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ABSTRACT

Horizontal bitumen-filled microcracks are common within clay lami-
nae of the finely laminated organic carbon-rich shale in the lower
half of the heavily jointed Upper Devonian Dunkirk Shale, western
New York state. Such cracks are not found higher in the Dunkirk
Shale, where moderate bioturbation resulted in a relatively porous
and permeable microfabric. Horizontal microcracks in a hydrocar-
bon source rock that carries regional vertical joints indicating a
horizontal least principal stress owe their presence to material
properties of the fractured shale and the magnitude and orien-
tation of the crack-driving stress during kerogen maturation. Three
material properties favored the horizontal initiation of microcracks
in the Dunkirk Shale: (1) the abundance of flat kerogen grains ori-
ented parallel to layering; (2) a marked strength anisotropy in large
part caused by the laminated nature of the rock; and (3) the tight,
strongly oriented planar clay-grain fabric produced by gravita-
tional compaction of flocculated clay at shallow-burial depth. The
latter was especially important to sustaining elevated pore pres-
sure, the crack-driving stress, which was generated by the con-
version of kerogen to bitumen. Poroelastic deformation of the
low-permeability laminated shale pressurized by catagenesis, per-
haps enhanced by compaction disequilibrium prior to kerogen
conversion, elevated the in-situ horizontal stress in excess of the
vertical stress, which remained constant during pore-pressure
buildup, thereby favoring the propagation of microcracks in the
horizontal plane.
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INTRODUCTION

Horizontal microcracks in fine-grained, low-permeability
source rocks serve as primary hydrocarbon-migration
pathways that, when interconnected, facilitate expul-
sion into nearby reservoir rocks (Snarsky, 1962; Mom-
per, 1978; du Rouchet, 1981; Talukdar et al., 1987;
Ozkaya, 1988; Lehner, 1991; Capuano, 1993; Mar-
quez and Mountjoy, 1996). Several investigators main-
tain that the horizontal propagation of maturation-
related microcracks in laminated source rocks is a
consequence of a compaction-induced strength anisot-
ropy and/or a concentration of flattened kerogen grains
in parallel layers (e.g., Meissner, 1978; Talukdar et al.,
1987; Ozkaya, 1988; Lehner, 1991; Vernik, 1994). This
fracture orientation requires that the cracks opened
against the total vertical stress, S,, which typically,
in epeirogenic and continental-margin settings, is
the maximum principal stress (e.g., Gaarenstroom
et al., 1993; Grauls and Baleix, 1994; Finkbeiner and
Zoback, 1998). Because total stress is such a strong
governor of crack propagation, it is of interest to
investigate conditions under which local or in-situ
stresses during hydrocarbon maturation may differ
from the most commonly reported basinal stress con-
figuration in which S, > Sy, the total least horizontal
stress. Indeed, the few instances where S, is docu-
mented to be the least principal stress have been
described from overpressured sedimentary basins (e.g.,
Ervine and Bell, 1987). It is important to consider
whether such in-situ stresses (i.e., S, < Sy,) in over-
pressured source rocks, acting in tandem with mate-
rial properties, including layer-perpendicular strength
anisotropy and kerogen grain shape, can lead to
horizontal crack initiation and propagation during
catagenesis.

This article documents the growth of horizontal
microcracks in the Upper Devonian Dunkirk black
shale, one of several Devonian source rocks charg-
ing the hydrocarbon system of the Appalachian ba-
sin. Our calculations suggest that strength anisotropy,
kerogen grain shape, and clay-grain microfabric were
instrumental in initiating the horizontal microcracks.
Petrographic and SEM observations tie the driving
mechanism for microcrack propagation in the organic-
rich shale to a buildup of internal pressure that ac-
companied transformation of kerogen to bitumen. We
propose that the pervasive increase in internal pres-
sure caused by catagenesis could have induced a poro-
elastic response within the Dunkirk source rock during
the conversion of kerogen. In its extreme, poroelastic
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deformation is capable of causing an increase in Sy
to the point that Sy, > S,, thereby favoring the post-
initiation growth of microcracks in the horizontal
plane.

DUNKIRK SHALE

The Dunkirk Shale, approximately 17 m (55 ft) of
black and grayish-black shale and sparse, thin silt-
stone beds, is the youngest of the Upper Devonian
black shale units of the Catskill delta complex, west-
ern New York Appalachian plateau (Figure 1). The
shale carries several sets of vertical joints that demon-
strate the extent to which the formation was sub-
ject to a regional stress state where Sy, < S, (Lash
et al., 2004). The presence of these regional joint
sets is compelling evidence that horizontal micro-
crack propagation manifests unusual local or in-situ
conditions.

