
was followed by rapid burial of the organic-rich rocks to the oil window and the generation of natural
hydraulic fractures (joints) in response to catagenesis. Indeed, the jointing history of these rocks provides a
record of the complex overpressure history of the Rhinestreet shale and other black shale units of the
western New York state region of the basin.

Results reported herein represent the record of six years of work on the Upper Devonian shale-
dominated succession exposed along the Lake Erie shoreline and general vicinity, the Lake Erie District
(LED). This work is now being extended into the subsurface of western New York state, northwest
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GENERAL STRATIGRAPHY OF THE RHINESTREET SHALE

The Upper Devonian (Frasnian) Rhinestreet shale, West Falls Group, is best exposed along
Eighteenmile Creek in northern Erie County, western New Y ork state, where it comprises ~54 m of heavily
jointed, finely laminated organic-rich grayish-black to medium-dark-gray (herein referred to as black) shale
(~ 85% of the unit in this area), thin (2-3 m-thick) intervals of greenish-gray, dark-greenish-gray, and
medium gray shale, thin black shale beds, discontinuous concretionary carbonate layers, the so-called
“scraggy layers” of Luther (1903), several horizons of ellipsoidal carbonate concretions, and rare thin
siltstone beds (Fig. 1). The Rhinestreet is underlain by the Cashaqua shale, the contact being abrupt and
easily recognized in the field. The upper 2.75 m of the Cashaqua shale is composed of brownish-black to
olive-gray finely laminated shale. Below this, the Cashaqua comprises dark-greenish-gray shale and
discontinuous diagenetic carbonate horizons (Fig. 1). The top of the Rhinestreet is transitional into the
overlying Angola gray shale and marked by an interval of interbedded black and gray shale (Fig. 1). We
follow Luther (1903) and Pepper et al. (1956) in placing the upper contact of the Rhinestreet shale at the
base of the upper scraggy layer (Fig. 1), a horizon readily recognized in the field and even on wireline logs
as discussed below.

The Rhinestreet shale was named for exposures of black shale near Rhinestreet Road at Naples,
Ontario County, New York (Clarke, 1903). However, the Rhinestreet shale at its type locality is markedly
different from that of Erie County where black shale comprises more than 80% of the unit. Indeed, black
shale is found only in the lower part of the Rhinestreet shale in Ontario County (Pepper et al., 1956).
Recently, Lash (2006a) demonstrated a rapid eastward reduction in the thickness of the black shale interval
(based on gamma-ray and bulk density wireline logs) of the Rhinestreet shale in the subsurface in eastern
Allegany County, New York (Fig. 2). It is tempting to attribute this abrupt facies change to
penecontemporaneous movement on the Clarendon-Linden Fault System, the trace of which trends ~ north-
south in eastern Cattaraugus County (CLF; Chadwick, 1920; Jacobi, 2002) (Fig. 2). If this fault were active
during Rhinestreet sedimentation, and relative offset was down-to-the-east, then the rapid eastward
reduction in organic rich-sediment at the expense of organic-lean shale and siltstone (e.g., Pepper et al,,
1956) may reflect the existence of a hinge that ponded more clastic-rich deposits to the east (hinge position
2, Fig. 3). Such a scenario accords with the interpretation of Jacobi and Fountain (1993) who suggested
that during accumulation of the Genesee Group, the axis or hinge of the foreland basin lay to the east of the
CLF (hinge position 1, Fig. 3) whereas by Dunkirk shale time, the basin axis had migrated to the west of
the CLF (hinge position 3, Fig. 3). This intriguing question awaits further study of the Rhinestreet shale in
the subsurface.

The Rhinestreet shale is one of several black shale units that comprise part of the Upper Devonian
succession of the western New York state region of the Appalachian Basin (Fig. 3). Each organic-rich unit
occupies the basal interval of an unconformity-bound sequence and is conformably overlain by organic-
lean gray shale and siltstone (Fig. 3). Accumulation of black shale records the episodic cratonward
advance of the Acadian fold and thrust load accompanied by rapid subsidence of the basin and deposition
of clastic-starved, carbonaceous sediment (Ettensohn, 1985, 1987, 1992). Overlying organic-lean shale and
siltstone reflects tectonic relaxation, establishment of terrestrial drainage systems and delta progradation
(Ettensohn, 1985, 1992). Nevertheless, the correlation of some black shales with global marine
transgressions suggests that eustatic oscillations and/or fluctuations, too, may have played a role in the
accumulation of Upper Devonian black shale in the Appalachian Basin (Johnson et al., 1985; Algeo et al.,
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1995; Brett and Baird, 1996; Werne et al., 2002). Indeed, the two gray shale intervals within the
Rhinestreet shale (Fig. 1) that reflect sedimentation in somewhat more oxygenated, and perhaps shallower,
water than the black shale, are probably elements of fourth-order progradational/retrogradational marine

cycles of glacio-eustatic origin like those recognized in late Frasnian deposits throughout much of the
Appalachian Basin (Filer, 2002).
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Fig. 1: Stratigraphic log of the Rhinestreet shale, Eighteenmile Creek.
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based on 405 wells

Fig. 2: Isopach map of the Rhinestreet shale in western New York state and northwest Pennsylvania showing the trace
of the Clarendon-Linden Fault System (CLF). The thickness of the Rhinestreet shale is based on estimated TOC (Lash,
2006a). Contours in feet; filled circle marks the location of the Eighteenmile Creek measured section. New York state
counties: Ch = Chautauqua; Catt = Cattaraugus; All = Allegany; Er = Erie. Pennsylvania counties: ErP = Erie; Wa =
Warren; Mc = McKean.

RESERVOIR AND SOURCE ROCK CHARACTERISTICS AND
BURIAL/THERMAL HISTORY

There is little doubt that the Rhinestreet shale of the Chautauqua-Cattaraugus-Erie counties region
of western New York state and to the south into Pennsylvania has the makings of a quality source and
reservoir rock. X-ray diffraction (XRD) analysis of three samples each of the Rhinestreet and Casahqua
shales reveals noteworthy mineralogic differences. The Rhinestreet samples contain more quartz (Fig. 4),
including non-detrital (i.e., lack of sharp edges) grains recognized in thin section and scanning electron
microscopic (SEM) analysis. Clay minerals comprise a greater proportion of the Cashaqua samples than
they do the Rhinestreet samples (Fig. 4). Illite is by far the dominant clay mineral in samples of both units,
followed by chlorite and kaolinite. However, based on other thermal indicators, including vitrinite
reflectance and Rock-Eval parameters, we suggest that the bulk of the illite is more a reflection of a low-
grade metamorphic source terrane than a high level of thermal stress sustained by the Rhinestreet and
Cashaqua shale samples (e.g., Lash, 2006b). Chlorite is consistently more abundant than kaolinite in
Cashaqua shale samples; the reverse is the case for the Rhinestreet samples. Feldspar (microcline and
plagioclase) averages 5.8% (£0.6%) in the Rhinestreet samples and 2.9% (+0.3%) in analyzed Cashaqua
shale samples. Calcite, dolomite, and siderite, in decreasing order of abundance, are present in variable
amounts in the Rhinestreet (0.9 — 2.2%) and Cashaqua (1.9 — 5.2%) shales. Indeed, gray shale of the LED,
including the Cashaqua and Angola shales, typically contain more calcite in the form of cement
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Fig. 3: Location map of the Lake Erie and Finger Lakes districts and a generalized east-west stratigraphic cross-section
through the Catskill Delta Complex (modified after Woodrow et al., 1988) showing inferred positions of basin hinges.
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Fig. 4: Compositional plots for Rhinestreet and Cashaqua shale samples examined in this study.

(occasionally > 25%) than organic-rich shale, perhaps a reflection of the higher pre-lithification porosity of
the former (Lash, 2006b).

Reservoir characteristics of the Rhinestreet and Cashaqua shales were investigated by mercury
injection capillary pressure (MICP) measurements made on those samples analyzed by XRD. Samples
were prepared so that pressure measurements were made perpendicular to bedding. Capillary entry
measurements (10% saturation levels) for both sets of samples are quite high; however, the Rhinestreet
entry pressures (~10,007 psia) are more than five times those of the Cashaqua shale samples (~1,800 psia)
(Fig. 5). The calculated porosity of the Rhinestreet shale is 3.9% (£0.9%), less than one-half that of the
Cashaqua shale (8.5% +1.2%). MICP measurements indicate that the Rhinestreet shale is two orders of
magnitude less permeable than the Cashaqua shale (1 0% m? vs. 10”"® m?, respectively), which seems at
odds with the generally coarser grained nature of the former. This likely reflects the very small average
pore throat diameter of the Rhinestreet shale (8 nm) as opposed to that of the Cashaqua shale samples (19.2
nm). There are three possible explanations for this: (1) the strongly oriented planar microfabric of the
black shale (see below), (2) the generation of bitumen during catagenesis of the Rhinestreet shale that
clogged pore throats; and (3) the squeezing of abundant ductile organic matter in the Rhinestreet shale into
void spaces (e.g., Lash, 2006b).

Total organic carbon (TOC) content of the Rhinestreet shale at its base along the Eighteenmile
Creek section is 8.09%, diminishing irregularly upward to 2.3 % at its contact with the Angola shale (Fig.
1). TOC in the Cashaqua shale typically is less than 0.5%; however, TOC in the 2.75 m-thick brownish-
black laminated shale interval at the top of the Cashaqua shale immediately beneath the Rhinestreet shale
varies from 0.46% at the bottom of this interval to 1.3% at its top, 13 cm below the base of the Rhinestreet
shale (Fig. 1). TOC in the Cashaqua gray-green shale 17 cm below its contact with the brownish-black
interval is 0.11%, a value more typical of the Cashaqua shale (Fig. 1). Organic matter in the Rhinestreet
shale consists principally of unstructured lipids (proprietary data); however, algal remains have been
recognized in thin section and SEM analysis. The organic matter of the Rhinestreet is a combination of
Type 1I/Type 111 oil and gas prone material (Fig. 6). The measured vitrinite reflectance, %R,, of
Rhinestreet shale samples collected from both field exposures and gas well cuttings from western New
York state range from 0.52% to 0.77% (Fig. 7). The bulk of the samples fall within the oil window for
marine kerogen (%R, > 0.6%; Tissot and Welte, 1984; Espitalie, 1986), as suggested by the plot of Rock-
Eval Ty vs. hydrogen index (H1) as well as calculated production index values (Fig. 8).

The EASY %R, kinetic model of vitrinite reflectance (Sweeney and Burnham, 1990) was used to
model the burial/thermal history of the Rhinestreet black shale. This algorithm requires knowledge of (1)
the age(s) of the unit(s) of interest (the base of the Rhinestreet shale), (2) at least a partial thickness of the
local stratigraphic sequence, and (3) the measured vitrinite reflectance of the unit(s) of interest (average
vitrinite reflectance of the base of the Rhinestreet shale = 0.74%). We estimate that the Cashaqua shale in
the western New York state area was overlain by as much as 1,155 m of Devonian strata (Lindberg, 1985)
and that the age of the base of the Rhinestreet shale can be dated by the Belpre ash bed at ~ 381 Ma
(Kaufmann, 2006). Finally, our model assumes a geothermal gradient of 30° C km™' and a 20° C seabed
temperature (e.g., Gerlach and Cercone, 1993). We will make reference to the burial/thermal model of the
Rhinestreet shale (Fig. 9) throughout the text. However, in light of the fact that vitrinite reflectance
suppression has been recognized in Devonian black shales (e.g., Rimmer and Cantrell, 1988; Rimmer et al.,
1993; Nuccio and Hatch, 1996; Rowan et al., 2004), including those from northwest Pennsylvania and
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western New York state (see Stop 2 discussion), we caution that the estimated 3.1 km maximum burial
depth of the Rhinestreet shale (Fig. 9) should be viewed as a minimum maximum burial depth.

100000

™ rTrrrir

10000

Fig. 5: Mercury injection
capillary pressure curves for
Rhinestreet and Cashaqua shale
samples. Note the line denoting
the 10% mercury saturation
pressure (a proxy for saturation;
see Lash, 2006b).
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EARLY COMPACTION AND DIAGENESIS OF THE RHINESTREET SHALE

Mechanical Compaction

The important part that gravitational pressure plays in the progressive consolidation of mud and
clay has been recognized for well over fifty years (Hedberg 1926, 1936) and perhaps longer (Sorby 1908).
More recent studies (e.g., Heling 1970; Bennett et al. 1977, 1981; Faas and Crocket 1983; O’Brien and
Slatt 1990; O’Brien 1995) have presented compelling evidence for the early diagenetic development of a
strongly oriented particle orientation in response to burial-related compaction of high-porosity, water-rich
flocculated clay. However, other studies have demonstrated that the strongly planar microfabric observed
in some shales can form during progressive illitization of smectite by dissolution and re-precipitation under
an anistropic stress field (Ho et al., 1999; Charpentier et al., 2003; Aplin et al., 2003).

Carbonate concretions hosted by the Rhinestreet shale provide the opportunity to study pre- and
post-compaction clay fabrics of the encapsulating carbonaceous shale. Recently, we (Lash and Blood,
2004a) presented results of an SEM analysis of microfabric variations observed in Rhinestreet black shale
samples collected from around early diagenetic carbonate concretions. Crucial to this was establishing that
the internally laminated compaction-resistant concretions formed rapidly and, most importantly, close to
the sediment-water interface. Field observations, including the wrapping of shale around concretions (Fig.
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Fig. 8: (A) Van Krevelen plot of HI versus Rock-Eval T, for the Rhinestreet shale samples; (B) box and whisker plot
showing the range of production index (Rock-Eval S1/S1+82) values for the Rhinestreet shale samples.

10A), the lack of center-to-edge deviation in laminae thickness (Fig. 10B), and the tilting of some
concretions (Fig. 10C), demonstrate that the concretions formed rapidly at shallow burial depths, perhaps a
meter or so below the seafloor (Lash and Blood, 2004a,b). A shallow depth of concretion growth is further
suggested by estimates of host sediment porosity based on the assumption, addressed in more detail below,
that carbonate cement precipitated passively within the water-filled pore space of the organic-rich clay
(e.g., Lippmann 1955; Raiswell 1971; Gautier 1982). Accordingly, the volume percent of carbonate
cement in the concretion matrix is a proxy for the porosity of the host sediment at the time of concretion
growth (Raiswell 1971). Volume percent of 21 Rhinestreet concretion matrix samples collected from four
concretions varies from 74 to 93% (mean = 83%), a range that encompasses the high end of porosity of
modern marine clay deposits near the sediment-water interface (e.g., Miiller 1967; Velde 1996). In
summary, carbonate concretions of the Rhinestreet shale formed at very shallow depth, perhaps within a
meter of the sea floor, by rapid, near-uniform, precipitation of diagenetic carbonate in void spaces of the
host carbonaceous sediment (see Lash and Blood, 2004a,b for details). The shallow burial depth and rapid
rate of growth of Rhinestreet concretions will allow us to use the thickness of layers within concretions
(Fig. 10B) as a proxy for the original seafloor thickness of the carbonaceous mud layers immediately prior
to, and coeval with, carbonate precipitation (e.g., Raiswell, 1971; Oertel and Curtis, 1972).

Our approach to defining the precompaction microfabric of the Rhinestreet black shale reflects the
low compressibility of concretions relative to surrounding unconsolidated clay. The ellipsoidal concretions
affected the local compaction-related elastic stress field such that sediment immediately adjacent to lateral
edges of concretions - the concretion strain shadow - was shielded from overburden stress. The shielding
effect of carbonate concretions in the Rhinestreet shale is obvious at the macroscopic scale. Argillaceous
rock within strain shadows is not fissile (Fig. 11, see “ss™) and is properly classified as mudstone (Pettijohn
1975). However, these same mudstones become fissile less than 30 cm distant the strain shadows,
necessitating their reclassification as shale (Fig. 11, see “sh”; Pettijohn 1975). These observations alone
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suggest that the fissility was induced by
mechanical compaction and that mudstone within
the strain shadows preserves a physical record of
the depositional (i.e., pre-mechanical compaction)
fabric.

