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4 INTRODUCTION & BACKGROUND A

Mechanisms of gas storage in shale-gas systems remain a topic of debate in these potentially
prolific low porosity/permeability reservoirs. This is particularly the case for the Upper Devonian-
Lower Mississippian Woodford Shale in Oklahoma, where the formation contains, broadly, two prin-
cipal lithologies--1) siliceous mudstones and 2) chert. Given the difference in these lithologies, and
the somewhat common presence of chert, we undertook this integrated petrologic and geochem-
ical study to evaluate the relative importance of lithologic character as it could bear on gas storage.

Samples for this study (n = 18) were collected from outcrop exposures in the Arbuckle Mountains,
Carter County, OK (Fig. 1, green area in inset map). This study area was considered ideal for several
reasons. 1) The entire Woodford interval, including all three informal members (Fig. 2) is exposed
along Henry House Creek (denoted HHC in Fig. 1) so questions concerning stratigraphic variability
could be readily addressed. 2) The Woodford is, locally, immature or marginally mature for oil gener-
ation (Lewan, 1987; Cardott, 1989; Paxton and Cardott, 2008), so the formation’s petrologic charac-
ter could be established in the absence of significant thermal overprinting (i.e. minimal concern re-
garding possible changes to organic material). In addition, our characterization establishes a base-
line against which detailed analyses can be extraploted into the subsurface in the adjacent Anadar-
ko Basin. 3) The outcrop has been well characterized from spectral gamma surveys (Aufill, 2007;
Krystyniak, 2005; Paxton and Cardott, 2008) and detailed stratigraphic/sedimentological analyses
(Ham, 1969; Kirkland and others, 1992; Egenhoff and Fishman, 2010, unpublished data). In addition,
samples of the “upper” member were also collected from the Arbuckle Mountains (“X"in Fig. 1)

The Woodford was deposited in the southern Oklahoma aulacogen (Ham, 1969). In our study area,
the Woodford, which can be up to 250 ft thick, unconformably overlies the Lower Devonian Hunton
Group, and is conformably overlain by the Mississippian Sycamore Limestone (Fig. 2). Although
much of the formation was deposited in the Devonian, the uppermost part is Early Mississippian,
based on conodont investigations (Hass and Huddle, 1965). Woodford deposition occurred in a
broad epicontinental sea (Fig. 1) that existed across much of North America at the time (Kirkland
and others, 1992). Regionally, the formation is subdivided into three informal units, based on a var-
iety of parameters (Ellison, 1950; Urban, 1960; Hester and others, 1990; Comer, 1991; Lambert 1993),
Qnd this threefold division has been carried into our study area as well (Paxton and Cardott, 2009). )
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WOODFORD LITHOLOGIC CHARACTER

At the Henry House Creek locality, the informal “lower” member of the Woodford (Fig. 2) is dominated by
clay-bearing but somewhat siliceous mudstone beds (~85% of “lower” member stratigraphic interval) with
interbedded chert (quartz-rich and clay-poor intervals, ~14% of interval), and totals 52 ft thick. The infor-
mal “middle” member is dominantly siliceous mudstone (>90% of interval) with an increasing frequency of
thin (<10 cm) chert beds in the upper part (~6% total chert beds); this member is 95 ft thick. The “upper”
member is 84 ft thick and contains numerous chert beds (~45% of the stratigraphic interval) interbedded
with siliceous mudstones. Carbonate beds occur throughout all members, but are uncommon (Krystyniak,
2005; Aufill, 2007; Paxton and Cardott, 2008; Egenhoff and Fishman, unpub. data, 2010). Chert beds con-
titute ~20% of the entire Woodford interval, although they compose ~half of the “upper” member.

Mudstones differ greatly from cherts in most aspects of their petrologic character (Table 1). Mudstones
occur in all members (Fig. 2) and contain clays (dominantly illite--up to 35 wt %). Other minerals in
mudstones include variable abundances of quartz, potassim feldspar ( K-spar), pyrite, carbonates, & fluor-
apatite. Importantly, mudstones also contain, on average, ~13 wt% total organic carbon (TOC), which
makes them excellent source rocks. Organic material occurs as 1) an amorphous, interstitial phase, 2)
Tasmanites--algal microfossils, and 3) alginite. Terrestrial organic material (Type lll) has also been observed
locally in the “lower” member (Urban, 1960; Paxton and Cardott 2008).