The total organic carbon (TOC) content of the
Dunkirk Shale diminishes upsection from a maximum
of 4.63 wt.% in exposures along the Lake Erie shore-
line near Dunkirk, New York (Figure 1) (Lash et al.,
2004). Comparison of (1) the S, parameter (second
peak in Rock-Eval pyrolysis) with TOC (Figure 2A)
and (2) the hydrogen index (HI; mg hydrocarbons/g
TOC) with Rock-Eval Ty« (temperature of maxi-
mum release of hydrocarbons of a sample during py-
rolysis) (Figure 2B) suggests that organic matter in the
Dunkirk Shale is dominantly oil-prone type II kerogen
of marine origin. Measured vitrinite reflectance (R,)
values of Dunkirk Shale samples range from 0.55 to
0.73% (average = 0.62%; n = 6; Lash et al., 2004),
thereby placing this unit close to or within the oil-
generating window (Tissot and Welte, 1984; Espita-
lie, 1986).

The fact that different types of organic matter
generate petroleum at different levels of thermal ma-
turity (e.g., Lewan et al., 2002) precludes simple judg-
ments regarding the extent of petroleum generation in
a source rock based solely on vitrinite reflectance. We
assessed the degree of petroleum generation in the
Dunkirk Shale by the calculation of the transformation
ratio, TR, using HI values according to the following
expression:

TR — HI, — HI,
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Figure 1. Location map and generalized stratigraphic column of the Upper Devonian sequence of western New York.

in which HI, and HI,, are hydrogen index values for
thermally immature and mature source rocks, respec-
tively. The transformation ratio expressed in this way
ranges from O for thermally immature rocks to 1.0 for
complete transformation of kerogen to hydrocarbons.
For HI,, we used the HI value (399 mg hydrocarbons/g
TOCQC) of that sample defined by an R, 0f 0.55%. A shale
sample collected about 1.5 m (4.9 ft) above the afore-
mentioned sample has an HI of 416 mg hydrocarbons/g
TOC, avalue that might be closer to the prematuration
HI. The HI of the most thermally mature Dunkirk
Shale sample (R, = 0.73%), 355 mg hydrocarbons/g
TOC, was used for HI,. The calculated TR of the
Dunkirk Shale then falls in the range 0f0.11-0.13, a bit
above that value generally accepted to mark the onset
of petroleum generation (0.1; Jarvie and Lundell, 2001).
However, inasmuch as our HI, value was obtained
from a sample that may already have generated hy-
drocarbons (R, = 0.55%), we view our calculated TR as
a minimum estimate.

SHALE MICROFABRIC AND
HORIZONTAL MICROCRACKS

Microscopic (thin-section and SEM) analysis of the
Dunkirk Shale was conducted to assess those micro-
fabric features, including microcracks, that could have
sustained primary migration through the organic-rich
shale. Samples were recovered from deeper than 5 cm
(2 in.) into exposures to avoid collection from the weath-
ered, fissile veneer that covers most outcrops. Standard
petrographic thin sections cut perpendicular to bedding
were prepared from each shale sample. The abundance
of silt (quartz and feldspar) was quantified by visual
estimate using standard comparison charts (Fliigel,
1982). Samples were prepared for SEM following
the methods outlined by O’Brien and Slatt (1990).
Each shale sample was mounted on double-sided ad-
hesive carbon tape such that the viewing direction was
normal to bedding. Samples were coated with 20 nm
of evaporated carbon to render the surface conductive
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Figure 2. Plots of (A) Rock-Eval S, versus TOC% showing fields for types |, II, and Ill kerogen (modified from Langford and Blanc-
Valleron, 1990) and (B) Rock-Eval hydrogen index (HI) versus Rock-Eval T, for the Dunkirk Shale data (n = 32).

and analyzed on a Hitachi S-4000 Field Emission
SEM operating at 30 keV. Digital secondary electron
images were collected with a 4PI digital imaging sys-
tem. Both secondary and backscattered modes were
used in this work, and elemental analysis was carried
out by use of an energy-dispersive x-ray unit.
Petrographic examination of a suite of samples col-
lected from the base to the top of the Dunkirk Shale
reveals that the unit is dominated by two black shale
types: finely laminated black shale and silty, moder-
ately bioturbated black shale. The former, which domi-
nates approximately the lower third to half of the
Dunkirk Shale, is characterized by generally continu-
ous thin to thick (>0.1-mm; >0.004-in.) quartz silt
laminae (about 40-50% of the sample) that alternate
with dark, silt-poor (<20%) carbonaceous clay layers
(Figure 3A). Scanning electron microscopy shows the
organic-rich clay layers to be defined by a tight, strongly
oriented planar arrangement of clay grains and flat-
tened organic particles (Figure 3B), locally disrupted by
angular silt grains and pyrite framboids (Figure 3C). Silt
laminae show a much more open or porous micro-
fabric. Angular quartz silt grains appear to have resist-
ed compaction stress, thereby shielding or preserving
abnormally large (>10-um) pores, some of which are
filled with diagenetic calcite (Figure 3D), as well as a
random clay fabric in interstices of silt grains ( Figure 3E).
Some silt laminae contain irregular masses of bitumen,
suggesting migration from adjacent organic-rich clay
laminae (Figure 3F). Finely laminated black shale de-
posits are the most organic rich of the Dunkirk Shale