SEM analysis of mudstone samples
collected from concretion strain shadows reveals
an open fabric of randomly oriented platy particles,
which higher magnification proves to be face-to-
face clay flake stacks or domains (Fig. 12A).
Domains typically are arranged in a low-density
network or cardhouse fabric of edge-to-edge and
edge-to-face contacts marked by large voids
relative to the thickness of clay flakes and domains
(Fig. 12B). Secondary electron images of fissile
shale samples collected 20 to 30 cm from strain
shadows, however, reveal a generally low-porosity
microfabric marked by a moderately to strongly
preferred orientation of clay flake domains (Fig.
12C). The almost negligible degree of compaction
sustained by strain shadow mudstone confirms that
gravitational compaction of the Rhinestreet shale
was minimal until affer carbonate concretions had
become incompressible thereby affirming the
shallow diagenetic origin of the concretions (Lash
and Blood, 2004a). Moreover, SEM observations
of concretion samples evince an open cardhouse
arrangement of detrital clay grains typical of newly
deposited flocculated clayey sediment preserved
by precipitation of carbonate cement (Fig. 12D;
Lash and Blood, 2004b).

The foregoing discussion suggests that the
Rhinestreet black shale accumulated in dysoxic to
anoxic bottom water as flocculated carbonaceous
sediment that underwent rapid gravitational
mechanical compaction resulting in the observed

@ :

Fig. 10: Carbonate concretions of the Rhinestreet shale::

(A) close-up of differential compaction (note internal strongly anisotropic pI.anar microfabric..
laminae); (B) internally laminated concretion; (C) tilted Nevertheless, the possible role of chemical
concretion (rule = 1 m). dissolution and re-precipitation in producing the

planar microfabric documented from the Upper

Devonian black shale deposits of the LED cannot
be dismissed out of hand. Clues to this question can be gained by microfabric analysis of samples collected
from gray shale intervals within the Rhinestreet shale (Fig. 1). Thin section and SEM analysis of these
deposits confirms what appear to be the effects of pervasive bioturbation judging from field observations,
including the lack of well-defined bedding planes. Notably, the microfabric of the gray shale typically is
characterized by an irregular distribution of silt grains throughout a mottled clay matrix (Fig. 13A), the
result of bioturbation that homogenized the sediment by mixing silt grains with the clay (e.g., O’Brien and
Slatt 1990; Bennett et al. 1991). SEM observations reveal an open microfabric of variably oriented platy
grains, many of which appear to be individual clay grains (Fig. 13B). Angular silt grains dispersed
throughout the “swirled” clay matrix by bioturbation propped open larger voids during compaction
precluding complete reorientation of the disrupted fabric (Fig. 13C). 1t is obvious that these deposits lack
the strongly anisotropic microfabric of the immediately under- and over-lying organic-rich deposits.

We believe that the Rhinestreet gray shale deposits would have acquired a strongly planar
microfabric had they had been buried deep enough for illitization kinetics to initiate. Charpentier et al.
(2003) point out that this transition in the deepwater Gulf of Mexico sedimentary column occurs at ~5,600
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Fig. 11: Rhinestreet shale carbonate concretion and host shale showing elements that were measured for compaction
strain analysis. Tjis the thickness of the measured bedding interval within the concretion (the depositional thickness);
T, is the thickness of the measured interval traced into the encapsulating black shale (the compacted interval); ss is the
strain shadow of the concretion (it is here that the incompressible concretion perturbed the local compaction-related
elastic stress field so that the sediment was shielded from overburden stress; Lash and Blood, 2004a). The calculated
compaction strain of the Rhinestreet shale at this location is -0.56 (56%). The relative thicknesses of T; and T, are
distorted because the concretion projects ~ 20 cm from the exposure toward the viewer.

Fig. 12: Secondary electron images of Rhinestreet shale and concretion samples: (A) detail of clay domains and
mudstone microfabric. Note face-to-face clay domains (black arrows) and edge-to-edge and edge-to-face domain
contacts (white arrows); (B) detail of edge-to-edge domain contacts that define the cardhouse clay fabric. The porous
nature of this fabric compares favorably with that of modern flocculated clay; (C) strongly planar (shale) fabric; (D)
view of open framework of Rhinestreet carbonate concretions showing a framboid (F), randomly oriented clay grain
domains (¢), and microsparite (ms).
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Fig. 13: Microfabric of the Rhinestreet gray
shale: (A) thin section image showing mottled
texture and evenly dispersed silt grains (scale =
0.1 mm); (B) secondary electron image of
disrupted (bioturbated?) gray shale; (C)
secondary electron image of the open, random
microfabric typical of the gray shale.

m, well in excess of the modeled maximum burial of the Rhinestreet shale. However, Pearson and Small
(1988), in their analysis of clay mineral diagenesis in North Sea deposits, demonstrated that illitization
ccurs at depths of 2.4 to 3.5 km, within a vitrinite reflectance range of 0.54 and 0.72% and a temperature
range of 87 to 100° C, placing the Rhinestreet shale within this zone. As described above, illite is by far the
most common clay mineral in analyzed Rhinestreet shale samples, and most Devonian shale samples of the
Appalachian Basin for that matter (Hosterman, 1993). However, rather than reflecting a high degree of
thermal maturation, the plentiful illite probably tells of a source terrane rich in illite. Strickler and Ferrell
(1989), for example, argued that the great abundance of illite in Louisiana Gulf Coast clays reflects
derivation from the Appalachian orogen. Moreover, the location of the Rhinestreet shale in the LED, a
region of very low illite crystallinity (Hosterman, 1993), is consistent with some of the low %R, values
measured in samples of Upper Devonian black shale collected from along the Lake Erie shoreline (see Fig.
7). It is difficult at best to envision the development of the strongly aligned microfabric of Rhinestreet
black shale samples as a consequence of the smectite-illite transition while not seeing any evidence for this
phenomenon in Rhinestreet gray shale samples. We suggest, instead, that the gray shale retained its
relatively open fabric because the Rhinestreet was not buried deep enough for smectite-illite reaction
kinetics to initiate. Thus, the planar microfabric of the Rhinestreet black shale was acquired rapidly and
very ecarly in the compaction history of the organic-rich clay, which, based on comparison with modern
carbonaceous fine-grained sediment, was probably water-rich (e.g., Meade, 1966; Keller, 1982) and very
compressible.
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Carbonate Concretion Growth

Mechanical compaction is only one type of diagenetic modification of the Rhinestreet sediment;
the other is the precipitation of carbonate cement in the form of concretions and the scraggy layers (Fig. 1).
The majority of carbonate concretions of the Rhinestreet shale are found in three laterally persistent
horizons (Fig. 1; Lash and Blood, 2004b). Most concretions are oblate ellipsoids with maximum diameters
and thicknesses ranging up to 2.7 m and 1.1 m, respectively (Fig. 14A). Septarian fractures, where they
can be observed, extend outward from concretion centers, narrowing to termination near the edges. Brown
Fe-poor calcite lines fracture walls and is post-dated by yellow siderite. Pyrite, marked by low but uniform
; abundance throughout much of the interior
of concretions, is concentrated along
concretion carapaces as well as halos along
septarian fractures. Broken and weathered
concretions reveal depositional laminae
inherited from the host Rhinestreet black
shale that show no obvious systematic
changes in thickness across concretions
(Fig. 14B).

The conventional explanation for
the formation of carbonate concretions
assumes that growth occurred concentrically
by addition of successive layers of cement
during burial (Oertel and Curtis, 1972;
Mozley, 1996). Such a sequential growth
history has been recognized by decreasing
diagenetic carbonate percentage from the
centers to edges of concretions reflecting
progressively decreasing pore-space volume
of the host sediment during concretion
growth (e.g., Raiswell, 1971; Oertel and
Curtis, 1972). Five studied Rhinestreet
concretions show diminishing carbonate in
center-to-edge traverses, the maximum
reduction being 8% to a value of 74% at the
edge of concretion EMC29 (Fig. 15),
suggesting only a minor reduction in

: i o porosity of the host sediment during
Fig. 14: Carbonate concretions of the Rhinestreet shale: (A) two concretionary growth, One concretion
of the larger ellipsoidal concretions of the middle concretion
horizon (scale bar = 0.5 m); (B) carbonate concretion displaying
laminae (bar =3 cm).

s

(concretionUC5) is characterized by more
than 90% carbonate in samples collected
from the interior of the concretion whereas
center and edge samples contain ~ 85% carbonate (Fig. 15). The minimal radial carbonate gradients
exhibited by Rhinestreet concretions indicate that the concretions grew largely by rapid near-uniform
precipitation of carbonate cement throughout the concretion body thereby confirming a similar
interpretation based on the lack of center-to-edge deviation in laminae thickness (Lash and Blood, 2004b).
Moreover, microscopic observations described earlier in this section indicate that concretions grew as
compaction resistant frameworks of calcite micrite and microspar in porous organic-rich clay perhaps a
meter or so below the seafloor (Fig. 12D; Lash and Blood, 2004b)). The open framework of the newly
formed concretions provided strength yet reduced the mean density of most concretions precluding their
sinking into the weak, low-density clay (e.g., Wetzel, 1992; Raiswell and Fisher, 2000).

Stable element isotopic data adds to our understanding of the diagenetic history of the Rhinestreet
shale and its concretions. The range of "°C values is rather wide (-13.9 to +1.7 %o PDB) while that of '°0
is limited (-6.8 to —3.8 %o PDB) (Fig. 16). Isotopic values of concretions sampled in the middle and lower
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Fig. 16: 8'%0 and 8"°C scatter diagram for Rhinestreet carbonate concretions (filled squares = lower
concretion horizon; open squares = middle concretion horizon) and scraggy layers (filled circles = middle
scraggy layer; open circles = upper scraggy layer). The plot includes the data of Dix and Mullins (1987)
represented by triangles for comparison.
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concretionary horizons are similar though less depleted BC values appear to be somewhat more common to
concretions of the middle horizon (Fig. 16). Four of the six studied concretions show radial enrichment in
B¢ (Fig. 17A). Nevertheless, concretion 17C displays minimal radial variation in 8'°C, and center and
edge 8"°C values of concretion UC5 are more enriched in 8'°C than samples collected from the mid-interior
region of the concretion (Fig. 17A). Oxygen isotope compositions of the studied Rhinestreet concretions
show minor radial variations (Fig. 17B). Four concretions display slight center-to-edge depletion in 3,
and one concretion (concretion 17C) shows no change in §'*0. Center and edge samples collected from
concretion UCS are characterized by equally depleted 6'*0 compositions whereas samples recovered from
the interior of this concretion are less depleted (Fig. 17B). Concretions UC and EMC29 display center-to-
edge enrichment in "°C that is complemented by depletion in "®0. However, concretions LC1 and RSC
show almost identical radial increases in heavy carbon but dissimilar center-to-edge variations in '*0. The
significance of these seemingly random radial variations in stable element isotopes will be addressed
below.

e

04

3" C%. (PDB)
> 4

&
:

LC1 & RSC

ot
o
1

e _— Fig. 17: Plots of 8"°C (A)

and 8"%0 (B) versus
sample location within
the concretion (C =
center; M = middle; E =
edge).

5"*0%, (PDB)

Sunday Bl Black Shale 238



The formation of Rhinestreet concretions along specific horizons, an occurrence common to other
black shale units (e.g., Raiswell, 1971; Hudson, 1978; Raiswell and White, 1978; El Albani et al., 2001),
requires explanation. The siting of carbonate concretions has been related to the microbial reduction of
locally concentrated organic matter, including skeletal remains and tissue (e.g., Weeks, 1957; Zangerl et al.,
1969; Berner, 1980). However, we observed no textural evidence to suggest such a siting mechanism for
the Rhinestreet concretions, nor do the concretions show a predilection for the organic-rich base of the unit
(see Fig. 1). Moreover, organic matter within concretions is strikingly less than that in encapsulating shales
(Lash and Blood, 2004b), though compaction-related volume loss of the shale no doubt elevated host rock
TOC. Nevertheless, depleted carbon isotopic compositions (Figs. 16 and 17A) indicate that concretionary
carbonate originated in part from the anaerobic bacterial reduction of organic matter. The large size of the
Rhinestreet concretions suggests that the limited amount of in sifu organic carbon was augmented by
carbon derived from other sources during diagenetic precipitation of carbonate cement. A likely source of
the additional carbon was the oxidation of biogenic methane at the base of the sulfate reduction zone by
anaerobic methane oxidation (AMO) (Fig. 18; Raiswell, 1987, 1988). According to this mechanism,
biogenic methane produced by microbial decomposition of organic matter in the zone of methanogenesis
diffuses upward to the base of the sulfate reduction zone where carbonate precipitation occurs, usually
within less than a meter of the seabed (Fig. 18). The isotopically light methane leaves behind a pool of *C-
enriched carbon dioxide (Irwin et al., 1977) some of which migrates upward through the sediment. The
siting of concretions within a concretionary horizon reflects the locations of permeable vertical pathways
capable of conducting methane to the base of the sulfate reduction zone (Raiswell, 1987). Moreover,
differences among &"°C gradients of the studied Rhinestreet concretions (Fig. 17A) probably reflect local
variations in the flux of methane and dissolved carbonate diffusing upward from the zone of

methanogenesis (e.g., Raiswell, 1988).
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Fig. 18: Schematic representation of the inferred role of subsidence/burial rate in the growth of carbonate concretions
by anaerobic methane oxidation (modified from Raiswell, 1987, 1988). The column on the left shows the diagenetic
zones in anaerobic sediment; AMO = zone of anaerobic methane oxidation. Depth and thickness of the zone of AMO
is based on Raiswell (1987) and references therein. Column A: subsidence/burial rates are high enough to carry
sediment through the zone of AMO so fast that little more than the diffuse precipitation of diagenetic calcium carbonate
occurs. Column B: a reduced burial rate enables concretions to grow in a relatively wide zone as sediment passes
slowly through the zone of AMO (e.g., the lower concretionary horizon in the Rhinestreet shale and level 3 in column
C). Column C: a near or complete cessation of sedimentation (very slow passage of sediment through the zone of
AMO ) results in the formation of a scraggy layer. Level 2 in column C reflects an increase in subsidence/burial rate
following formation of the concretionary horizon represented by level 3.
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Crucial to the precipitation of diagenetic carbonate as a consequence of AMO is a marked
reduction in, or complete stoppage of, sedimentation/burial, which would stabilize the AMO zone thereby
enabling protracted carbonate precipitation (Fig. 18; Raiswell, 1987, 1988). Two observations provide
indirect evidence of a reduction in sedimentation/burial rate during concretion growth: 1) minimal change
in estimated porosity (based on carbonate volume percentage) outward from the centers of studied
concretions and 2) negligible variation in laminae thickness within concretions (see Figs. 10B and 14B).
Both points suggest that the concretions grew in the near-absence of sedimentation/burial and associated
compaction while the concretions formed (e.g., Raiswell, 1971).

Oxygen isotoPic compositions of calcite are known to be a function of the temperature of
precipitation and the '*0 of the water from which the calcite precipitated (Hudson, 1977). If one variable
is reasonably well known, the other can be estimated (Hudson, 1978). We used the equation of Anderson
and Arthur (1983) to calculate paleotemperatures of concretionary calcite precipitation:

T°=16.0 - 4.14 (3C - W) + 0.13 (8C — W)’ ()
in which 8C = 5'*0 PDB of diagenetic calcite and §W = 3'0 of seawater on the SMOW scale. Estimates
of seawater 5'°O for the Late Devonian include —1 % SMOW of van Geldern et al. (2001) and —2 %o
SMOW of Hudson and Anderson (1989). A Devonian seawater isotopic composition of -2 % SMOW
yields a temperature range of carbonate precipitation of 24° — 39° C, slightly to moderately in excess of the
inferred 20° C bottom water temperature of the subtropical Catskill Delta basin (e.g., Gerlach and Cercone,
1993) and, therefore, incompatible with a shallow depth (~ 1 m below the seafloor) of concretion growth
argued for by textural and field observations. Indeed, the range of oxygen isotopic values of Rhinestreet
concretionary carbonate suggests that diagenetic precipitation occurred 130 to 630 m below the seafloor,
assuming a geothermal gradient of 30° C/km.