Cherts are noticably different from mudstones (Table 1), and are most common in the “upper” member.
They contain quartz (up to 95 wt%), with only minor clay minerals (illite + kaolinite), pyrite, and fluor-
apatite. Cherts are characterized by the presence of uncollapsed radiolaria microfossils with variable amo-
unts of radiolarian fossil fragments. Cherts contain, on average, 4.5 wt% TOC, which makes them good
source rocks. Organic matter occurs largely as amorphous phase within radiolarian microfossils as well as
between colloform, bulbous masses of chalcedony and equigranular quartz in the chert beds.

RockEval pyrolysis reveals that organic material in both lithologies have a high hydrogen index (HI) & low

oxygen index (Ol) (Fig. 3A), indicative of a marine, algal source material. A plot of S2 (generatable hydro-

carbons) vs TOC (Fig. 3B) reveals a linear relationship suggestive of a uniform kerogen type & maturity,
 at this locality, regardless of lithology.
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DISCUSSION

In the two dominant lithologies of the Woodford Shale, porosity is relatively low (Fig. 8A), and permeabilities

(Fig. 8A) as well as median pore apertures (Fig. 8C) are within the range of other “shale” reservoirs. Pores in the
Woodford lithologies, however, were formed by very different processes even though they can be referred to by
similar names. “Slot” porosity in Woodford mudstones occurs between clay platelets (Figs. 7A, 7C, 7F) and
developed by mechanical compaction processes (the rearrangement of detrital clays) whereas micropores

in mudstones exist within Tasmanites microfossils (Fig. 7C). In contrast, “slot” porosity and micropores in
chert beds exist between authigenic quartz crystals and quartz masses (Figs. 7B and 7D), which developed
as a result of early diagenesis and the precipitation of quartz (modified probably during the transition from
opal to chalcedony or equigranular quartz). That microporosity developed during “early” diagenesis in chert beds,
and persisted through much of the time since Woodford deposition, is a testament to the “durability” of this pore
network in the cherts. Furthermore, with at least 20% of the Woodford being chert beds, the volume of porosity
in them suggests that they may indeed play a significant role in total gas storage for the formation.

The different mechanisms of pore development may help to predict their relative “durability” in the Woodford
where it is more deeply buried (i.e. adjacent Anadarko Basin). “Slot” porosity and micropores in mudstones
are probably more likely to be damaged or destroyed where the Woodford is more deeply buried, owing to the
ductile nature of mudstone framework constituents (i.e. clays and organic material, which are common in them,
see Figs 4B and 4C)). In contrast, “slot” porosity and micropores in chert beds are more likely to persist in
deep burial due to the rigid internal framework afforded chert beds by the abundant quartz in them (Fig. 4A).
Development of secondary porosity by maturation of organic material (such as that described in Loucks and
others, 2009) and extensive or complete K-spar dissolution (Fig. 7E), provides a mechanism to enhance mud-
stone porosity through time, which probably helps to overcome porosity loss resulting from compaction. Secon-
dary porosity development in chert beds is also possible, but the lower abundances of K-spar (Fig. 4C) and or-
ganic material relative to mudstones (Fig. 3B) points to the development of smaller amounts of secondary por-
osity in cherts.