1436 Geologic Note

(~2.5 < TOC < 4.6%); however, visual examination re-
veals that organic matter is concentrated in clay lami-
nae where TOC may exceed 50% by volume (Figure 3A).
Anoxic bottom conditions during accumulation of
finely laminated black shale probably precluded bio-
turbation of the sediment, thereby preserving the bulk
of its organic carbon (Demaison and Moore, 1980) and
its finely laminated depositional fabric.

The moderately bioturbated black shale, most
common to the upper part of the Dunkirk Shale, lacks
the laminated fabric of finely laminated black shale;
instead, angular silt grains (>60%) are distributed
throughout the organic-rich clay matrix (Figure 4A).
Disrupted silt laminae and/or flattened silt-filled bur-
rows (Figure 4A, B) indicate that the sediment was
partially reworked by burrowing organisms. Scanning
electron microscopic observations of moderately bio-
turbated black shale samples show a moderately planar
to open clay-grain microfabric; angular quartz silt grains
are more or less evenly distributed throughout the
clay matrix (Figure 4C). The open microfabric of mod-
erately bioturbated black shale deposits likely reflects
the homogenizing and disruptive effect of bioturba-
tion and the shielding effect of rigid silt grains during
gravitational compaction (Figure 4D) (e.g., Krushin,
1997; Dewhurst et al., 1998).

Horizontal microcracks generally occur as isolated
structures, although locally they comprise dense net-
works, within finely laminated black shale clay lami-
nae (Figure SA-C). Microcracks commonly are more
than 80 um long (some >250 um) and have apertures



i1

60 um 450x

0 um 1800x

Figure 3. Optical and electron micro-
graphs of finely laminated black shale sam-
ples. (A) Interlaminated silt and organic-
rich clay (scale = 0.5 mm [0.02 in.]).
(B) Secondary electron micrograph of
the planar microfabric of a clay lamina
sample. (C) Secondary electron micro-
graph showing compacted clay grains
wrapping a pyrite framboid in a clay lami-
na sample. (D) Backscattered electron
micrograph of a polished silt layer sam-
ple showing quartz silt grains (s), dia-
genetic calcite-filling pore space (c), and
porosity (arrows). (E) Secondary elec-
tron micrograph in a polished silt layer
sample showing quartz silt grains (s) sur-
rounded by a porous, rather random clay
microfabric. Note the void spaces in the
clay grain matrix (arrows). (F) Backscat-
tered electron micrograph of a silt layer
sample showing an irregular bitumen
mass (b), quartz silt grains (s), and pyrite
(bright grains).
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Figure 4. Optical and electron micro-
graphs of moderately bioturbated black
shale samples. (A) Diffuse silt lamina and
abundant dispersed silt grains (scale =
0.5 mm [0.02 in.]). (B) Bioturbated silt
laminae and/or flattened silt-filled burrows
and abundant dispersed silt grains (scale =
0.5 mm [0.02 in.]). (C) Secondary electron
micrograph of a polished sample show-
ing quartz silt grains (s) floating in a clay
grain matrix. Note the anomalously large
pore in the center of the image. (D) Sec-
ondary electron image showing a large,
angular quartz silt grain supported by a
matrix of randomly oriented clay grains.
The open clay microfabric in this sample
is more likely a consequence of bioturba-
tion instead of the shielding effect of this
single large quartz grain.



on the order of 3—10 um (Figure 5A, B). Most cracks are
filled with bitumen (Figure 5B, D), as indicated by
higher-than-background levels of molybdenum, lead,
and sulfur (e.g., Lomando, 1992; Kattai, 1994); we ob-
served that fewer than 20% of the cracks are open or
contain nothing more than pyrite crystallites (Figure 5B).
Some microcracks contain inclusions of wall rock
(clay-grain fragments) within bitumen (Figure S5E). The
presence of bitumen as the only crack-filling material
indicates that microcracking occurred during, and as a
consequence of, the decomposition of kerogen to bi-
tumen (e.g., Comer and Hinch, 1987).