An influx of '*O-depleted meteoric water through the forming Rhinestreet concretions could
account for their isotopic compositions, yet the location of the Rhinestreet depocenter, far distant from the
Devonian shore would seem to preclude such a scenario. Direct precipitation of the Rhinestreet
concretions from seawater at the temperatures suggested by the depleted oxygen isotopic values would
require abnormally warm bottom waters during the Late Devonian, a hypothesis not supported by any
geological data. We suggest, instead, that the oxygen isotope compositions of the Rhinestreet concretions
resulted from the incomplete recyrstallization of primary calcite micrite to microspar (e.g., Folk, 1965) and
re-equilibration of isotopic values at depth, perhaps by warm fluids migrating through the section.
Although four of the Rhinestreet concretions studied by us show minor center-to-edge depletion in 'O

(Fig. 17B), estimated temperatures
of precipitation of the centers of
these concretions are too high to
suggest precipitation from normal
seawater. Further, concretion 17C
shows no radial oxygen isotope
gradient, and the center of
concretion UCS is marked by an
especially depleted (-6.6 %0 PDB)
value (Fig. 17B). It appears, then,
that warm fluids had some degree
of access to concretion interiors,
Dix and Mullins (1987) described a
similar occurrence of recrystallized
carbonate concretions in the more
Fig. 19: Upper scraggy layer, Eighteenmile Creek, deeply buried Middle Devonian

sequence of central New York state that they attributed to the migration of warm connate fluids, as much as
30°C warmer than those fluids inferred to have affected the Upper Devonian Rhinestreet concretions of
western New York state (see Fig. 16).

Finally, we consider the mode of formation of the scraggy layers (Fig. 19). The occasional
presence of ellipsoidal carbonate concretions embedded within scraggy layers indicates that they, too, are
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diagenetic and likely formed in a manner similar to the concretions; i.e., AMO. Indeed, stable isotope
values of samples recovered form the middle and upper scraggy layers (see Fig. 1) fall within the range of
values of the carbonate concretions (Fig. 16). The geometry of the scraggy layers, noticeably different
from the ellipsoidal concretions, is interpreted to reflect a near stoppage of sedimentation/burial. Building
upon our discussion of AMO, the thickness of a diagenetic carbonate horizon is interpreted to be
proportional to the change in sedimentation/burial rate; i.e., a complete hiatus yields the minimum vertical
range of carbonate precipitation because burial is halted and the zone of AMO is stabilized (Raiswell, 1987,
1988). The thickness and geometry of the scraggy layers likely reflects a greater duration of the break in
sedimentation/burial during their growth than during the development of the concretionary horizons and,
therefore, a protracted period of time that isotopically light methane and "*C-enriched dissolved carbonate
were delivered to the stationary AMO zone (compare columns B and C, Fig. 18; Raiswell, 1987, 1988).
That is, the near cessation of sedimentation and, most importantly, burial, resulted in the confinement of
carbonate precipitation to a narrow, fixed zone defined by the upper limit of methane and CO,* diffusion
and the maximum depth to which seawater sulfate can diffuse (Raiswell, 1988). The scraggy layers, by
virtue of their thickness and their semi-continuous geometry, then, probably formed as a consequence of
the stoppage of sedimentation and burial so that the zone of AMO was held in place long enough for
diagenetic carbonate to accumulate laterally rather than vertically.

We have recognized the upper scraggy layer in wireline logs from hydrocarbon wells as distant as
Chautauqua County (Fig. 20). Assuming that basinwide dynamics were responsible for the prolonged
cessation of sedimentation and burial, the scraggy layers might be used both in outcrop and subsurface
work to create a time-stratigraphic framework in the Rhinestreet shale. This is a fertile direction for future
work.

EARLY (ACADIAN) OVERPRESSURE EPISODE - DISEQUILIBRIUM
COMPACTION

The Rhinestreet shale likely followed a normal compaction history that can be described in terms
of the exponential decay function for shale first proposed by Athy (1930),

¢=ge™ @)
where z is depth in meters, ¢; is the initial porosity at z = 0, and e is the compaction coefficient, for some
time, perhaps to its maximum burial depth. Burial-induced normal mechanical compaction of argillaceous
sediment is accomplished by a loss of porosity as sediment particles respond to increasing effective stress
by reorienting into more mechanically stable arrangements (i.e., perpendicular to overburden stress) and
pore fluid is expulsed (Hedberg, 1936; Terzaghi and Peck, 1948; Hamilton, 1976; Magara, 1978; Jones and
Addis, 1985; O’Brien and Slatt, 1990; Goulty, 2004). The majority of porosity-depth algorithms created
from empirical data (e.g., Sclater and Christie, 1980; Huang and Gradstein, 1990; Hansen, 1996; among
others) define by a rapid reduction in porosity at shallow depth, followed by a reduced rate of porosity
occlusion in progressively older, more deeply buried sediment.

Under certain conditions, however, notably when fluid expulsion during burial is retarded due to
low permeability and/or rapid sedimentation, mechanical compaction fails to keep pace with increasing
vertical effective stress such that pore pressure is greater than hydrostatic (Swarbrick et al., 2002). This
phenomenon, termed disequilibrium compaction, has been documented from modern basins including the
Carnarvon Basin, western Australia (van Ruth et al., 2004), the Gulf Coast Basin, offshore Louisiana
(Dickinson, 1953; Harrison and Summa, 1991; Hart et al., 1995; Audet, 1996), the Caspian Sea (Bredehoeft
et al., 1988), offshore eastern Trinidad (Heppard et al., 1998), the North Sea (Mann and Mackenzie, 1990;
Audet and McConnell, 1992; Swarbrick and Osborne, 1998), and southeast Asia (Harrold et al., 1999).
Overpressure caused by disequilibrium compaction begins at that depth where sediment permeability
becomes so low that mechanical compaction and, therefore, porosity reduction is retarded (e.g., Swarbrick
et al., 2002). The onset of overpressure occurs at the fluid retention depth, which is recognized on
porosity-depth profiles as that depth at which porosity shows no reduction with increasing burial depth and
on pressure-depth profiles as that depth where pore pressure exceeds hydrostatic (Fig. 21; Audet, 1996;
Harrold et al., 1999; Swarbrick et al., 2002).
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Abundant natural hydraulic fractures (NHFs) or joints in the Upper Devonian shale-dominated
succession of the western New York state region of the Appalachian Basin indicate that these deposits were
episodically overpressured during their burial history (Engelder and Oertel, 1985; Lacazette and Engelder,
1992; Lash et al., 2004; Lash and Engelder, 2005). As described below and elsewhere, overpressuring of
the shale and resultant natural hydraulic fracturing resulted from the transformation of kerogen to
hydrocarbons in organic-rich source rocks and occurred close to or at maximum burial depth during the
Alleghanian orogeny (Lash et al., 2004; Engelder and Whitaker, 2006). Because disequilibrium
compaction alone is insufficient to generate pore pressures, P,, capable of driving NHFs (Hart et al., 1995;
Kooi, 1997), such an overpressuring event in the burial history of a basinal succession may go
unrecognized. However, analysis of compaction strain data described below suggests that the Rhinestreet
shale became overpressured well before attaining its maximum burial depth.

The most obvious measure of gravitational compaction strain sustained by a volume of sediment
following accumulation on the seafloor is the change in layer thickness from the concretion into correlative
layers of the encapsulating shale (see Fig. 11). We measured the thickness of bedding or a bedding interval
inside concretions (7;) and the thickness of that same interval in the shale (7,), a presumed proxy for the
original seafloor thickness of the host sediment as argued above (Fig. 11). Gravitational compaction strain

of the shale outside the strain shadow of the concretion, &3, is calculated by the following expression,

I-T
5= o M T (3)
T
The mean ¢; of the Rhinestreet black shale based on the analysis of 118 concretions and encapsulating shale
throughout the unit, expressed as a negative value, is —0.518 or 51.8% (£ 4.9%). This value is noteworthy
because normally compacted marine shales typically compact more than 65% upon burial to depths
comparable to the maximum burial depth of the Rhinestreet shale (Burland, 1990).

The compaction strain of the Rhinestreet shale can be used as a measure of the porosity achieved
at the termination of gravitational mechanical compaction if we assume that all volume loss was caused by
vertical shortening, a reasonable assumption based on the lack of layer-parallel shortening caused by
Alleghanian tectonics in these rocks (Hudak, 1992). Compaction strain is converted to paleoporosity, ¢,

by the following equation derived by Jacob (1949),
¢, +100¢,
¢p =T
g, +1
in which ¢, is expressed as volume percent. However, in order to calculate the ¢, of the Rhinestreet shale,
we first must obtain a reasonable value for the porosity of the sediment at the onset of normal compaction,
¢,. Textural evidence described above and in more detail by Lash and Blood (2004b) relates the formation
of Rhinestreet concretions to the passive precipitation of diagenetic carbonate in void spaces of the clayey
organic-rich host sediment. As noted earlier, the porosity of the Rhinestreet sediment at the time of
concretion growth ranged from 74 to 93%. However, some authors have suggested that the porosity of
newly deposited clayey sediment decreases from as much as 90% to perhaps 60-65% within ten m or so of
the seafloor (Weller, 1959; Von Engelhardt, 1977; Magara, 1978; Luo et al., 1993). Moreover, Kawamura
and Ogawa (2004) demonstrated an especially rapid reduction in void ratio of pelagic clay equal to a 5%
drop in porosity down to a depth of 10 cm below the seafloor. Luo et al. (1993) maintain that such marked
losses of porosity within several meters to a few tens of meters of the seafloor should be considered a
continuation of the depositional process rather than the initial phase of normal load-induced mechanical
compaction. Thus, we interpret the range in CaCO; volume in analyzed Rhinestreet concretions to reflect
the rapid occlusion of porosity as the carbonaceous clay entered and passed through the sulfate reduction
zone where concretionary growth occurred (Lash and Blood, 2004b). However, minor geochemical (i.e.,
CaCO;) zonation observed in individual Rhinestreet concretions (see Fig. 15) suggests that concretionary
growth occurred rapidly relative to the rate of porosity reduction.

In light of the preceding discussion, we arbitrarily set ¢, = 70% for our calculation of the
Rhinestreet shale ¢),. This value is a bit higher than the 60-65% porosity level that Luo et al. (1993)
consider to mark the onset of normal compaction principally because of the typically high water content of
organic-rich clays (e.g., Meade, 1966; Keller, 1982). Our calculated Rhinestreet shale ¢, using equation (4)
is 37.8% (£7.1%), a value markedly higher than that expected for shale normally compacted to the 3.1 km
maximum burial depth of the Rhinestreet shale (see Fig. 9). Because porosity reduction by normal

£
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compaction is essentially nonelastic (Harrold et al., 1999), uplift of the Rhinestreet shale cannot account for
the high ¢,. Indeed, the present porosity of the Rhinestreet shale based on MICP measurements is 3.9%
(£0.9%), roughly one-tenth the calculated ¢, based on compaction strain analysis. We suggest that the
Rhinestreet shale ¢, reflects the arrest of gravitational compaction short of its maximum burial depth. The
reduction of porosity from the ¢, to the present porosity likely reflects a combination of processes,
including pressure solution (Towarak, 2006), precipitation of cement, neoformation of clay minerals
(chlorite, kaolinite), the production of bitumen when the Rhinestreet shale entered the oil window (Lash,
2006c¢), and the crushing and/or squeezing of soft grains, including kerogen, into pore throats and voids
(e.g., Lash, 2006b).

The relatively low ¢, of the Rhinestreet shale suggests that normal compaction of the low-
permeability organic-rich clay was arrested at some depth shy of its maximum burial depth by P, in excess
of hydrostatic. This depth, the paleo-fluid retention depth (PFRD), can be estimated in two ways; (1)
comparison of the Rhinestreet ¢, with published porosity-depth profiles for shale and (2) calculation of the
depth at which a porosity of 37.8% is reached during normal compaction of shale by use of empirical
porosity-depth algorithms. Published porosity-depth relationships vary among basins as a consequence of
such factors as the age of the sediment, effective mean stress, mineral composition, sedimentation rate,
lateral stress, and pore fluid chemistry (e.g., Rieke and Chilingarian, 1974; Magara, 1980; Hermanrud,
1993; and many others). Indeed, there is no universal porosity-depth profile (Liu and Roaldset, 1994).
Recognizing this, we seek only to bracket the PFRD of the Rhinestreet shale. Plotting the calculated mean
Rhinestreet ¢), and its upper and lower standard deviation limits on Rieke and Chilingarian’s (1974)
summary plot of normal compaction curves for shale suggests that the PFRD could have ranged from a
depth of ~690 m to ~1,380 m, less than half-way to the modeled maximum burial depth (Fig. 22).
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Fig. 22: Porosity versus depth of burial relationships for shale and clayey sediments (modified after Rieke and
Chilingarian, 1974) showing the estimated maximum Rhinestreet paleo-fluid retention depth (PFRD) range based on
the mean and the upper and lower standard deviation ranges for the calculated paleoporosity of the Rhinestreet shale.
The dashed normal compaction trend, which was used to define the maximum depth of the PFRD, is from Ham (1966).
MBD = modeled maximum burial depth of the Rhinestreet shale.
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Our second approach to estimating the PFRD of the Rhinestreet shale involves the use of some of
the more widely cited empirically derived porosity-depth algorithms for normally compacted shale
(Gallagher, 1989). The majority of these functions describe a reduction in porosity that varies
exponentially with depth, following, to various degrees, the relationship proposed by Athy (1930). The
Rhinestreet shale PFRD was estimated using the shale exponential functions of Hansen (1996; Norwegian
Shelf), Huang and Gradstein (1990; deep sea claystone), Tingay et al. (2000; Baram Basin, Brunei
Darussalam), Hermanrud et al. (1998; offshore mid-Norway), Sclater and Christie (1980; North Sea),
Gallagher and Lambeck (1989; Eromanga Basin, Australia), and Hegarty et al. (1988; southern margin of
Australia). Estimated depths at which a porosity of 37.8% is reached during equilibrium compaction range
from a low of 456 m based on the porosity-depth function of Hegarty et al. (1988) to 1,543 m, half the
maximum burial depth of the Rhinestreet shale, using the algorithm of Tingay et al. (2000) (Fig. 23). Most
calculated depths derived from exponential functions fall within the depth range defined by comparison of
the Rhinestreet ¢), with normal compaction curves (Fig. 23). Three linear shale porosity-depth relations
were used to calculate the Rhinestreet PFRD; Hansen (1996; Norwegian Shelf), Velde (1996; clay-rich
sediments and Recent and Tertiary sediments from Japan and Italy; burial depths > 500 m), and Falvey and
Deighton (1982). These functions yield PFRDs of 1,344 m, 622 m, and 500 m, respectively (Fig. 23). The
minimum PFRD, 295 m, was obtained from the power-law equation of Baldwin and Butler (1985) for
normally compacted shale. Finally, the parabolic porosity-depth function of Liu and Roaldset (1994)
placed the PFRD of the Rhinestreet shale at 2,100 m, one km above its modeled maximum burial depth
(Fig. 23).
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Normal gravitational mechanical compaction of sediment with a ¢, of 70% to > 2 km burial depth
typically reduces porosity to < 20% (Rieke and Chilingarian, 1974; Magara, 1978; Giles et al., 1998).
Estimation of the Rhinestreet PFRD by use of published porosity-depth curves for normally compacted
shale and empirically derived porosity-depth functions suggests that this organic-rich unit departed its
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normal compaction trend at a depth of 850 to 1,380 m, short of its maximum burial depth (Fig. 23). The
relatively shallow depth range of the Rhinestreet PFRD indicates that the overpressure mechanism was not
linked to the transformation of kerogen to hydrocarbons, which did occur in the Rhinestreet shale of the
LED, but at much greater depth (Lash, 2006¢). The most likely candidate for the early generation of
overpressure in the Rhinestreet shale is disequilibrium compaction. Disequilibrium compaction, while
capable of pushing P, above hydrostatic at a given depth, the fluid retention depth, cannot drive it high
enough to create an effective tensile stress of zero as the increase in P, is linked inextricably to the rate of
loading or the lithostatic gradient (see Fig. 21; Hart et al., 1995; Kooi, 1997; Swarbrick et al., 2002).
Indeed, this phase of overpressuring in the shale-dominated succession of the LED did not result in the
propagation of NHFs.