The greater brittleness of cherts relative to mudstones, which is undoubtedly due to the high quartz contents of
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Fig. 5. Photomicrographs A-D of Woodford mud- Fig. 6. Photos of Woodford cherts. A) Radiolarian (rad) A
stones (taken in plane light). A) Abundant Tasman- chert (~95 wt % qtz, 4.02 wt % TOC) in “upper” member. Microfracturing is noted at the out-
ites (T) in illitic, TOC-rich (10.9 wt %) mudstone in Rad (arrows) are filled with chalcedony or equigranular crop as well as in fine detail in thin mudstone
“lower” member. B) Agglutinated foram? (circled) in microcrystalline quartz. Rad include those readily identi- sections. The fracturing, however, is
an illitic TOC-rich (>9 wt%) mudstone in “middle” fied and fossil fragments that comprise the groundmass. seemingly lithologically controlled
member. C) Horizontal burrow? (circled) in an illitic, Groundmass contains mixture of microquartz and AOM. in that fractures are relatively well T
TOC-rich (15.8 wt %) mudstone in “middle” member. Photo taken in plane light. B) SEM micrograph of rad, developed in chert beds (Fig. 9A) b
D) Optical and SEM backscatter micrographs of illitic composed of euhedral quartz crystals. C) Photomicro- where they are typically perpendic- S
TOC-rich (15.8 wt %) mudstone from “middle” mem- graph showing chalcedony-filled rad fossil and microcrys- ular to bedding. Fractures end ab- l
ber. 1) photo of Tasmanites (T), some filled with qua- talline quartz that occurs throughout. Photo taken in ruptly or become more diffuse in
rtz (Tq); quartz + pyrite (Tqp) and pyrite (P). Brown- crossed-nicols. D) Optical & SEM backscatter micrographs adjacent mudstones (Fig. 9B). The
ish matrix is AOM + illite and other minerals. 2) SEM of rad chert. 7) Rad in microcrystalline quartz + AOM brittle nature of the chert beds is mudstone
is higher magnification view of area in box in 1) groundmass. 2) SEM backscatter image is higher magni- due to their high quartz content
showing Tasmanites (outlined) filled with quartz (Q). fication view of area in box in 1) showing rad (outlined) fil- (Fig. 4A). Although some mud- B
“Matrix” contains quartz, pyrite, and admixed AOM led with microcrystalline quartz (mq) & AOM. Note similar stones contain >50 wt % quartz (Fig.
with illite. 3) SEM is higher magnification view of appearance of “mqg” within and outside of rad. 3) SEM back- il $19Y 160 CRIEID OIS CLIGHE mudstone
area in box in 2) showing Tasmanites wall (T) AOM scatter image of higher magnification view of box in 2). phases, such as clays and organic
admixed with illite (1), and quartz (Q) within fossil. Note that AOM occurs as an intercrystalline phase bet- material (AOM & Tasmanites), which
AOM is admixed with illite and independent of it. | ween anhedral quartz crystallites and crystallite masses. apparently renders them relatively opm  Chert
\_ \_\ / WV . ductile. >

\cherts (Fig. 4A), results in a greater tendency of cherts to experience natural fracturing (Fig. 9). )

[ CONCLUSIONS A

1) Chert beds comprise ~20% of the Woodford stratigraphic interval but ~50% of the informal “upper” member

2) “Slot” porosity and micropores occur in both mudstones and cherts but formed by different mechanisms

3) “Slot” porosity in cherts is intercrystalline, between crystal faces of authigenic quartz, whereas “slot” porosity
in mudstones exists between clay platelets that remains after mechanical compaction

4) Abundance of authigenic quartz in chert provides the rigid framework in which the intercrystalline pore
network exists, and as such cherts may likely retain durable microporosity that can contribute a significant
portion of the gas produced from the Woodford

5) The higher quartz contents of cherts results in a greater propensity than mudstones for natural fracturing

6) Secondary porosity development (with burial) is more likely in mudstones because such pores can form

from maturation of organic material and dissolution of K-spar, both of which are more common in mud-

stones than in cherts; however, secondary porosity development in cherts is possible because organic

material and K-spar also occur in them

~ R
QUESTIONS

1) What is the true nature of and variability in Woodford porosity in the Anadarko Basin?

2) Is porosity and permeability of the Woodford in the Andarko Basin relatively similar
to mudstones and chert beds in outcrop?

3) Might chert beds act as isolated reservoir “compartments” in the Anadarko Basin,
given their relatively stable pore network and contained organic material?

4) Because chert beds comprise about 20% of the Woodford, and because they may
retain a relatively stable pore network through geologic time, might they be a
significant contributor of gas to Woodford production (beyond their 20%)?

5) How transferable are Woodford outcrop results to the formation in other basins (i.e.
Arkoma, Permian)?

6) How transferable are Woodford results to other shales that might have similar

lithological features?
N\ /
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