The microcracks are mode I cracks (opening
perpendicular to the crack surfaces with a shear stress
of zero) as indicated by the close match of grain
shapes across apertures (Figure 5E), the lack of evi-
dence for shear offset along cracks, and observations
of grains being wedged apart by propagating cracks
(Figure 5F, G). Microcracks are approximately par-
allel to layering and likely propagated along paths
controlled by the planar clay-grain microfabric of
the host sediment. Finally, microcracking was con-
centrated along the edges of grains (Figure 5G); rarely
did cracks propagate through grains other than clay-
grain books. These observations, then, are consistent
with previous conclusions that maturation-related
microcracks are commonly horizontal (e.g., Meissner,
1978; Talukdar et al., 1987; Littke et al., 1988; Capuano,
1993; Vernik, 1994; Pitman et al., 2001).

CONDITIONS LEADING TO HORIZONTAL
MICROCRACKING WITHIN THE
DUNKIRK SHALE

Horizontal microcracks formed preferentially in finely
laminated black shale clay laminae in the lower in-
terval of the Dunkirk Shale, where they propagated
from within flattened kerogen grains or from along
kerogen-mineral interfaces (Figure 6). The abundant,
relatively impermeable clay laminae most likely sus-
tained internal pressure at a level high enough to drive
microcracks during the conversion of kerogen to hy-
drocarbons. The relatively permeable microfabric of
moderately bioturbated black shale deposits higher in
the Dunkirk Shale, however, enabled these sediments
to more readily expel fluids released by catagenesis.
Indeed, previous considerations of microcracking in
source rocks suggest that horizontal microcracking
requires the buildup and maintenance of pore pressure,

P,,, under undrained conditions (e.g., Ozkaya, 1988a;
Lehner, 1991).

The general equation governing crack propagation
according to linear elastic fracture mechanics specifies
that the crack-tip stress intensity, K;, must equal or
exceed the strength of the rock according to

KI = AGY\/TT,C > K[C (2)

where K. is the fracture toughness, c is the crack half-
length, Y is the shape factor, and Ac is the crack-
driving stress. The latter parameter reflects the super-
position of P, on the least compressive total principal
stress (i.e., o3, which may be either S, or Sy, de-
pending on local conditions) in a basin so that Ac =
P,— S, (= o3) for horizontal microcrack propagation.
Equilibrium crack propagation, then, is a balance among
the shape and length of the crack, the strength of the
rock, and the crack-driving stress. These parameters
can be grouped into two general classes depending on
whether they are a manifestation of some material
property (i.e., Ky, Y, and ¢) or they arise from bound-
ary conditions (i.e., Ac). Crack-driving stress, which
was achieved through a maturation-related increase
in P, and material properties have different func-
tions in the development and growth of horizontal mi-
crocracks in the Dunkirk black shale and thus will be
treated separately.

The Role of Material Properties: Horizontal Initiation
as a Consequence of Kerogen Grain Shape and
Strength Anisotropy

Rock material properties, including layer-perpendicu-
lar strength anisotropy and the shape of initiation flaws
for microcrack propagation, evolve during consolida-
tion. Soon after deposition, flocculated organic-rich
clay laminae of unbioturbated, finely laminated black
shale deposits of the Dunkirk Shale underwent rapid
mechanical compaction into a tight, mechanically sta-
ble planar microfabric (e.g., Lash and Blood, 2004).
Interlaminated silt-rich layers, however, did not expe-
rience the same degree of compaction strain, a conse-
quence of the shielding effect of the rigid silt grains that
preserved a more random clay fabric and anomalously
large pores (e.g., Krushin, 1997; Katsube and Williamson,
1998; Dewhurst et al., 1998). Further burial carried
the Dunkirk Shale to the top of the oil window by the
end of the Carboniferous (Lash et al., 2004), by which
time the permeability of the laminated sequence had

LASH AND ENGELDER 1439
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Figure 5. Scanning electron images of horizontal microcracks in finely laminated black shale samples of the Dunkirk Shale. (A) Back-
scattered electron micrograph of a polished sample showing an isolated large microcrack and two small ones (arrows). (B) Backscattered
electron micrograph of a polished finely laminated black shale sample showing a network of closely spaced microcracks. Most cracks are
filled with bitumen; some contain pyrite crystallites (bright objects). (C) Backscattered electron image of a polished sample showing a silt
lamina (defined by dashed lines), microcracks (f) preferentially developed in clay-rich laminae adjacent to the silt layer, and irregular
bitumen masses in the silt layer (arrows). (D) Secondary electron image showing bitumen (b) filling a microcrack. (E) Backscattered
electron image of a polished sample showing a bitumen-filled microcrack containing inclusions of the clay grain matrix (arrows).
(F) Backscattered electron image of a polished sample showing the tip of a microcrack propagating along clay (c) and quartz (q) grain
edges. (G) Large (a) and small (b) microcracks that appear to have propagated along the edges of grains.
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Figure 5. Continued.

been reduced to such a point that pore fluid prevented
further compaction and the rock became uniformly
overpressured (e.g., Swarbrick et al., 2002).