There is widespread agreement that the principal controls of disequilibrium compaction include
sedimentation (loading) rate and sediment permeability, and, secondarily, sediment compressibility (Luo
and Vasseur, 1992; Kooi, 1997; Swarbrick et al., 2002; among others). Swarbrick et al. (2002) argue
convincingly that the fluid retention depth in low permeability/highly compressive rocks, like the organic-
rich Rhinestreet shale, would be shallower than that expected for more permeable, less compressible sand-
and/or silt-rich deposits. Further, given the same sediment type, the fluid retention depth will be relatively
shallow in those rocks that have been affected by high sedimentation rates. For example, Grauls (1998)
points out that a slow sedimentation rate (~50 m Ma™) in offshore Angola resulted in fluid retention at a
depth of 1,200 m; on the Nile Delta, on the other hand, where sedimentation rates > 800 m Ma™,
disequilibrium compaction begins at a depth of only 800 m (Mann and Mackenzie, 1990).

In order to better evaluate the timing of disequilibrium compaction in the Upper Devonian shale
succession of the LED, we need to fully understand the Upper Devonian-Mississippian stratigraphy of this
region of the basin (Fig. 24). Exhumation caused by passage of a peripheral bulge at the onset of the
Alleghanian orogeny across western New York state (Faill, 1997, and discussed below) resulted in the loss
of much of the Mississippian section in the LED (Fig. 24; Lindberg, 1985). However, the presence of the
lower Kinderhookian Knapp conglomerate conformably overlying Devonian strata along the New York
state-Pennsylvania border immediately south of the LED suggests that the Cashaqua shale is overlain by
1,155 m of Upper Devonian deposits (Fig. 24). Approximately 148 m of Frasnian strata, including the
Rhinestreet shale, were deposited on top of the Cashaqua shale at a rate of 30 m Ma"'. The remaining 1,007
m of Upper Devonian sediment accumulated during the Famennian stage at an average rate of 65 m Ma', a
more than two-fold increase in sedimentation rate from the Frasnian stage. Moreover, the sedimentology of
the lower part of the Famennian succession in the LED, the Dunkirk black shale and overlying Gowanda
gray shale (see Fig. 3), suggests that the relatively low Frasnian sedimentation rate continued into the
Famennian (Baird and Lash, 1990). However, overlying progressively siltier deposits that record a
regressive shift from delta front to shallow-marine shelf environments (Baird and Lash, 1990; Dodge,
1992) evince an increase in sedimentation rate in post-Gowanda shale time. Accumulation of the 275-m-
thick Dunkirk shale-Gowanda shale succession (Lindberg, 1985) at the above-cited 30 m Ma™' Frasnian
sedimentation rate would have encompassed 9.2 Ma of the 15.4 Ma Famennian stage (Kaufmann, 2006).
The remaining 732 m of Famennian deposits, then, would have accumulated at the markedly higher rate of
118 m Ma™.

The transition from the Devonian to the Mississippian in the Appalachian Basin of northwest
Pennsylvania is defined by a marked drop in sedimentation rate to 25 m Ma™' based on 172 m of
Kinderhookian deposits preserved in this area (Fig. 24; Lindberg, 1985). However, if the Knapp
conglomerate accumulated at the very end of the Devonian, as suggested by Dodge (1992), the postulated
drop in sedimentation rate would have occurred shortly before the Mississippian. Regardless, the
sedimentation rate appears to have diminished throughout the Mississippian (e.g., Beaumont et al., 1987) as
evidenced by a calculated sedimentation rate of 9 m Ma™ for the 366 m (Lindberg, 1985) of Kinderhookian
to Chesterian deposits preserved in north-central Pennsylvania, immediately south of the Finger Lakes
District of western New York state (Fig. 24). The marked reduction in sedimentation rate at the Devonian-
Mississippian boundary in Finger Lakes and Lake Erie districts appears to confirm Bond and Kominz’s
(1991) contention that the Early Carboniferous of the central Appalachians lacked significant tectonic
activity.

We believe that the early and relatively shallow onset of disequilibrium compaction in the low-
permeability shale-dominated Upper Devonian succession of the LED was induced by the marked increase
in sedimentation rate in the latter half the Famennian related to an acceleration, perhaps glacio-eustatic in
origin (Veevers and Powell, 1987), in the rate of progradation of the Catskill Delta Complex. Moreover,
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Fig. 24: Upper Devonian-Mississippian stratigraphic relations of western New York state (Lake Erie District) and
northwest and north-central Pennsylvania. Stratigraphic columns, including thicknesses, are modified from Lindberg
(1985). Devonian time scale (including the Devonian-Mississippian boundary) is from Kaufmann (2006);
Mississippian time scale is from Gradstein et al. (2004).

the presence of a 1,100 to 1,200 m of Devonian strata on the Cashaqua shale-Rhinestreet shale contact
suggests that the onset of disequilibrium compaction in the Upper Devonian succession occurred at a depth
of ~1.1 km, well within the depth range defined by comparison of the Rhinestreet shale ¢, with normal
compaction curves and porosity-depth algorithms for shale (see Fig. 23). The earlist overpressure episode
recorded by rocks of the LED, then, is an Acadian event that finds recent analogues in the Louisiana Gulf
Coast (Dickinson 1953) and the Mahakam Delta, Indonesia (Burrus, 1998). Indeed, our estimated PFRD of
the Rhinestreet shale and the maximum Famennian sedimentation rate of 118 m Ma™ are consistent with
data from modern basins overpressured by disequilibrium compaction (Fig. 25; Swarbrick et al., 2002).
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Fig. 25: Plot of sedimentation rate versus fluid retention depth showing data from the Gulf of Mexico and other basins
and the Rhinestreet shale (modified after Swarbrick et al., 2002). Refer to text for discussion of the sedimentation rate
that induced disequilibrium compaction of the Rhinestreet shale and estimation of the Rhinestreet PFRD.

ONSET OF THE ALLEGHANIAN OROGENY -
FRACTURE EVIDENCE FOR PASSAGE OF A PERIPHERAL BULGE

The Rhinestreet shale was overpressured as a consequence of the Acadian orogeny, yet the nature
of the overpressuring mechanism — disequilibrium compaction — could not have driven P, high enough to
induce NHFs. Thus, jointing of the Upper Devonian shale-dominated sequence did not occur until after the
Acadian orogeny. The following discussion emphasizes joint-driving mechanisms; thus, this is an
appropriate time to introduce the dominant joint sets represented in the Rhinestreet black shale and other
shale units of the LED. It is worth noting that even relatively recent publications relate the pervasive
fractures carried in Upper Devonian black shales of western New York state and western Pennsylvania to
glacial unloading and differential isostatic rebound (e.g., Schmoker and Oscarson, 1995). Although we
have catalogued joints that formed under these conditions (Lash et al., 2004), the systematic joints readily
observed in shale exposed along the lakeshore formed much earlier and under very different loading
configurations. Indeed, the pioneering work of Terry Engelder and his students at Penn State, grounded in
linear elastic fracture mechanics, has demonstrated the variety of natural loading configurations and related
joint-driving mechanisms under which rocks can fracture (Engelder, 1985, 1987; Engelder and Lacazette,
1990; Engelder and Gross, 1993; Engelder and Fischer, 1996; Lacazette and Engelder, 1992). Moreover,
each loading configuration may be represented during a single tectonic cycle (Engelder, 1985).

The Rhinestreet shale carries as many as five systematic joint sets (e.g., Lash et al., 2004). The
most pervasive sets, regionally and stratigraphically, are NW (298°-313°)- and ENE (060°-075°)-oriented
sets (Fig. 26). Systematic NS (352°-007°)-trending joints, while displaying a strong stratigraphic control as
described below, are also recognized over much of the LED (Fig. 27). Abutting relations among joints of
the three sets indicate that the NS joints are the oldest structures and systematic ENE-trending joints are the
youngest (Lash et al.,, 2004). Both the ENE- and NW-trending joints show a strong affinity for black shale,
especially the basal, more organic-rich intervals of these units (Lash et al., 2004). Joints of these two sets
scldom extend downward from the bases of black shale units into underlying gray shale; instead, they
appear to have propagated farther upward into the black shale and then into overlying gray shale (Fig. 28;
Lash et al., 2004).
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Fig. 26: Rose plot of joints in the
Rhinestreet shale, northern Erie
County, New York.
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Fig. 27: Generalized stratigraphic column showing the Upper Devonian shale succession of the Lake Erie District and
selected rose plots of systematic NS, NW, and ENE joints at gray shale-black shale contacts throughout the Lake Erie
District. The lettered rose plots are keyed to the location map.
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Fig. 28: Tall, close-spaced NW joints at the contact (dotted line) of the Dunkirk shale and underlying Hanover gray
shale along Eighteenmile Creek.

Systematic NS joints formed preferentially at the tops of gray shale units and basal intervals of
overlying black shale deposits (Fig. 27; Lash, 2006b). These joints have been observed at the bottom
contacts of all Upper Devonian black shale units of the LED and at almost all exposures of these contacts
(Fig. 27). However, they are most densely developed (i.e., lowest median orthogonal spacing) at the
Hanover shale-Dunkirk shale contact, the Cashaqua shale-Rhinestreet shale contact, and at contacts of gray
shale intervals and overlying black shale within the Rhinestreet shale (Fig. 27). Few NS joints observed in
gray shale (~20%) extend more than 20 cm into overlying black shale (Fig. 29A); roughly 50-60% of all
NS joints examined by us either were arrested below or at the base of the overlying black shale unit (Fig.
29B). Finally, NS joints are rarely found exclusively in black shale; indeed, >90% of NS joints observed in
black shale units can be readily traced into underlying gray shale from which they appear to have
propagated.

The joint-driving mechanism(s) for the three dominant systematic joint sets carried in Upper
Devonian shale of the LED is not immediately obvious. Few joint surfaces of these fine-grained rocks
contain any sort of ornamentation that might be informative regarding the origin of the joints. However,
rare plumose structures consistent with incremental propagation decorate ENE and NW joint surfaces.
Such morphology is typical of fluid loading during natural hydraulic fracturing (Lacazette and Engelder,
1992). Moreover, the close orthogonal spacing of joints of each set relative to their height offers further
evidence for their propagation under conditions of fluid loading (Ladeira and Price, 1981; Fischer et al.,
1995; Engelder and Fischer, 1996). Indeed, it is tempting to attribute the seemingly similar nature of the
NS joints to the same loading configuration as the NW and ENE joints. However, further insight into
differences in joint-driving mechanisms among the three dominant joint sets carried in the LED may be
found in the nature of joint-carbonate concretion interactions (e.g., McConaughy and Engelder, 1999).
Studied diagenetic carbonate concretions in the Upper Devonian shale succession of the LED exist in two
general forms that appear to be controlled by host shale type: (1) large ellipsoidal (aspect ratio ~ 2)
internally laminated concretions most common to black shale units as described above (Lash and Blood,
2004a,b) and (2) smaller lenticular (aspect ratio > 4) internally massive concretionary bodies most
frequently found in bioturbated gray shale.
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Systematic NW and ENE joints show no
deflection in propagation path as they approach
concretions; instead, the joints propagated in-
plane above and below the concretions (Fig.
30A). However, the occasional joints confined to
a mechanical layer narrower than the width of the
concretion define propagation paths that deflected
into an orientation approximately normal to the
interface. The majority of systematic NW and
ENE joints (>90%) failed to penetrate concretions
(Fig. 30B); one in ten ENE joints were observed
to have propagated no more than a centimeter
into concretions before arresting.

Systematic NS joints, while grossly
similar to NW and ENE joints, differ from their
younger counterparts in the nature of their
interactions with embedded concretions.
Anywhere from 30% to 70% of NS-trending
joints, depending upon one’s field location,
completely cleave lenticular concretions (Fig.
31A). Few NS joints interface with larger
cllipsoidal concretions common to black shale.
However, the infrequent NS joints that
propagated upward from gray shale into
concretion-bearing interval within black shale
typically penetrate deeply (> 4 c¢m) into the
SN concretions (Fig. 31B). Occasionally, NS joints
in gray shale can be observed cutting concretions
in one stratigraphic interval but are arrested at
interfaces with concretions in immediately over-
and/or under-lying horizons (Fig. 31C). The few
NS joints whose width is less than that of the
concretions with which they interact display
propagation paths that curve toward interfaces
(Fig. 31D).

NW- and ENE-trending joints of the
LED are NHFs that propagated as a consequence
Fig. 29: NS joints terminating at gray shale-black shale o.f g lnSga e Mo DE ke a1 the.orgamc—
contacts: (A) close-spaced NS joints at the Hanover shale- rich black shale to hydrocarbons at burial depths
Dunkirk shale contact (dashed line). Arrows point to tips >2.3 km (Lash et al., 2004; Lash and Engelder,

of NS joints that have propagated from the Hanover shale 2005), an interpretation confirmed by their

into the Dunkirk shale; (B) NS joint (NS) arrested at the interactions with embedded concretions.

contact of a gray shale (below white dashed line) interval Speciﬁcally, Pp in black shale was driven well
and overlying black shale within the Rhinestreet shale. above hydrostatic by catagenesis and sustained by

Note concretionary carbonate horizon in the gray shale at a tight, strongly anisotropic microfabric (e.g.

the hammer. Lash and Engelder, 2005). Increasing P,
ultimately reduced the compressive minimum

horizontal stress to an effective tensile stress initiating the NW- and later ENE-trending fluid loaded joints.
The relatively stiff (i.e., high modulus) concretions embedded in the overpressured black shale, however,
remained under effective compressive stress thereby suppressing penetration by NHFs beyond the carapace
of the concretion (McConaughy and Engelder, 1999).

The critical difference between systematic NW and ENE joints and the older NS joints is that the
latter penetrate deeply and/or completely cut many, but by no means all, concretions. We suggest that
these joints originated within the higher modulus concretionary carbonate by a thermoelastic contraction
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driving mechanism. This scenario requires a uniform level of extensional elastic strain distributed over the
entire Upper Devonian shale success:on of the LED. Presuming elastic extension, the higher modulus

4 - diagenetic carbonate would fail in tension before
the lower modulus shale, which remained under
effective compression at a given depth of burial
(e.g., McConaughy and Engelder, 1999). This
interpretation is borne out by the local presence
of NS joints confined to lenticular concretionary
carbonate at the tops of the gray shale units (Fig.
32). However, the fact that not all concretions
originated NS joints may reflect variable CaCO;
abundance among concretions and its effect on
elastic properties. The lack of NS joints
originating in the ellipsoidal (lower aspect ratio)
concretions in black shale suggests that tensile
stress builds most effectively in the higher aspect
ratio concretionary carbonate.

Propagation of NS joints out of
concretions and into the lower modulus host
gray shale was likely aided by modestly
overpressured pore fluid in the latter that
migrated into the open joints. Elevated P,
within newly formed joints in the diagenetic
carbonate would have enabled them to propagate
through the shale under a fluid decompression
mechanism. Indeed, the preferential growth of
NS joints at the tops of the gray shale units
probably reflects some degree of overpressure at
these stratigraphic intervals. Deeper in the gray

Fig. 30: (A) Tall ENE joint that propagated in-plane around
two large concretions in the Rhinestreet shale. Person = 1.9 hals. 1 hve ) P
m; (B) Close-up of the interface of a coneretion (c) and a R SRl Ve (near YAFOSEtiC). By
NW joint that propagated in-plane around the concretion. WO‘”d. Tt haYe been high enough to ‘cr.eate e
Note the lack of penetration in the circled area where the effective tensile stress necessary for joint
black shale has been eroded. Scale= 14 cm. propagation. Thus, whereas NS joints were
initiated in higher modulus diagenetic carbonate
by thermoelastic contraction, they were driven through the lower modulus shale by fluid decompression.
Evidence for this interpretation includes NS joints that cut concretions at one stratigraphic level (point of
initiation) but failed to cleave or even penetrate concretions in immediately over- and under-lying
stratigraphic intervals. Instead, the joints propagated in-plane around the rigid inclusions (Fig. 31C).
Further, the curving of some NS joint trajectories toward normal to concretion interfaces (Fig. 31D) is more
typical of fluid loaded joints than joints that originated by thermoelastic contraction (McConaughy and
Engelder, 1999).