The geometric form or aspect ratio, &, of the or-
ganic particles concentrated in specific layers of lami-
nated source rocks may influence the initiation of
horizontal microcracks under a basinal stress system
in which S, = o3 favors the propagation of vertical
joints. Initiation of horizontal microcracks in a low-
permeability oil source rock as a function of kerogen
grain shape and strength anisotropy under constant
pressure is represented by Ozkaya’s (1988) equation:

s SERET
where AP, is the increment of internal pressure (the
crack-driving stress, Ac) necessary to initiate a hori-
zontal crack during transformation of a kerogen grain
of aspect ratio £ to oil; R is the stress ratio for uni-
axial stress conditions (%) ; and T'is the tensile strength
of the rock measured perpendicular to layering. Al-
though by no means a rigorous expression of crack-tip
stress intensity, equation 3 illustrates that Ac for crack
initiation is inversely proportional to £, i.e., the greater
the aspect ratio of the kerogen flake, the lower the
internal pressure increment necessary to initiate
horizontal microcracks.

Preferential horizontal microcracking of finely lami-
nated black shale clay laminae of the Dunkirk Shale
probably was facilitated by the strongly oriented clay-
grain microfabric and the resultant low K¢ normal to
bedding of these deposits (e.g., Schmidt, 1977; Costin,
1981; Lehner, 1991; Vernik, 1994). Indeed, Schmidt

20 um 800X

(1977) demonstrated that the tensile strength of oil
shale normal to layering may be as little as one quarter
that measured parallel to bedding. For simplicity, we
use Schmidt’s empirically determined 3-MPa value for
T perpendicular to layering in organic-rich shale.

Organic-rich clay layers of the finely laminated
black shale deposits contain abundant, rather densely
packed, variably flattened kerogen particles, most of
which are oriented subparallel to layering (Figure 7A).
Much of the organic matter appears as medium to
light brown, generally moderately to highly elongate
amorphous particles. Lesser dark brown and black vi-
trinite flakes and dark-orange tasmanite alganite grains
are also observed (Figure 7B). Analysis of more than
200 of the most readily measured organic particles in
clay laminae samples collected from the lower part of
the Dunkirk Shale reveals a wide range of &, from
about 1 to more than 30 (Figure 8), that probably re-
flects the original (precompaction) shape of the kero-
gen, the degree of compaction or flattening sustained
by the organic particles, and the local influence of the
shielding effect of rigid quartz grains during gravitation-
al compaction. Keeping in mind that we can describe &
only in two dimensions, our studied population of kero-
gen grains is defined by three peaks in the distribution
of &: approximately 2.5, 15, and 29 (Figure 8).

The Breckels and van Eekelen (1982) relationship
for Sy, as a function of S, based on well data from the
United States Gulf Coast may yield a reasonable es-
timate of total stress conditions in the Dunkirk Shale
at maximum burial:

Sp = 0.1972"1% 1+ 0.46(P, — Py4) 4)

LASH AND ENGELDER 1441



Figure 6. Backscattered electron images of
polished finely laminated black shale samples
showing microcracks that appear to have origi-
nated within (or along the edges of) kerogen
(k) particles.

40 um 700x

in which z is the depth in feet and Sy, P, and Ppyq
(pore-fluid pressure at hydrostatic conditions) are in
pounds per square inch absolute. The estimated S, of
the Dunkirk Shale at its modeled maximum depth of
burial of 2.3 km (1.4 mi) (Lash et al., 2004), based on
a lithostatic gradient of 22.62 MPa km ™! (Harrold
et al., 1999), is 52 MPa; Pjyq4 at that depth, using a
hydrostatic gradient of 10.18 MPa km !, is 23.4 MPa.
Assuming that the burial history of the Dunkirk Shale
is analogous to the subsidence history of the Gulf Coast,
and that kerogen in the Dunkirk Shale started to con-
vert to bitumen at hydrostatic conditions, the uniaxial
stress ratio R = % = 0.72. However, because stress mea-
surements presented by Breckels and van Eekelen (1982)
come largely from reservoir rocks (i.e., sandstones), R =
0.72 may be a more appropriate measurement of stress
in moderately bioturbated black shale deposits instead
of finely laminated black shale.
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The state of stress in the finely laminated black
shale deposits in the lower half of the Dunkirk Shale
may be better understood as a product of uniaxial
consolidation, where S}, was generated by overburden
through the coefficient of earth stress at rest, K. For
unlithified sediment

Sh:KO(Sv_Pp)+Pp (5)

with S, = gpopz, where z = depth and p., = integrated
density of overburden (Lambe and Whitman, 1969),
and g = gravitational constant. The uniaxial stress ratio
for consolidated sediment in an epeiric basin may be
calculated as

Sy Ko(S— )+ Py
R=s~ S, (©)




Figure 7. Photomicrographs of organic particles in finely laminated black shale samples. (A) Flattened kerogen grains. Note that the
kerogen particles have been compressed to conform to the shape of inorganic grains (scale =0.1 mm [0.004 in.]). (B) Secondary electron
image of a clay lamina sample. Note planar microfabric and flattened organic particles, mostly flattened tasmanite cysts (white arrows).

If Ko remains constant with increasing depth, R will
also remain unchanged as long as the sediment is
drained. Consolidation tests simulating drained burial
(i-e., Sy — P, > 35 MPa) reveal that K, (= 0.62) for
silty clay is a constant to z > 2 km (1.2 mi); however,
K increases slightly for fine sand (Ko = 0.44-0.53)
buried to 2 km (1.2 mi) (Karig and Hou, 1992; Karig
and Morgan, 1994). Thus, assuming that the com-
pacting finely laminated black shale deposits of the
Dunkirk Shale had a K of silty clay, R = 0.79 as long
as drained conditions prevailed. The uniaxial stress
ratio for sandier parts of the Catskill delta may have

increased with increasing burial depth from 0.70 to
0.74 for the same drained conditions and is more
consistent with the Breckels and van Eekelen’s (1982)
data from Gulf of Mexico reservoir rocks.

We assume that prior to catagenesis, P, in kero-
gen particles completely supported overburden stress,
i.e, P, =S,. Conversion of kerogen to oil (via an inter-
mediate bitumen phase; e.g., Lewan, 1987) produced an
increment of P, (AP, the crack-driving stress, Ac) that
pressurized the rock matrix around the kerogen parti-
cle. Solving for AP, in equation 3, we find that the mini-
mum AP, required to induce horizontal microcracks

Figure 8. Frequency plot of aspect ratios (&) of
measured kerogen particles in clay layers of
finely laminated black shale deposits.
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Figure 9. Plot of calculated AP, generated over the
complete range of transformation ratios for observed
& values of Dunkirk Shale kerogen particles (filled cir-
cles). Based on Lehner’s (1991) analytical approach and
assumes no production of residual coke as reflected
by the relatively high HI values of Dunkirk Shale sam-
ples. The AP, values of 16.5, 2.3, and 1.2 MPa (gray
lines) are those necessary to induce horizontal micro-
cracks in the Dunkirk Shale for kerogen-bitumen in-
clusions defined by aspect ratios of 2.5, 15, and 30,
respectively. Shading defines the expected range of
AP, produced by kerogen conversion at transforma-
tion ratios of between 0.1 and 0.2.

in finely laminated black shale clay laminae of the
Dunkirk Shale during conversion of the flattest kerogen
grains (& = 29) to oil is only 1.2 MPa. However, the AP,
necessary to initiate horizontal microcracks from the
more equidimensional kerogen particles (§ = 2.5) is
16.5 MPa.

The AP, generated by the conversion of a kero-
gen grain of a specific aspect ratio, £, at a given trans-
formation ratio, TR, can be calculated using Ozkaya’s
(1988) value for the compressibility of oil (102
MPa ') and Lehner’s (1991) compressibility values
for kerogen and residual coke and his equations 14,
15, and 19. Comparison of AP, produced by con-
version of kerogen grains of aspect ratios of 2.5, 15,
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and 30 to petroleum at the estimated TR of the Dun-
kirk Shale (0.1-0.2) with the AP, required to initi-
ate microcracks from kerogen grains of these aspect
ratios suggests that (1) horizontal microcracks ob-
served in the Dunkirk Shale were generated from the
flattest kerogen grains, and (2) microcracks would not
have been initiated from the more equidimensional
(& = 2.5) grains despite the relatively high AP, (8-
11 MPa) produced by transformation of these organic
particles (Figure 9). Indeed, our calculations suggest
that for the inferred burial depth and stress conditions
of the Dunkirk Shale outlined above, kerogen parti-
cles with & < 4.5 could not have originated micro-
cracks unless TR > 0.2 (Figure 10).
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Figure 10. Plot of calculated AP, generated over the complete
range of transformation ratios for conversion of kerogen par-
ticles of & = 4.5 to oil (filled circles). The AP, value of 8.3 MPa
is that value necessary to induce horizontal microcracks from
kerogen particles defined by an aspect ratio of 4.5. Shading
defines the expected range of AP, produced by the conversion
of kerogen at transformation ratios of between 0.1 and 0.2.