The switch in joint-driving mechanism recorded by the Rhinestreet shale from thermoelastic
contraction supplemented by fluid decompression early in the deformation history of these deposits (NS
Jjoints) to a solely fluid decompression mechanism later in the tectonic cycle (NW and ENE joints) must be
considered in terms of our present understanding of Alleghanian tectonics. The inception of the
Alleghanian orogeny in the central Appalachian Basin is nominally dated by the initial accumulation of the
Chesterian Mauch Chunk delta deposits shed from an eastern source area over the Greenbrier and
Loyalhanna limestones (Hatcher et al., 1989; Faill, 1997). The end of the Mississippian, however,
witnessed a change in sedimentary facies from the low-energy Mauch Chunk facies to westward spreading
high-energy fluvial conglomeratic deposits of the Pottsville Formation (Meckel, 1967; Colton, 1970). This
transition has been attributed to renewed uplift caused by crustal thickening during oblique convergence
between the African portion of Gondwana and Laurentia, perhaps with microcontinents such as the
Goochland terrane sheared between them (Faill, 1997). Oblique convergence early in the Alleghanian
orogeny (Atokan and younger) is manifested by sequential dextral slip deformation along much of the
central and southern Appalachian internides and development of ENE-trending (present direction) face
cleat in coal in the central and southern Appalachians and ENE-trending joints in Frasnian black shales of
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the Appalachian Plateau of New York state (Fig. 33; Gates and Glover, 1989; Hatcher, 2002; Engelder and
Whitaker, 2006).

Fig. 31: (A) NS joint that cut a concretion in a gray shale interval of the Rhinestreet shale. Pen= 11 cm; (B) NS joint
(indicated by arrow) that penetrated a large carbonate concretion in the Rhinestreet shale. An ENE joint (ENE)
propagated in-plane (parallel to the picture) around the concretion. Note hammer for scale; (C) NS joint that cut the
upper concretionary carbonate body but propagated in-plane around the lower concretion; (D) the propagation path of a
narrow (relative to the width of the concretion) NS joint deflecting into a path perpendicular to the concretion interface.

Pen=11 cm.
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Fig. 32: NS joints (NS) that failed to propagate out of a thin carbonate layer at the top of the Hanover shale. Knife=8
cm long.

'Late Mississippian -
arly Pennsylvania

Laurentia

Fig. 33: Closure of the Theic ocean early in the Alleghanian orogeny by oblique convergence of Gondwana against
Laurentia (modified after Hatcher, 2002). Refer to text for discussion.
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The onset of Alleghanian tectonics is also manifested by a widespread Morrowan unconformity
present in parts of the Appalachian system, including the southemn tier of western New York state (e.g.,
Berg et al., 1983; Lindberg, 1985) (see Fig. 24). This unconformity is attributed to the cratonward
migration of a peripheral bulge caused by early Alleghanian thrust loading in the southern Appalachians
(Ettensohn and Chesnut, 1989). Similarly, loading during oblique convergence of Gondwana against
Laurentia in New England and the Canadian Maritimes Appalachians drove a contemporary peripheral
bulge across New York state and Pennsylvania (Fig. 33; Faill, 1997). The switch in joint-driving
mechanism demonstrated by the jointing history of the Rhinestreet shale is consistent with passage of a
peripheral bulge across the basin followed by burial of the shale succession to the oil window. The
peripheral bulge was driven by crustal loading during the earliest stages of closure of Africa against the
Laurentian plate in New England in Morrowan time (Fig. 33; Faill, 1997). The propagation of NS joints in
gray shale of the LED prior to the formation of ENE-trending coal cleat elsewhere in the Applachian Basin
(Engelder and Whitaker, 2006) and NW joints in the Rhinestreet shale indicates that the Upper Devonian
shale succession of the LED had not yet been buried to the oil window by the time of the Morrowan
unconformity, consistent with our burial/thermal model of the Rhinestreet shale (see Fig. 9). Indeed, the
carliest coal cleat in the Appalachian Basin, which records oblique convergence in the New England
Appalachians, post-dates the Morrowan (Engelder and Whitaker, 2006). Thus, the NS-trending joints in
the LED are among the carliest structures that can be attributed to the Alleghanian orogeny.

Modeling of the peripheral bulge as having formed in response to the imposition of a line load at
the edge of Laurentia and an overthrust fill of 2 km (Stewart and Watts, 1997) predicts that flexural
curvature was highest in the approximate location of the Hudson Valley (Fig. 34). However, the great
depth of burial and consequent high compressive stress in this more proximal area of the basin suppressed
curvature-related tensile stress keeping the rocks under effective compression. Flexure-related uplift
resulted in deep erosion in the LED and to the south in western Pennsylvania (Berg et al., 1983; Lindberg,
1985). Although the calculated tensile stress in this region of the Appalachian Basin was ~ one-half the
maximum tensile stress magnitude generated by the bulge (Fig. 34), the shallow depth of burial of the
Upper Devonian shale succession and resulting diminished overburden-related compressive stress would
have enhanced the likelihood that these rocks were placed under effective tensile stress. Flexural-related
uplift and exhumation created the near-surface tension necessary for thermoelastic contraction-driven
jointing within the LED (Figs. 34 and 35).
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Fig. 34: Modeled peripheral bulge showing variations in the calculated tensile stress across the Appalachian Basin.
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Fig. 35: Map showing the modeled area of NS jointing related to migration of the peripheral bulge. Black stars show
locations of EGSP (Eastern Gas Shales Project) cores in which NS joints were observed in Middle Devonian rocks by
Evans (1994).

NS joints initiated in higher modulus diagenetic carbonate by thermoelastic loading propagated
through the host gray shale aided by modestly elevated P,, which maintained an effective tensile stress in
the lower modulus shale. Preferential propagation of NS joints by fluid decompression immediately
beneath the black shale units suggests that the gray shale at these stratigraphic intervals was overpressured.
Elevated P, within the gray shale probably was caused by the increase in sedimentation rate at the end of
the Devonian that attended rapid progradation of the Catskill Delta plain into the western New York region
of the basin as described above. Overpressure generated by disequilibrium compaction may have been
maintained by the formation of gas capillary seals induced by biogenic methanogenesis in the organic-rich
Rhinestreet deposits (Blood and Lash, 2006; Lash, 2006b). Termination of the NS joints at the base of, or a
short distance within, the black shale may reflect a somewhat lower modulus in the organic-rich deposits
that suppressed the tensile stress carried by these rocks.

The proposed influence of the early Alleghanian peripheral bulge on the jointing history of the
LED appears to have extended well to the south. The modeled region of the Appalachian Basin where
uplift related to lithospheric flexure induced the systematic NS joints can be traced south into western and
southwestern Pennsylvania where Evans (1994) described early NS-trending joints in Middle Devonian
shale cores (Fig. 35). The locus of NS jointing in the Appalachian Basin was limited to the west by
diminishing tensile stress; its eastern extent likely was controlled by the increasing depth of burial and
consequent rise in compressive stress (Fig. 34).

MAIN STAGE JOINTING IN THE ALLEGHANIAN - EVOLUTION OF THE
RHINESTREET FRACTURED RESERVOIR

Sunday BI Black Shale 257



The peripheral bulge had subsided by Atokan time when the Pottsville-equivalent Olean
Conglomerate accumulated unconformably over eroded Upper Devonian and Kinderhookian strata
(Edmunds et al., 1979; Berg et al., 1983; Lindberg, 1985; Dodge, 1992). Continued subsidence through the
balance of the Pennsylvanian into Permian time carried the Upper Devonian shale succession of the LED
into the oil window by ~ 275 Ma (Fig. 9; Lash, 2006¢). The initial response to the Rhinestreet’s entry into
the oil window appears to have been the initiation of horizontal microcracks identical to those identified in
the Upper Devonian Dunkirk shale (Lash and Engelder, 2005; Fig. 36). The intriguing aspect of these
fractures is that they formed as open-mode cracks under a basinal stress field in which the greatest principal
stress was vertical. Lash and Engelder (2005) explained this as a consequence of two factors: (1) a marked
compaction-induced layer-perpendicular strength anisotropy and abundant flattened kerogen particles and
(2) poroclastic deformation of these low permeability deposits pressurized by conversion of kerogen to
bitumen and consequent establishment of a local in sifu stress field favorable to the propagation of the
microcracks in the horizontal plane.

: 20pm 800X *

Fig. 36: Secondary electron images of bitumen-filled microcracks in Rhinestreet shale samples.

Continued burial of the Rhinestreet shale and further production of hydrocarbons resulted in the
initiation of upward-propagating systematic fluid-loaded NW-trending joints or NHFs. The timing of the
entry of these rocks into the oil window ties this phase of jointing to the emplacement of the Blue Ridge-
Piedmont Megathrust sheet by rotational transpression of Gondwana along the southern Appalachians (Fig.
37; Hatcher, 2002). The transition from horizontal open-mode fractures to the propagation of vertical
NHFs defies simple explanation. There is no evidence that the least principal stress direction flipped from
vertical to horizontal. Indeed, in order to avoid violation of Occam’s Razor, we assume that the regional
stress field remained constant during the time that the horizontal microcracks and NW joints propagated.
We propose that the switch from horizontal microcracks produced by catagenesis to vertical NHFs
involved some degree of horizontal tensile stress that diminished the effective minimum horizontal stress
induced by burial to zero enabling the vertical joints to form (e.g., Zhao and Jacobi, 1997). The origin of
the hypothesized tensile stress may be found in the irregular nature of the Laurentian margin (i.e., the
Pennsylvania salient; Hatcher, 2002) and its effect on plate edge stresses during rotational transpression of
Gondwana along the central and southern Appalachians.

Systematic ENE joints formed toward the end of the Alleghanian tectonic cycle after the
Rhinestreet shale had experienced greater hydrocarbon production (see Fig. 9). Further oblique
convergence in the New England Appalachians, may have provided a level of lateral extension that, when
combined with elevated P, in the Rhinestreet shale, resulted in the propagation of the ENE joints. The
stress field responsible for the ENE joints carried by the Rhinestreet shale had earlier produced ENE-
trending systematic joints in Frasnian black shales in the Finger Lakes District as well as an early face cleat
in coal deposits throughout the Appalachian system (Engelder and Whitaker, 2006). This stress system,
unlike that which produced the NW joints, appears to have remained in place for the duration of the
Alleghanian orogeny.
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Blue Ridge-Piedmon
~ Megathrust sheet

Fig. 37: Late Carboniferous-Early Permian head-on collision resulting in emplacement of the Blue Ridge-Piedmont
Megathrust sheet (modified after Hatcher, 2002). Refer to text for discussion.

The Rhinestreet shale continued to undergo thermal maturation even as it was uplifted in post-
Alleghanian time (see Fig. 9). ENE joints may have continued to propagate during this time, perhaps
induced by post-Alleghanian flexural rebound of the Appalachian Basin (Blackmer et al., 1994). That is, at
about the time the Rhinestreet shale had reached its peak thermal maturity (and hydrocarbon generation),
unroofing of the Appalachian Plateau brought the overpressured black shale closer to the surface, resulting
in thermoelastic contraction. Relaxation of the minimum horizontal compressive stress affecting the
overpressured impermeable organic-rich deposits provided the mechanism for the preferential development
of effective tensile stress within the black shale relative to gray shale units. Moreover, the ENE orientation
of these joints may reflect the Early Cretaceous change in the remote stress system from one dominated by
rift-related dynamics to one of compression caused by sea floor spreading of the North Atlantic Ocean
(Miller and Duddy, 1989). Indeed, we are increasingly of the mind that there are, in fact, two sets of ENE
joints — an older ENE set that was fluid-driven and a younger, less planar, set that may have been induced
by thermoelastic contraction. As such, ENE joints in the LED may provide an example of similarly
oriented joints having formed by different loading configurations. This intriguing story awaits much more
work.

According to our jointing chronology for the Rhinestreet shale (as well as other Upper Devonian
black shale units of the LED; Lash et al., 2004), fluid loaded ENE joints formed when the Rhinestreet had
been in the oil window for a longer period of time than for formation of the NW joints. Evidence for this
interpretation can be found in the relative density of joints of each set as manifested by their spacing
characteristics. Joint spacing data for each joint set were obtained by simple scanline techniques (refer to
Lash et al., 2004, for details of this method and statistical treatment of the data). Scanline analysis from the
top of the Cashaqua shale through the Rhinestreet shale to its contact with the Angola shale reveals three
trends regarding the degree of development of NW and ENE joints as measured by orthogonal spacing
(Fig. 38). First, and perhaps most obvious, is the great range and high median spacing of ENE joints in the
Cashaqua shale immediately below the Rhinestreet shale. NW joints are poorly represented at the top of
the Cashaqua, an observation made of other gray shale units in the LED (see Fig. 27). Second, ENE joints
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are more closely and uniformly spaced at a particular stratigraphic horizon than are NW joints at that same
horizon. Finally, both NW and ENE joints demonstrate a subtle reduction in density upsection from the
high TOC base of the Rhinestreet shale to its contact with the Angola shale (Fig. 38). The scanline data,
then indicates that (1) both NW and ENE joints are most densely formed in the most organic-rich deposits,
(2) within the Rhinestreet shale, ENE joints are more densely developed than are the older NW joints, and
(3) the density of both NW and ENE joints correlate positively with TOC (Fig. 38). Trends similar to these
have been described from elsewhere in the Middle and Upper Devonian succession of the Appalachian
Plateau (Loewy, 1995; Lash et al., 2004).

Differences in spacing characteristics of the NW and younger ENE joints of the Rhinestreet shale
can be thought of in terms of the progressive thermal maturation of a source rock. Itis widely held that a
set of natural fractures does not form instantaneously; rather, it evolves over a period of time becoming
progressively denser (Fig. 39). Rives et al. (1992), for example, have demonstrated that the orthogonal
spacing of a systematic joint set evolves from a negative exponential distribution early in its history to a
log-normal distribution and finally to a normal distribution. Similarly, Narr (1991) and Becker and Gross
(1996) maintain that as joint systems develop, orthogonal spacing becomes progressively smaller and more
uniform. Ultimately, overlapping stress shadows between adjacent joints precludes the formation of new
fractures in intervening unjointed volumes of rock (Fig. 39). The rock is said to be fracture saturated at this
point. Time is a critical factor in this process - the longer the duration of fracturing under a given set of
conditions, the closer a specific set approaches saturation. The Rhinestreet shale had just entered the oil
window when it was affected by the remote stress field that gave rise to the NW joints. That is, production
of hydrocarbons in the Rhinestreet shale had not proceeded long enough when the rocks reacted to the
stress field responsible for emplacement of the Blue Ridge-Piedmont Megathrust sheet for the resultant
joints to form with a density even close to saturation. Indeed, the wider range in joint spacing of the NW
joints is more consistent with a negative exponential or log-normal distribution. Moreover, the general
dearth of NW joints at the tops of gray shale units (see Fig. 27) may reflect a level of production in the
underlying black shale incapable of driving these joints well up into the overlying gray shale. ENE-
trending joints, having formed after the Rhinestreet had occupied the oil window for a prolonged period of
time, are more densely and uniformly (close to saturation) developed than NW joints reflecting a greater
level of production. Moreover, the great abundance of ENE joints at the tops of gray shale units (see Fig.
27) likely records the higher level of hydrocarbon production by the time the ENE joints were initiated in
these rocks. An identical relationship of NW and younger ENE joints has been described from the Dunkirk
shale (Lash et al., 2004).

CONCLUSIONS

The Rhinestreet shale is an unconventional or continuous-type hydrocarbon accumulation that
satisfies most criteria of these systems, including a lack of obvious trap and seal. Indeed, the Rhinestreet
shale, like other Devonian black shale units, is its own seal and reservoir; it is a self-sourced reservoir.
However, in spite of general similarities among all continuous-type hydrocarbon accumulations, most
differ in terms of more subtle parameters, including mineralogy (e.g., silt content, dominant clay mineral
type), complexity of fractures and fracture history, reservoir thickness and internal stratigraphy, compaction
and burial/thermal history, kerogen type, TOC and variations in TOC, both vertically and laterally. Thus, it
is important to treat each continuous-type hydrocarbon accumulation as an individual situation and take
from it what might be applied to the study of other similar accumulations.

The Rhinestreet shale has a rather complex burial/thermal history (see Fig. 9). Its early
compaction history records the fitful burial of the sediment resulting in the formation of the laterally
persistent concretionary horizons that could have influenced fluid migration. The marked increase in
sedimentation rate in the latter half of the Famennian, likely induced by rapid progradation of the Catskill
Delta complex, perhaps the result of glacio-custacy, brought normal mechanical compaction of the
Rhinestreet shale to an end, well shy of its maximum burial depth. However, this initial overpressure event
caused by disequilibrium compaction, an Acadian event, failed to initiate fractures.

Morrowan time was marked by uplift of the Devonian-Mississippian succession in western New
York state and western Pennsylvania, a result of the westward migration of a peripheral bulge produced by
loading of the Laurentian plate edge at the onset of the Alleghanian orogeny. Burial/thermal modeling of
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Fig. 39: Schematic diagram showing the evolution of fracture spacing (modified after Peacock and Mann, 2005). Refer
to text for discussion.

measured vitrinite reflectance of the Rhinestreet shale suggests that the organic-rich rocks had not yet been
buried to the oil window when they were uplifted (see Fig. 9). Thermoelastic contraction of the uplifted
sequence in concert with reduced burial-related stress induced NS-trending joints in the higher modulus
diagenetic carbonate. Moderately elevated P, in the host gray shale as a consequence of the above-
mentioned disequilibrium compaction enabled the newly formed joints to propagate through the shale as
natural hydraulic fractures.

Renewed subsidence in Atokan time carried the Rhinestreet shale into the oil window by ~275
Ma. The initial result of catagenesis was the formation of horizontal bitumen-filled microcracks, which
caused this tight unit to become even more impermeable. Soon after this, NW-trending vertical natural
hydraulic fractures formed. The Rhinestreet appears to have entered the oil window roughly coeval with
emplacement of the Blue Ridge-Piedmont Megathrust sheet. However, because the Rhinestreet may not
have been in the oil window long enough to achieve little more than modest production, NW joints set did
not come close to saturating the source rock. The Rhinestreet shale continued to produce hydrocarbons as
it approached its modeled maximum burial depth of ~3.1 km. As aresult, ENE joints that formed under the
influence of the continued oblique plate convergence in the New England Appalachians came closer to
saturating the Rhinestreet source rock. These joints, having more drive behind them, propagated higher in
the sequence. ENE joints may have continued to form during post-Alleghanian uplift of the Appalachian
Plateau as a consequence of thermal contraction.

Clearly, the geologic history of the Rhinestreet shale differs from other continuous-type
hydrocarbon accumulations most notably in the timing of its entry into the oil window and resultant
chronology, orientation and density of fracturing. These factors are crucial to exploration and production
strategies of such a unit as the Rhinestreet shale. Our ongoing work demonstrates that a fuller
understanding of the intricacies of a petroleum system like that of the Rhinestreet shale requires a multi-
faceted approach that entails the analysis of the system from the submicroscopic scale to the lithospheric
stress level.
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ROAD LOG AND STOP DESCRIPTIONS

Total Miles Miles from Last Point Route Description

0.0 0.0 Depart Adams Mark heading east on Church St. to its
intersection with Route. 5.

0.2 0.2 Bear right onto Route 5 West.

15.3 15,1 Intersection of Route 5 with South Creek Road. Turn right
onto South Creek Road.

15.6 0.3 Turn left onto Lake Shore Road.

17:5 1:9 Park in the small lot at the Erie County Water Authority

building or at the intersection of Sweetland Road a short
distance ahead. Walk down to Pike Creek.

STOP 1: PIKE CREEK/LAKE ERIE SHORELINE

Significance: 1) the preferential generation of early NS-trending joints at the contacts of gray shale and
black shale;
11) geographic variations in the magnitude of the pre-Upper Devonian or Taghanic
unconformity and the significance of the so-called “Driller’s Tully™;
11I) preferential propagation of NW and ENE joints in the Rhinestreet black shale.

L. Working down creek toward Lake Erie, the first exposure encountered reveals the contact of the
West River gray shale and overlying Middlesex black shale (Fig. 40). A prominent NS-trending joint set as
well as ENE-trending joints can be observed here (Fig. 41). The NS joints terminate at the contact or a
short distance above it, a theme common to other Upper Devonian black shale units of western New York
state as described earlier. We interpret the generation of the NS joints to be a response to the passage of a
peripheral bulge produced by loading of the Laurentian plate edge at the onset of the Alleghanian orogeny
across the western New York state region of the Appalachian Basin. Reduced compressive stress as a
consequence of uplift-related thermoelastic loading initiated joints in higher modulus diagenetic carbonate.
Propagation of these joints through the host gray shale was aided by moderately overpressured pore fluids
at the top of the gray shale, perhaps sealed in by the overlying low permeability black shale.

11, The mouth of Pike Creek exposes the Middle-Upper Devonian interval from the Tichenor
limestone (perhaps the top of the Ludlowville shale, depending upon the lake level) to roughly two-thirds
the way up the Middlesex black shale (Fig. 40). This exposure provides the opportunity to (1) consider the
magnitude of the Taghanic unconformity in the subsurface of western New York state and (2) offer some
preliminary thoughts on the subsurface stratigraphy of the Moscow-Tully interval in this region of the
basin. De Witt and Colton (1978) placed the unconformity at the contact of the Penn Yan shale of the
Geneseo Formation and the North Evans limestone of the underlying Moscow shale, Hamilton Group (Fig.
40). Rocks absent this exposure include, in descending order, an unknown thickness of the Penn Yan shale
and the underlying Geneseo black shale, the Tully limestone, and some thickness of the Moscow shale
(Windom Member). The hiatal extent or magnitude of the Taghanic unconformity diminishes to the south
and east as the Moscow shale increases in thickness and the Geneseo black shale and Tully limestone
appear and thicken (Fig. 42). De Witt et al. (1993) maintained that the disconformity confined the Middle
Devonian Geneseo black shale to the eastern region of the basin in New York state; however, Upper
Devonian black shales, including the Dunkirk, Pipe Creek, and Rhinestreet shales were largely restricted to
the western part of the basin by the unconformity. However, the distribution of the Middle Devonian Oatka
Creck black shale of the Marcellus Formation (Hamilton Group) appears to have been unaffected by the
Taghanic unconformity.

Sunday Bl Black Shale 272



Eckhardt-Agle 1

STOP 1 (API# 17397; Erie Cty.)

Lake Erie shoreline 0 GR (API units) 200 Lo1.:m

. | (300ft)

L
Rhinestregt shale

_106.7 m
(350 ft)

Genundews limestone —

Penn Yon shale b=
North Evans limestone =~ |~

ns |nterva

interval exposed at the
mouth of Pike Creek

| Taghanic |
. |unconformity|

5m

121.9m
(400 ft}

Fig. 40: Stratigraphic section of the beach cliff northeast of the mouth of Pike Creek (showing the interval exposed at
the mouth of Pike Creek). The lithologic log is based on measurements made along the lakeshore and Eighteenmile
Creek. This section is traced into the subsurface to the Eckhardt-Agle 1 gas well (see Fig. 42 for location of this well).

Sunday Bl Black Shale 273



Middlesex shale
West River shale

Fig. 41: Rose plot of joints
measured at the contact of the
West River gray shale and
overlying Middlesex black
shale along Pike Creek.

We are using wireline logs to define stratigraphic trends in the subsurface of western New York
state, northwest Pennsylvania, and northeast Ohio. Figure 40 links the stratigraphy observed at the mouth
of Pike Creek (as well as the cliff exposure to the northeast along the beach) to the Eckhardt-Agle 1 gas
well (APT# 17937) located ~ 10 km southeast of this location (Fig. 42). The Middlesex shale and Tichenor
limestone are easily recognized on the gamma-ray log. Locating the North Evans-Genundewa interval,
and, therefore, the Taghanic unconformity is more difficult. The Genundewa limestone, ~21 — 30 cm thick
on Eighteenmile Creek between the beach exposure and the Eckhardt-Agle 1 well (Fig. 42), is difficult at
best to be resolved on a normal gamma-ray log. Thus, our placement of the unconformity is based on
extension of the subsurface stratigraphy from the east, where the Tully limestone and overlying Geneseo
black shale are present, to the Eckhardt-Agle 1 well. Thereis a marked increase in the thickness of the
West River shale to the south away from the lakeshore (Fig. 40). Cross-section 1 (Fig. 42) carries the
interval exposed at the mouth of Pike Creck (i.e., the base of the Tichenor limestone to the base of the
Middlesex shale) east-southeast into northeast Alleghany County. The Geneseo black shale first appears in
Wyoming County followed in northwest Alleghany County by the Tully limestone. Notice also that the
West River/Penn Yan interval displays an almost six-fold increase in thickness to the east. The Tichenor
limestone also thickens to the east. In sum, cross-section 1 displays, over a relatively short distance, the
westward onlap of progressively younger deposits over the Taghanic unconformity as well as the truncation
of underlying units, both typical traits of the unconformity elsewhere in the Appalachian Basin (Hamilton-
Smith, 1993).

An especially interesting unit that we are mapping in the subsurface, the so-called “Driller’s
Tully,” is a carbonate interval that is less clean (i.e., 20 API units or more) than the true Tully limestone.
There is a good amount of confusion regarding this unit; Oliver et al. (1969) placed the “Driller’s Tully” of
Erie County, Pennsylvania, and Chautauqua County, New York, well down the Hamilton Group, perhaps at
:[‘he”level of the Tichenor limestone. Similarly, Wright (1973) referred to the “Driller’s Tully” as limestone

B” and suggestec! that the Tichenor limestone is a tongue of limestone “B.” This interpretation was
accepteq by de Witt et al. (1993) who also echoed Wright’s proposition that the Tully limestone is not
present in the subsurface of Chautauqua County and northwest Pennsylvania. De Witt et al. (1993) pointed
out that copodonts collec-ted fr'om the upper part of the “Driller’s Tully” in a core from the Eastern Gas
Shales Project well PA3 in Erie County, Pennsylvania, included elements of Polygnathus linguiformis,

F_ig. 42 (next pa_ge): Stratigraphic cross-section (gamma-ray logs) of the interval observed at the mouth of
Pike Creek east into northern Alleganv County (datum = base of the Middlesex shale).
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Fig. 43: Stratigraphic cross-section (gamma-ray logs) of
the interval observed at the mouth of Pike Creek west into
northern Chautauqua County (datum = base of the
Middlesex shale).

We agree with Rickard (1989) that the Tully limestone is present
in the subsurface of Chautauqua County and northwest
Pennsylvania. Indeed, our analysis of close-spaced wells in far
western Chautauqua County indicates that Wright’s (1973)
Tichenor limestone and limestone “B” is actually the Tully
limestone and underlying “Driller’s Tully,” the latter resting
unconformably on the Tichenor limestone. However, we
interpret the “Driller’s Tully” to be a discrete unit in erosional
contact with the Moscow shale, and locally the Tichenor
limestone, rather than a stratigraphic equivalent of the Moscow
shale and Tichenor limestone as suggested by Rickard (1989).
Truncated calcareous intervals of the Moscow shale and locally
abrupt changes in thickness of the “Driller’s Tully™ confirm the
erosional contact of this unit with underlying deposits. The
“Driller’s Tully” is recognized in the subsurface of northern
Allegany County, that area of Chautauqua County where the
Tully is present (Fig. 43) and parts of Warren and Erie counties,
Pennsylvania. The contact of the “Driller’s Tully™ and overlying
Tully limestone is a thin shaley interval (Figs. 42 and 43).
However, the local absence of this interval and as well as the
occasional absence of the “Driller’s Tully” beneath the Tully
suggests that the contact of these units is an unconformity.
Cross-section 2 extends southwest along the Lake Erie
shoreline from the Eckhardt-Agle 1 well to Westfield, New York,
northern Chautauqua County (Fig. 43). Noteworthy features in
this section include: (1) the thickening of the Tichenor limestone
to the west of Erie County; (2) the appearance of the Tully and
underlying “Driller’s Tully” in the Westfield area; and (3) the
thinning of the interval between the base of the Tichenor
limestone and the base of the Middlesex shale to the southwest
(the Middlesex and Tichenor are separated by less than one meter
of gray shale in the Muscarella 1 well; Fig. 43) followed by its
rapid thickening as the Tully reappears near Westfield. This
latter point is consistent with localized uplift. That the
Middlesex shale and younger deposits show no evidence of this
event provides clues to the timing of uplift, perhaps a reflection
of localized tectonic activity of the post-Tully basin in advance
of the Acadian thrust load and related forebulge (e.g., Tankard,
1986; Beaumont et al., 1988; Hamilton-Smith, 1993; Ver
Straeten and Brett, 2000; Filer, 2003). Indeed, Filer (2003)
defined a Famennian forebulge in West Virginia based on
isopach and sedimentary facies maps that, when traced north,
extends through the eastern Chautauqua County-Erie County
region. We are just beginning to consider this event in a regional
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sense based on subsurface information from western New York state, northwest Pennsylvania, and
northeast Ohio.

The Taghanic unconformity appears to be erosional throughout western New York state (Johnson,
1970; Wright, 1973; Baird and Brett, 2003). Heckel (1973) maintained that the contact is a slight diastem
in central New York state, increasing in stratigraphic magnitude to the west where the disconformity
represents an increasing period of nondeposition. However, our ongoing investigation of the subsurface
stratigraphy of western New York state reveals a more complex situation made more so by the presence of
the “Driller’s Tully.” Indeed, the initial event may have been that phase of erosion that occurred before
deposition of the “Driller’s Tully,” which locally rests unconformably on the Tichenor limestone.

Heckel (1973) pointed out that the Geneseo black shale conformably overlies the Tully limestone
cast of Cayuga Lake. West of this meridian, however, the contact becomes one of disconformity as
progressively younger deposits onlap westward above the unconformity (de Witt et al., 1993) until the
Genesco shale feathers out in easternmost Chautauqua County into eastern Wyoming County (Fig. 42).
Rickard (1989) suggested that the post-Tully unconformity was entirely subaqueous. Similarly, Baird and
Brett (1991) postulated that the erosional contact of the Geneseo black shale and underlying Tully
limestone is a submarine erosional feature (maximum flooding surface) related to the abrupt increase in
water depth, likely the result of the sudden sinking of a forebulge in response to tectonic loading to the cast
(e.g., Hamilton-Smith, 1993).

I11. Moving northeast along the beach for perhaps a kilometer enables us to observe in cliff exposure
the entire Moscow shale — basal Rhinestreet shale interval (Fig. 40). Note the diagenetic carbonate
intervals within the Cashaqua shale. The heavily fractured Rhinestreet black shale at the top of the
exposure is easily recognized from the beach. The upper several meters of the Cashaqua and lower few
meters of the Rhinestreet shale carry the older NS-trending joints, similar to what we saw on Pike Creek
and likely for the same reasons. NW- and younger ENE-trending joints, most densely formed in the basal
organic-rich interval of the Rhinestreet shale, formed as a consequence of catagenesis as these source rocks
approached and finally reached their modeled maximum burial depth of ~3.1 km (see Fig. 9). This
exposure demonstrates the strong stratigraphic control on jointing in these rocks. The NW joints probably
formed soon after the rocks had entered the oil window and at that time that the basin was feeling the same
remote stress field responsible for emplacement of the Blue Ridge-Piedmont Megathrust. The younger
ENE-trending joints propagated after the Rhinestreet shale had been in the oil window for a protracted
period of time, thus their greater density. The stress field under which these joints formed reflected the
oblique convergence of Laurentia and Africa and had been responsible for the generation of the early
(perhaps Chesterian) ENE-trending coal cleat throughout the Appalachian Basin and similarly oriented
joints in the deeply buried Frasnian black shales of the Finger Lakes District (Engelder and Whitaker,
2006).