The Role of Stress: Horizontal Propagation as a
Consequence of Poroelastic Deformation

Kerogen particle shape and strength anisotropy of the
finely laminated black shale deposits of the Dunkirk
Shale favored the initiation of horizontal microcracks.
Following this, though, the direction of crack growth
would have been controlled by the state of stress,
which, for the early subsidence history of an epeiric
basin affected by minimal tectonic stress, is defined as
St < S, and at odds with the propagation of micro-
cracks in the horizontal plane. Below, we postulate that
it was the local state of stress in the finely laminated
black shale deposits that most influenced the orienta-
tion of crack growth (e.g., Lawn, 1993).

Abnormal pore pressure in a subsiding basin is
first generated by compaction disequilibrium caused
by the inability of pore fluid to drain from pore space
at the rate that overburden is added (Hart et al., 1995).
Effective stress remains approximately constant with
increasing burial depth. Additional increments of over-
burden stress during burial are completely carried by
the pore fluid, causing R to increase. Eventually dia-
genetic cement replaces overpressured pore fluid as

the primary buttress against further consolidation. At
this point, the black shale becomes fully elastic, with
Sh coupling to P, (e.g., Engelder and Fischer, 1994,
Yassir and Bell, 1994; Hillis, 2001; Goulty, 2003).
This poroelastic behavior is expressed by the following
expression:

v

Sh:l—v

(Sy — aPp) + P, (7)

where o is the Biot poroelastic coefficient, and v is
Poisson’s ratio (Anderson et al., 1973). As long as
overburden remains constant, P,-driven changes in Sy,
in lithified rock are governed by elastic properties and
follow a stress path, «, in Sy-versus-P, space given by

ASh 1—2\/
“=aB, YTy (®)

(e.g., Santarelli et al., 1998; Hillis, 2001; Goulty, 2003).
Depending on in-situ poroelastic properties of a rock,
«k can range from 0.4 to 0.88 (Santarelli et al., 1998).
This behavior differs from unlithified sediment, where
a change in P, drives an equal change in S},
Presumably, the Dunkirk Shale entered the oil
window after cementation rendered the rock fully
elastic. At this time, flattened organic particles in low-
permeability finely laminated black shale clay layers
began to convert to bitumen. Assuming that kerogen
was pervasive in pore space, the resultant increase
in P, resulted in a poroelastic response according to
equation 8. The stress path, «, followed by the black
shale as it became overpressured can be illustrated by
plotting R against A, the ratio of pore pressure to
overburden pressure stress, both normalized to S,
(Figure 11). Increasing P, will induce cracks in the
lithified clay matrix around kerogen flakes, the orien-
tation of crack propagation being dependent on the
extent to which S}, was modified by poroelastic defor-
mation. Vertical microcracks are favored when « fol-
lows a slope low enough to intersect the P, trend line
(Sh=P,) where R < 1 (S, < S,). Horizontal micro-
cracks are favored if « follows a slope so steep that it
intersects the A = 1 line (S, = P,) where R > 1 (S, <
S1). Steep stress paths, which describe a rapid modi-
fication of S}, by poroelastic deformation, are promoted
by relatively low v and high a values (Figure 11).
Drained consolidation of organic-rich silty clay
yields a higher R than that resulting from the drained
consolidation of sand as per equation 6 (Figure 12).
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Figure 11. Examples of stress paths, «, plotted as stress ratio,
R, versus A for conditions at 2-km (1.2-mi) burial depth, as-
suming pop = 2.3 g/cm’. The purpose of these diagrams is to
illustrate how various combinations of v and o affect «. Note
that the values for R at A = 0.45 do not necessarily represent
in-situ conditions because they are calculated using equations 6
and 7 and the given poroelastic properties, v and o.
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Figure 12. Stress paths, «, for various elastic properties of
black shale and sandstone plotted as a stress ratio, R, versus A.
Note that values for R at A = 0.45 represent drained conditions
at the time of lithification of black shale. The starting position of
the potential stress paths of silty clay affected by compaction
disequillibrium prior to maturation reflects elevated R and 2
resulting from increased Pp as discussed in the text.

Following cementation, poroelastic deformation of a
sandstone following k¥ < 0.6 ultimately results in the
propagation of vertical microcracks (Figure 12). Such
behavior may account for the great abundance of ver-
tical joints in sandier beds of the Catskill delta com-
plex (e.g., McConaughy and Engelder, 2001; Lash et al.,
2004). Thermal maturation and related poroelastic de-
formation of silty clay deposits favor horizontal mi-
crocrack propagation over a larger range of elastic
properties and consequent values of x (Figure 12).
Moreover, the deformation of these deposits when com-
paction disequilibrium (i.e., greater than hydrostatic
initial values of R and A) precedes maturation, as was
the case for the black shale of the Catskill delta com-
plex (e.g., Engelder and Oertel, 1985), increases the
likelihood of horizontal microcracking (Figure 12). On a
larger scale, however, the integrated elastic properties
of sections more than a few meters thick are such
that x is relatively low, thus favoring vertical joint
propagation.