Total Miles Miles from Last Point Route Description

17:5 0.0 Head east on Lake Shore Road.

19.4 1.9 Turn right (south) onto South Creek Road.

19.7 0.3 Intersection of South Creek Road and Route 5. Remain on
South Creek Road.

21.2 1.8 Cross Versailles Plank Road.

21:5 0.3 Intersection of South Creek Road and Route 20
(Southwestern Boulevard). Remain on South Creek Road.

21.6 0.1 Park along the shoulder of South Creek Road at the North

Evans Cemetery. Cross South Creek Road and walk down
the gravel path to Eighteenmile Creek heading toward the
white Route 20 bridge.
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STOP 2: EIGHTEENMILE CREEK/ROUTE 20 BRIDGE

Significance:  I) approximately the lower half of the Rhinestreet shale can be observed in the east wall
of the creek exposure immediately south of the Route 20 bridge over Eighteenmile
Creek;
I1) the presence of NS joints at the contact of the Cashaqua gray shale and overlying
Rhinestreet shale, and the high density of NW- and younger ENE-trending joints at the
organic-rich base of the Rhinestreet shale;
I1I) basin modeling of measured vitrinite reflectance and the possibility of vitrinite

suppression;
IV) recognition of the Cashaqua-Rhinestreet contact in the subsurface — gamma-ray vs.
bulk density logs.

L. A bit less than the lower half of the Rhinestreet shale is visible in the cliff exposure immediately

north of the Route 20 bridge. We will have an opportunity to look at the concretion horizon — the middle
concretion horizon — visible at the top of the cliff — ~34 m above the bottom contact (see Fig. 1) - at Stop 4.
The Rhinestreet section displayed in the cliff contains two intervals of gray shale and thin-bedded black
shale at ~10.0-12.5 m and 27.5-29.3 m above the contact (Fig. 1). These horizons, which probably
represent eustatic oscillations, can be observed in gamma-ray and bulk density logs (Fig. 44). Moreover,
the lower gray shale interval contains a lenticular limestone bed as thick as 20 cm, one of Luther’s (1903)
scraggy layers and our lower scraggy layer (see Fig. 1). The geochemistry of the scraggy layers, discussed
above, confirms their early diagenetic origin and suggests that they formed in a manner similar to the
concretions. The scraggy layers, which are consistently found associated with organic-lean gray shale
intervals (see Fig. 1), are recognized in gamma-ray logs as a sharp deflection to the left (Fig. 44) and may
serve as markers for basinwide correlation. The fact that the limestone deflection on the gamma-ray logs
cannot always be correlated among neighboring offset wells demonstrates the discontinuous nature of these
deposits, which is evident in ficld exposures.

II. The Cashaqua shale-Rhinestreet shale contact is exposed beneath the bridge. The Cashaqua shale
along Eighteenmile Creek comprises ~11.5 m of silty, organic lean (TOC < 0.7%) gray shale and nodular
limestone horizons. The overlying Rhinestreet shale is composed of ~54 m of organic-rich black shale,
much lesser gray shale, sparse thin siltstone beds, and several carbonate concretion horizons and nodular
limestone intervals, the latter termed “scraggy layers” by Luther (1903; see Fig. 1 for the measured
Rhinestreet section along Eighteenmile Creek). TOC content of the Rhinestreet shale at its base is 8.09%,
diminishing upward (Fig. |; Lash and Blood, 2004b; Lash et al., 2004). Vitrinite reflectance of the
Rhinestreet shale at its base along Eighteenmile Creek is 0.74%, indicating that these rocks entered the oil
window during their burial history (Lash, 2006c).

Joints of the three dominant sets carried by the Rhinestreet shale are represented at this exposure.
Several long NS-trending joints, can be seen at the contact. We contend that uplift of the Upper Devonian
sedimentary succession in response to passage of a peripheral bulge at the onset of the Alleghanian
orogeny, and resultant thermoelastic loading, induced the NS joints in the high modulus carbonate. These
joints propagated upward under the influence of moderately overpressured pore fluid at the top of the
Cashaqua shale. Elevated pore pressure may have resulted from a combination of disequilibrium
compaction and the tight, impermeable nature of the organic-rich Rhinestreet shale. The lack of
bioturbation in the finely laminated organic-rich sediment preserved a strong strength anisotropy that
precluded easy vertical movement of fluid. The squeezing of ductile organic matter into voids and pore
throats further reduced the permeability of the black shale (Lash, 2006b).
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NW- and ENE-trending joints are densely formed in the black shale immediately above the
contact with the Cashaqua shale (station EMC 13 and 16, Fig. 38). A similar relationship of joint density
and TOC has been observed in the Dunkirk shale along the Lake Erie shoreline as well as in the Geneseo
shale of the Finger Lakes District (Loewy, 1995; Lash et al., 2004). The correlation of joint density with
TOC provides compelling evidence that the joints formed as natural hydraulic fractures as a consequence of
the transformation of organic matter to hydrocarbons when these rocks were buried to the oil window
during the Alleghanian orogeny (Lash et al., 2004; Lash and Engelder, 2005).

I11. As noted carlier, we used the EASY%R, kinetic model of vitrinite reflectance (Sweeney and
Burnham, 1990) to model the burial/thermal history of the Rhinestreet black shale. Thermal modeling by
use of the EASY %Ro algorithm requires knowledge of (1) the age(s) of the unit(s) of interest (the base of
the Rhinestreet shale), (2) at least a partial thickness of the local stratigraphic sequence, and (3) the
measured vitrinite reflectance of the unit(s) of interest (vitrinite reflectance of the base of the Rhinestreet
shale = 0.74%). Our model for the Rhinestreet shale, which includes passage of the early Alleghanian
peripheral bulge (see Fig. 9), requires ~1.5 km of Permian strata in this area of the basin, an amount close
to that modeled by Beaumont et al. (1988) (Fig. 45).
W W : : Our method of modeling the burial/thermal history of the
Rhinestreet shale depends on accurate %R, values. However,
several workers (e.g., Nuccio and Hatch, 1996; Rimmer and
Cantrell, 1988; Rimmer et al., 1993; Rowan et al., 2004) have
recognized the likely occurrence of vitrinite suppression in
Devonian-Mississippian black shales, including those of the
Appalachian Bain. Suppression of vitrinite leads to an
underestimation of thermal maturity and, therefore, an
underestimated burial depth. Suppression is most readily
recognized by anomalously low %R, on maturity profiles of wells
or stratigraphic columns (e.g., Price and Barker, 1985). There are
several lines of evidence suggesting that Devonian black shales of
the Appalachian Basin have been affected to some extent by
vitrinite suppression. Rimmer and Cantrell (1988), based on a
vitrinite reflectance gradient derived from coal rank trends, claim
that measured %R, values of the Cleveland Member of the Ohio
shale in eastern Kentucky are suppressed by as much as 0.3 —
0.5%R,. More recently, Rowan et al. (2004), in the course of their
burial/thermal modeling of a cross-section from central West
Virginia to northeast Ohio, demonstrated that the predicted %R, of
Devonian shale is locally twice the measured %R,. Rowan et al.
Fig. 45: Modeled thickness of Permian (2004) constrained their burial/thermal model with measured %R,
strata in the Appalachian Basin of Pennsylvanian coals and color alteration index values of
{madified afier Beaumeant.ctal, 1987), conodonts recovered from Ordovician and Devonian limestones.
We suggest that Middle and Upper Devonian black shale of the western New York state and
northwest Pennsylvania region of the Appalachian Basin was also been affected by suppression. Our data
base includes published thermal/maturity values (Weary et al., 2000; Repetski et al., 2002) and %R, and
Rock-Eval data from our work on the Upper Devonian shale succession of the Lake Erie District. We
limited our data to the western New York state and northwest Pennsylvania region of the basin in order to
assume a common thermal history for these deposits. A plot of Rock-Eval HI versus %R, of Appalachian
Basin black shale samples, principally from the Marcellus shale, reveals a trend similar to that observed by
Nuccio and Hatch (1996) for the Upper Devonian-Mississippian New Albany shale, which has been
affected by vitrinite suppression (Fig. 46). The higher HI samples, including samples collected from the
Dunkirk and Rhinestreet shales, fall along a relatively narrow %Ro trend; however, at an HI of ~125 mg/g,
measured %R, increases rapidly from ~ 0.75 to > 2.5 as HI drops to near zero (Fig. 46). This plot appears
to show suppressed values in the lower to mid oil window (%R, =~0.7 to 1.0), consistent with Lo’s (1993)
findings regarding vitrinite suppression of hydrogen-rich organic matter. An especially interesting
subpopulation of Marcellus data exists for the Finger Lakes District of New York state and adjacent Potter
and Tioga counties, Pennsylvania (Fig. 46). These data are defined by %R, ranging from 0.5 to 1.0 and HI
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Fig. 46: Rock-Eval HI versus %R, for Middle and Upper Devonian shale samples collected from the western
New York state and northwest Pennsylvania region of the Appalachian Basin.

<55 (Fig. 46). These samples, which appear severely suppressed, were collected from that part of the
basin affected by emplacement of Cretaceous ultramafic intrusions (Kay et al., 1983).

Upper Devonian black shales exposed along the Lake Erie shoreline show a good amount of
variation in measured %R, over a relatively small distance (see Fig. 7). Measured %Ro in a well cutting
sample collected from the base of the Rhinestreet shale in northern Chautauqua County is 0.51%. The %R,
of the same stratigraphic interval ~40-45 km to the northeast is 0.73 — 0.77 based on the analysis of four
outcrop samples. Finally, a sample collected from the base of the Rhinestreet 7.25 km to the east on
Cazenovia Creek has a %R, of 0.59. We recognize similar erratic variations in the measured %R, for
Dunkirk shale samples. Rowan et al. (2004) suggest that variations in the type of organic matter in marine
sediments may account for erratic variations in %R, (e.g., Ujiié et al., 2004).

Vitrinite suppression has also been attributed to the overpressuring of rocks (McTavish, 1978
1998; Carr, 2000). Pervasive natural hydraulic fractures in the Rhinestreet shale provides evidence that
these rocks were overpressured during their burial history, which could have contributed to suppression of
virinite reflectance. Regardless of its mode of origin, suppression of vitrinite reflectance is a phenomenon
that should be taken into account in any exploration and production considerations of Devonian black
shales.

Iv. The contact of the Cashaqua gray shale and overlying Rhinestreet black shale is readily defined in
the field; both color contrast and relative weathering profile provide easy means for making this
recognition. The contact is rather obvious in gamma-ray logs, which provide a measure of the intensity of
natural gamma-rays (uranium concentration) emitted by a formation (Fig. 44). Still, the initial deflection
marking the contact is not what one might expect based on the abrupt contact between the low-TOC
(<0.7%) Cashaqua shale and the carbonaceous (TOC>8%) Rhinestreet shale. However, the Cashaqua-
Rhinestreet contact is very obvious in bulk density logs (Fig. 44), no doubt a reflection of the low density
of organic matter relative to shale minerals (Smith and Young, 1964; Schmoker, 1979). Schmoker (1981)
claimed that the bulk density log is a more accurate proxy for organic matter content than the gamma-ray
APl value. Indeed, the strong inverse relationship of bulk density and TOC in Upper Devonian black shale
of western New York state has been confirmed by a proprietary data set we have had the opportunity to
study (Lash, 2006¢). It is interesting to note that the organic-rich Pipe Creek black shale (TOC=3.2 -
7.9%) is not easily recognized on the gamma-ray log, but is readily picked on the bulk density log (Fig. 44).
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On the other hand, the base of the overlying Dunkirk shale is readily recognized on both types of logs (Fig.
44).

Lining and Kolonic (2003) have pointed out that many black shale deposits show a strong
correlation of uranium, manifested by gamma-radiation in API units, and TOC. However, they also note
those examples where the correlation is weak at best. The basal Rhinestreet shale and the Pipe Creek shale
provide examples of the latter phenomenon. Indeed, a spectral gamma-ray log from a well in northeast
Chautauqua County reveals the base of the Rhinestreet shale to be marked by an increase in uranium from
6 to 10 ppm; the Pipe Creek shale is defined by an increase of only 2 ppm. Liining and Kolonic (2003)
suggest that the precipitation of uranium from seawater onto the surface of organic particles under anoxic
conditions is governed by several factors, including carbonate content, sedimentation rate, and primary
uranium content of the seawater. Upper Devonian shales of western New York state are defined by very
low CaCOj; abundances ruling out the first factor. Liining and Kolonic (2003) point out that the longer
organic matter is in contact with seawater, the greater the amount of uranium that can precipitate onto
organic grains. Low sedimentation rates favor high uranimum/TOC ratios. The anomalously low API
values of the most organic-rich interval of the Rhinestreet shales (as deduced by TOC analysis of field
samples and bulk density values determined from wireline logs) may indicate a high sedimentation rate of
this interval such that lesser amounts of uranium were fixed onto organic particles. The same can be said
of the Pipe Creek shale. The organic-rich base of the Dunkirk shale (Lash et al, 2004; Lash and Engelder,
2005), however, defined by the highest API value and lowest bulk density of the unit, would have
accumulated relatively slowly.

Finally, it is possible that the introduction of low uranium freshwater into the Devonian Sea, such
as might be expected as a consequence of the reduction of polar ice volume, was responsible for some of
the variations in gamma-ray response observed in wireline logs of the base of the Rhinestreet shale and
especially the Pipe Creek shale, which has been correlated with the Lower Kellwasser Bed recognized in
Europe (Over, 1997). The concentration of uranium in seawater is an order of magnitude greater than
freshwater (Broecker and Peng, 1982). The presence of the diagnostic uranium signature of the Pipe Creek
shale in well logs recovered from northwest Pennsylvania, western New York state, northeast Ohio, and
northernmost West Virginia suggests a basinwide cause. The Pipe Creek interval is a particularly
interesting horizon. McGhee (1990) argued that this interval is a significant crisis interval similar to the
younger Frasnian-Famennian boundary. In fact, he suggested that the Pipe Creek interval was more critical
in terms of the maximum number of species extinctions and the extinction rate. It has been suggested that
the Kellwasser Beds, including the Pipe Creek shale, resulted from eustatic transgressions perhaps caused
by a reduction in polar ice volume (Sandberg et al., 1988; Buggisch, 1991; Joachimski and Buggisch,
1993). It may be that the same global mechanism that created the Pipe Creek crisis — rapid climatic
warming — also accounts for the unique wireline log signature of the Pipe Creek shale.

Total Miles Miles from Last Point Route Description

21.6 0.0 Head north on South Creek Road.

2137 0.1 Intersection of South Creek Road and Route 20. Remain on
South Creek Road.

23.8 2:1 Turn left onto Lake Shore Road.

25.8 2.0 Intersection of Sweetland Road and Lake Shore Road.

27.0 1.2 Turn right onto Sturgeon Point Road.

279 0.9 Follow Sturgeon Point Road into the Sturgeon Point

Marina. Continue through the marina (slowly) to the lower
(east) parking area.
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STOP 3: STURGEON POINT

Significance: ) comparison of the degree of jointing in black shale versus gray shale and the
preferential generation of NS systematic joints in gray shale at contacts with overlying

black shale;

11) carbonate concretions in black shale and analysis of compaction strain;
111) variation in the thickness of the bottom gray shale interval of the Rhinestreet shale.

I Depart the parking area walking northeast toward the bedrock cliff a few hundred meters distant.
We will follow this exposure of gray and black shale of the Rhinestreet shale for perhaps 0.75 km. The
2.75-m-thick gray shale interval exposed at the west end of the exposure is the equivalent of the lower gray
shale interval of the Rhinestreet shale on Eighteenmile Creek (see Fig. 1; 9.9-12.5 m). The gray shale
includes several horizons of high aspect ratio (lenticular) carbonate concretions and thin grayish-black
shale layers. One can readily observe differences in the degree (density) of jointing between black and
gray shale in this exposure. Black shale above and below the gray shale carries NW joints and younger

8
/

C.