In sum, the initiation of horizontal microcracking
of the finely laminated, organic-rich deposits of the
lower part of the Dunkirk Shale induced by catagenesis
is favored by three material properties of these rocks:
(1) abundant flat kerogen grains oriented parallel to
layering; (2) a marked layer-perpendicular strength
anisotropy in large part caused by the laminated nature
of the rock; and (3) the tight, strongly oriented planar
clay-grain fabric capable of sustaining P, generated by
the conversion of kerogen to bitumen and oil. The level
of internal pressure necessary to initiate horizontal
open-mode microcracks is a function of the first factor.
That is, the flatter the kerogen particle, the lower the
P, necessary to create an effective tensile stress in the
vertical direction. However, even if the requisite P,
is produced during catagenesis, it cannot be allowed
to drain off. Indeed, the moderately bioturbated, rela-
tively porous shale that dominates the upper half of
the Dunkirk Shale likely remained drained during
catagenesis, thereby precluding the initiation of hori-
zontal microcracks. The tight microfabric of the lami-
nated shale, inherited from its depositional and early
diagenetic history, sustained P, the crack-driving stress,
around pervasive kerogen particles converting to
bitumen, favoring the initiation of horizontal micro-
cracks, especially from the flattest kerogen grains. The
level of P, loss caused by microcracking appears to
have been less than that generated by the conversion of
kerogen to bitumen, thereby enabling the rock to
pressurize. Internal pressure may have been further
sustained by the filling of fractures by bitumen (e.g.,
Anissimov, 2001).

Following initiation, the orientation of crack propa-
gation is controlled largely by in-situ stress. Over-
pressure development and resultant poroelastic defor-
mation of the low-permeablility, finely laminated black
shale deposits lower in the Dunkirk Shale reoriented
the in-situ stress to a configuration in which S, < Sy,
thereby encouraging the widespread propagation of
horizontal microcracks. Our calculations suggest that
the local crack-driving stress induced by the poro-
elastic behavior of the organic-rich Dunkirk Shale alone
could have initiated the observed horizontal micro-
cracks. Still, preferential microcracking of the finely
laminated shale suggests that material properties, in-
cluding strength anisotropy and kerogen particle shape,
were instrumental in initiating the horizontal cracks
in these rocks. Poroelastic behavior and related switch-
ing of the in-situ stress field likely was enhanced by
compaction disequilibrium. Indeed, a review of equa-
tion 3 indicates that an increase of R arising from

compaction disequilibrium and consequent poroelastic
coupling of Sy, to P,, would have reduced the AP, in-
crement produced by catagenesis necessary to initiate
horizontal microcracks.

CONCLUSIONS

Horizontal microcracks, most filled with bitumen, are
exclusive to clay layers in the finely laminated, organic
carbon-rich lower half of the Dunkirk Shale. The clay
layers are defined by a tight, strongly oriented, platy
grain microfabric produced by gravitational compac-
tion early in the diagenetic history of these deposits.
Note that moderately bioturbated, less organic-rich
shales higher in the Dunkirk, defined by a more open
or random microfabric, lack horizontal microcracks.
Horizontal microcracking under a basinal stress field in
which the greatest principal stress was vertical can be
explained by (1) a marked compaction-induced layer-
perpendicular strength anisotropy and abundant flat-
tened kerogen grains, both vital to the initiation of
microcracks in laminated shale in the lower half of
the Dunkirk Shale and (2) poroelastic deformation
of these low-permeability deposits pressurized by the
conversion of kerogen to bitumen and the consequent
establishment of a local in-situ stress field favorable to
the propagation of the microcracks in the horizontal
plane.

Natural fractures increase the effective permeabili-
ty of otherwise tight source rocks. Horizontal micro-
cracks produced early in the catagenic history of a
source rock, like those documented in this article,
would enhance lateral primary migration of hydrocar-
bons, especially in the updip direction, and may con-
nect with vertical joints and/or faults, further facili-
tating primary and secondary migration. Horizontal
microcracking of impermeable organic-rich horizons
in shale-dominated basinal sequences would enhance
fluid movement through these deposits; immediately
over- and underlying unfractured intervals, however,
may serve as aquitards, thereby maintaining elevated
formation pressures in the fractured rocks.
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