Fig. 47: Rose plots of joints in
the (A) upper black shale, (B)
gray shale interval, and (C)
lower black shale at Stop 3.

Sunday B1 Black Shale

ENE-trending systematic joints (Fig. 47). NW and ENE joints can be
observed in the gray shale, but these deposits also contain the older NS-
trending systematic joints (Fig. 47). The black shale clearly is more
densely jointed than the gray shale, a recurring theme throughout the
Appalachian Plateau (Fig. 48; Loewy, 1995; Lash et al., 2004). Moreover,
ENE joints are more densely formed (i.e., closer to saturation) than are the
older NW joints. This latter observation can also be made of ENE and NW
joints in the gray shale (Fig. 48). NS-trending systematic joints in the gray
shale are more densely formed than are the younger NW joints. As
described earlier, the NS joints are interpreted to have originated in the
higher modulus carbonate concretions as a consequence of thermoelastic
loading caused by passage of a peripheral bulge across the Appalachian
Basin at the onset of the Alleghanian orogeny. Indeed, it is more common
for a NS joint to penetrate or cut a higher modulus carbonate concretion
than it is for ENE and NW joints to cleave concretions. Note also that very
few NS joints penetrate more than a few tens of cm into the overlying black
shale; more often than not, they are arrested at the base of the organic-rich
deposits. This exposure presents a nice example of the stratigraphic control
on jointing in these rocks.

Continue NE along the beach toward a large drainage pipe in the
cliff. Careful observations of the gray shale horizon while working along
the beach to this location would have revealed a gradual decrease in
thickness of this interval. The thickness of the gray shale immediately east
of the drainage pipe (determined by digging through beach sand to black
shale) is ~ 80 cm, markedly reduced from what is was at the start of this
trek along the beach. Note also that the gray shale is not as complexly
jointed here; indeed, the median spacing of NS joints is 50% greater than at
the western end of the exposure (Fig. 48). Finally, the thickness of the gray
shale interval at the NE end of the exposure is at least 1.5 m. NW- and NS-
trending joints are carried by the gray shale in this area. Further, NS joints
are more densely formed at this location of the exposure than elsewhere
along the beach (Fig. 48).

There is a school of thought that holds that all jointing in the
exposed Devonian succession of the Appalachian Plateau of western New
York state is a consequence of post-Alleghanian (perhaps even post-glacial)
uplift of the Appalachian Basin. This view fails to take into account the
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well-defined chronology of the joints (Engelder and Geiser, 1980; Lash et al., 2004) and the fact that the
joints provide information regarding the orientation of the remote or lithospheric (Engelder and Whitaker,
2006) stress field that was responsible for their formation. There are likely subtle differences in rock
properties between the black and gray shale that perhaps played some ancillary role in the jointing of these
rocks. We suggest that the black shale, principally by virtue of its greater amount of ductile organic matter,
was not as stiff (i.e., lower modulus) as the gray shale, a view at odds with the more common thinking
regarding heavily fractured black shale. Accordingly, gray shale, as a consequence of its higher porosity
and locally greater abundance of calcite cement (e.g., Lash, 2006b) would have had the higher modulus.
Joints driven by fluid decompression, natural hydraulic fractures, form at great burial depth and, therefore,
under high confining pressure. All else being equal, it would have been more difficult to initiate open
mode cracks in higher modulus organic-lean gray shale under these conditions. Moreover, movement of
the black shale into the oil window and resultant transformation of kerogen to hydrocarbons would more
readily create a negative effective stress necessary for the propagation of natural hydraulic fractures, their
growth direction being controlled by the remote stress field. NW-trending joints were produced by an
Alleghanian remote stress field that was responsible for emplacement of the Blue Ridge-Piedmont
Megathrust sheet; ENE joints, however, reflect a longer-standing lithospheric scale stress field related to
continued oblique approach of the African portion of Gondwana against the Laurentian plate boundary
(Engelder and Whitaker, 2006).

The remaining question, then, relates to the preferential formation of NS joints in the gray shale as
observed at this exposure. Passage of the peripheral bulge across the Appalachian Basin at the onset of the
Alleghanian orogeny and related uplift of the Upper Devonian shale-dominated succession of the Lake Erie
District subjected these rocks to thermoelastic contraction. The higher modulus rock - the gray shale —
would have carried a higher tensile stress and, therefore, would have been closer to the negative effective
stress necessary to initiate joints. The inferred contrast in modulus between black and gray shale may
explain why the NS joints terminate at gray shale-black shale contacts; i.e., the lower modulus black shale
carried a lower tensile stress than the gray shale. However, the highest modulus rocks in the Rhinestreet
shale were the carbonate concretions. As described earlier, concretions remained in compression during
catagenesis so that fluid-driven NW and ENE joints were unable to penetrate them any more than a cm or
so. However, during thermoelastic contraction, the concretions carried a high level of tensile stress (higher
than that of the gray shale and certainly much higher than that of the black shale) making them more likely
to fail under true tension. Initiation of the NS joints in the diagenetic carbonate was followed by their
propagation through the host gray shale aided by a modest pore pressure.

In sum, this exposure, like others in this region of the Lake Erie District, provide evidence that
systematic joints carried by the Upper Devonian shale succession resulted from two different loading
mechanisms before post-Alleghanian uplift of the Appalachian foreland. However, we are investigating the
intriguing possibility that an ENE-trending set of joints, some of which cut diagenetic carbonate, formed as
a consequence of the uplift of the Appalachian Plateau. These joints appear to have been driven by
thermoclastic contraction under a remote stress field perhaps induced by spreading at the Mid-Atlantic
Ridge; thus their ENE strike.

IL. This exposure also allows for the differentiation of concretionary carbonate found in gray shale
from concretions common to black shale (spectacular examples of this latter type will be seen at Stop 4).
The former are defined by high aspect ratios (they may better be described as lenticular diagenetic
limestone) and lack obvious internal structures, principally layering. The scraggy layers are an example of
this type of diagenetic carbonate. Carbonate concretions in the black shale have lower aspect ratios and
display nicely preserved layers of the host organic-rich sediment. The above distinctions is readily made at
this exposure.

Numerous small, internally laminated concretions can be observed in black shale within a meter or
so of the upper contact of the gray shale interval, especially along the eastern stretch of the exposure.
These concretions lend themselves to compaction strain analysis as described earlier (Fig. 49). Compaction
strain is determined by measuring a stratigraphic interval within the concretion, 73, and that same interval
traced into the host shale but far enough beyond the strain shadow to provide a full measure of compaction

strain, T, (Fig. 49). The following equation is used to calculate compaction strain, &;:
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Estimated compaction strain of six concretions at this exposure is 60.8%, ~ 9% higher than the average for
the Rhinestreet shale as discussed earlier. We believe that this reflects concretionary growth in a
stratigraphic horizon that had not compacted to the extent that most of the unit did before the onset of
normal compaction (see earlier discussion).

Fig. 49: Ellipsoidal carbonate concretion in Rhinestreet black shale at Stop 3. Refer to text for discussion.

111. Moving SW to NE along the beach, we observed the thickness of the gray shale interval diminish
from ~2.75 m to ~ 0.8 m; farther along, though the thickness increases to at least 1.5 m. We observed no
evidence of faulting that might account for the described change in thickness. Perhaps we are looking at
the effects of differential compaction (e.g., Conybeare, 1967; Finely, 1990; Ryder, 1996). Indeed, the local
presence of flame-like structures at the top of the gray shale interval suggests that these deposits were
rather mobile and perhaps characterized by moderately high pore pressures, as suggested by the NS joints.
Indeed, the relatively low density of NS systematic joints in the middle interval of this exposure where the
gray shale is thinnest may reflect the effects of differential dewatering and resultant differential
compaction. Preferential dewatering of the gray shale could account for (1) the reduced thickness of the
gray shale at this location of the exposure and (2) a reduction in pore pressure, which would not have
favored the generation of NS-trending joints in these rocks. Clearly, much more work is needed to
elucidate this hypothesis.

Total Miles Miles from Last Point Route Description

279 0.0 Depart the marina onto Sturgeon Point Road.

28.8 0.9 Turn left (east) onto Lake Shore Road.

30.9 2.0 Intersection of Sweetland Road and Lake Shore Road.
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31.0 0.1 Cross Pike Creek.
329 1.9 Turn right onto South Creek Road.

332 0.3 Intersection of South Creek Road and Route 5. Remain on
South Creek Road.

34.1 0.9 Pass under railroad bridge.

35.0 0.9 Intersection of South Creek Road and Route 20. Turn left
(east) onto Route 20.

36 1.0 Turn right (south) onto Lakeview Road.

36.4 0.4 Crossing over the New York State Thruway.

37.1 0.7 Turn right onto an unnamed road.

37.2 0.1 Turn right (west) at the stop sign onto North Creek Road.

37.8 0.6 Pull off onto the wide shoulder on the right. Cross North

Creek Road and take the path down to Eighteenmile Creek.

STOP 4: EIGHTEENMILE CREEK (main branch)

Significance: 1) the contact of the Rhinestreet shale and overlying Angola gray shale;
IT) general characteristics of the carbonate concretions.

L. Follow the creek upstream (to the left) to where the east branch of Eighteenmile Creek enters the
main creek. Cross the east branch just upstream from this point and follow a trail through the woods for
roughly several hundred meters or until the path approaches the main branch. Cross the creek and walk to
where you can view the cliff exposure across the creek. The middle concretion horizon will be visible a
meter or so above the waterline. The upper ~21 m of the Rhinestreet shale and lower few meters of the
Angola shale are exposed in the cliff (see Fig. 1). The Rhinestreet-Angola contact is transitional and
marked by an increase in the frequency of less resistant (to the effects of weathering) gray shale layers,
which can be observed both in the field at this stop and in well logs (Figs. 1 and 50). Luther (1903)
suggested that the contact be placed at an easily recognizable discontinuous nodular limestone bed locally
as thick as ~ 30 cm, the upper scraggy layer (see Fig. 1), which can be seen near the top of the exposure.
The upper scraggy layer can also be recognized in some gamma-ray logs by a sharp deflection to the left
(e.g., Fig. 20).

II) Carbonate concretionary horizons like the one exposed here are conspicuous in Middle and Upper
Devonian black shale units of central and western New York state (Dix and Mullins, 1987; Lash and Blood,
2004a,b), southwestern Ontario (Daly, 1900; Coniglio and Cameron, 1990) and Ohio (Clifton, 1957; Criss
et al.,, 1988) suggesting that diagenetic conditions favorable to the formation of these features existed
regionally. Concretions are especially useful in the analysis of the early post-depositional history of
encapsulating shale, for not only can they preserve the depositional texture of the host sediment (e.g.,
Woodland, 1984; Duck, 1990), but they carry a record of the evolution of pore fluids carried by the
sediment (e.g., Hudson, 1978; Coniglio and Cameron, 1990). Details of our work on the carbonate
concretions of the Rhinestreet shale can be found in Lash and Blood (2004a,b) and are presented in an
abbreviated format above.

The concretions visible here are among the most spectacular in the world. They are similar to
those described from such well known units as the Kimmeridge Clay (Astin and Scotchman, 1988) and the
Jet Rock (Hallam, 1962). Close inspection of the exposed Rhinestreet concretions reveals their laminated
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Fig. 50: Gamma-ray log from a gas well in Erie County
showing the transitional contact of the Rhinestreet shale and
overlying Angola shale. Note the frequency of gray (organic
lean) shale-black shale alternations in the transition zone. The
contact (dashed line) is based on bulk density (the upper
contact of the Rhinestreet is arbitrarily set at that level where
bulk density > 2.55 gr/cm3; Lash, 2006a).

nature and presence of septaria. Our principal interest in the concretions
has been their use as compaction strain indicators. However, before they
could be used in this way, we had to understand their mode of origin and
depth of growth, which was considered earlier, Most carbonate
concretions of the Rhinestreet shale are found in three stratigraphically
confined but laterally persistent horizons (see Fig. 1) — a lower horizon ~ 6
m above the base of the unit, a middle interval slightly more than halfway
up the Rhinestreet (Stop 4), and an upper, less well defined, horizon ~ 43
m above the base of the unit. Most concretions are oblate ellipsoids with
maximum diameters and thicknesses ranging up to 2.7 m and 1.1 m,
respectively (Lash and Blood, 2004b); coalesced concretions have also
been observed and are locally abundant. We carried out a detailed
analysis of the dimensions and general shapes of concretions of the lower
and middle horizons (Fig. 51). The dimensional data for both horizons
reveals an especially intriguing feature; the maximum vertical dimension
of the bulk of the concretions is ~ 80 cm (Fig. 51). However, the scatter
of data from the middle horizon suggests that some concretions stopped
growing in the vertical dimension at ~ 80 ¢cm but continued to form
laterally (Fig. 51). This suggests that the middle concretion horizon
remained in the zone of anaerobic methane oxidation (AMO) longer than
the lower concretion horizon.

Crucial to precipitation of diagenetic carbonate by the AMO
mechanism discussed earlier is a marked reduction in
sedimentation/burial, which would stabilize the sediment in the AMO
zone thereby enabling protracted carbonate precipitation in that horizon
(Raiswell, 1987, 1988). Two observations considered earlier provide
evidence of a marked reduction in burial rate during concretion growth:
(1) little or no change in carbonate volume percentage outward from the
centers of studied concretions and (2) negligible variations in laminae
thickness across concretions (Lash and Blood, 2004b).

The middle and lower concretion horizons differ in a
fundamental way that yields indirect information regarding such
parameters as the magnitude and duration of the change in
sedimentation/burial rate. The middle horizon, 1 to 2.5 m-thick, contains
concretions distinctly larger in the horizontal dimension than are
concretions of the roughly 2.5-m-thick lower horizon (Fig. 51). The
thickness of a concretion horizon is interpreted to be proportional to the
change in sedimentation/burial rate; i.e., a marked reduction in burial rate
yields the minimum vertical range of carbonate precipitation because the
zone of AMO in the sediment stabilized (Raiswell, 1987, 1988). The
more oblate, occasionally flat-topped, concretions in the middle horizon,
then, likely reflect the restriction of carbonate precipitation to a relatively
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narrow, fixed zone defined by the upper limit of methane and CO;* diffusion and the maximum depth to
which seawater sulfate can diffuse (Raiswell, 1988). Thus, the generally larger horizontal dimensions of
concretions of the middle horizon indicate that the break in sedimentation persisted longer at this time than
during formation of the lower concretionary horizon.

The middle Rhinestreet concretion horizon, by virtue of its limited thickness and the geometry of its
concretions, records a reduction in sedimentation/burial rate of greater magnitude than that which led to
formation of the thicker lower concretionary interval (Lash and Blood, 2004b). However, the thickness and
geometry of the scraggy layers likely reflects an even greater duration of the break in sedimentation/burial
and, therefore, a protracted period of time that isotopically light methane and *C-enriched dissolved
carbonate were delivered to the stationary AMO zone (Raiswell, 1987, 1988). That is, the near cessation of
sedimentation and, more importantly, subsidence, resulted in confinement of carbonate precipitation to a
narrow, fixed zone defined by the upper limit of methane diffusion and the maximum depth to which
seawater sulfate could diffuse (Raiswell, 1988). Because the events that contributed to the reduction in
sedimentation/burial rate may have been basinwide, concretionary horizons may serve as time lines in
establishing regional time-stratigraphic relationships.
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Fig. 51: Horizontal versus vertical dimensions of carbonate concretions of the lower (n = 50) and middle (n = 52)
concretion horizons of the Rhinestreet shale.

END OF FIELDTRIP — return to vehicles

Total Miles Miles from Last Point Route Description

37.8 0.0 Continue along North Creek Road to Route 20.

39.0 1.2 Turn left (west) onto Route 20.

394 0.4 Turn right onto South Creek Road.

41.2 1.8 Turn right onto Route 5 and return to Adams Mark in
Buffalo.
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