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Abstract

’ I Yue CRETACEOUS MOWRY SHALE IN WYOMING is an outstanding source rock and a
potential shale-gas target. Total organic carbon (TOC) content of the Mowry Shale
ranges from 0.7 percent to 5.1 percent. In Wyoming, the thickness of the Mowry

Shale decreases from approximately 600 feet in the northwest part of the state to approxi-

mately 250 feet in the southeast part, whereas the TOC content of the Mowry increases from

northwest to southeast. T _ for Mowry samples ranges from 411° C to 455° C. Vitrinite re-
flectance values range up to 1.7 at present-day depths greater than 10,000 feet. Displacement
pressures range from 300 pounds per square inch (psi) at 500 feet present-day burial depth
to more than 2,000 psi at 13,000 feet. The '>C nuclear resonance spectra indicate that the
aliphatic carbon peak of the Mowry Shale is greatly diminished at 13,000 feet. Therefore, the
kerogen remaining in the formation at this depth has very little capacity to generate liquid or
gaseous hydrocarbons. Thermal maturation modeling suggests that for each gram of TOC in
the Mowry Shale, about 80 milligrams (mg) of gas was generated, 18 mg of gas was expelled,
and 62 mg of gas remains stored in the shale. Sonic and seismic interval velocities show

a pronounced slowdown where significant quantities of natural gas remain in the Mowry

Shale. The attributes of the Mowry Shale described above suggest that it has significant po-

tential as a shale-gas prospect. With new drilling and completion techniques, the recovery of

natural gas remaining in the Mowry could be substantial.



Introduction

This paper explores the shale-gas potential of the Wyoming Cretaceous shale section in
general, and of the Mowry Shale in particular. The Mowry Shale serves as a good shale-gas
surrogate for the lower Cretaceous shale sequence in Wyoming. Most importantly, as a strati-
graphic unit, it is easily recognized in outcrop (Figure 1) and in the subsurface (i.e., geophys-
ical log signature; Figure 2). The Mowry Shale, along with the other organic-rich portions
of the Cretaceous stratigraphic section, has long been recognized as a prolific hydrocarbon
source rock in the Rocky Mountain Laramide basins. Another characteristic of the Mowry
Shale important to the evaluation of shale-gas plays in Wyoming is the consistent mineralogy
and lithology of the unit. Statewide mineralogical and lithological variations of the Mowry
Shale will be discussed later in the paper.

The Mowry Shale

The Mowry Shale was deposited in an inland sea that covered all of Wyoming during the
transition from lower to upper Cretaceous (Byers and Larson, 1979). Although the Mowry
Shale consists of several lithofacies, the rock unit is best known for the organic-rich siliceous
shale facies (Figure 1). The siliceous shale facies is by far the most abundant rock type in the
Mowry and occurs almost everywhere the unit occurs. Other relatively minor lithofacies in
the Mowry are nonsiliceous silty shale, sandstone, and cristobalitic shale (Davis, 1970). In
Wyoming, these minor lithofacies typically become abundant in the southeast and northwest
portions of the Mowry depositional system (Davis, 1970).

The Mowry Sea and stratigraphic relations

During the transition from lower to upper Cretaceous, the Western Interior Foreland Basin
of North America was flooded and drained by successive marine transgressions and regres-
sions (Davis et al., 1989). During maximum marine transgressions, the inland sea was con-
tinuous from the Arctic Ocean to the Gulf of Mexico (Kauffman, 1977). In contrast, during
maximum marine regressions, the seaway was nearly drained and was cut off from the Gulf
of Mexico (Figure 3). During the transition from lower to upper Cretaceous, the Mowry
inland sea (Figure 4) transgressed over a variety of depositional environments; in Wyoming,
it transgressed over a predominantly marine/fluvial depositional environment (i.e., Muddy
Sandstone). This marine/fluvial depositional system produced the Muddy sandstone (Dol-
son et al., 1991), a complex unit consisting mainly of shoreface and valley-filled sandstones
and a variety of finer-grained facies. The Muddy Sandstone in Wyoming is recognized as a
significant oil and gas reservoir that overlies organic-rich shales (i.e., Skull Creek Shale) and
underlies the organic-rich Mowry Shale (Figure 4).

‘The Mowry Shale was deposited over a period of several million years (Obradovich and Cob-
ban, 1975; Williams and Stelek, 1975) in the southern portion of the inland seaway (Figure
3). The Mowry sea has been described as an oxygen-poor stratified basin (Davis, 1970; Byers



Figure 1. Mowry Shale outcrop along State Highway 220, south of Casper, Wyoming. The organic-rich siliceous
shale is the dominant lithofacies in the Mowry shale. Other minor lithofacies in the Mowry Shale are nonsiliceous
silty shale, a thin sandstone layer, and cristobalitic shale.

Figure 2. Typical well log of the GR Sonic Seismic Resistivity
Mowry Shale characterized by high

gamma ray counts, lower interval

velocities, and higher resistivities.

9500



owry Sea

Figure 3. The Mowry Sea during the transition from lower to upper Cretaceous is shown in green on the map.
During this time, the Western Interior Foreland Basin in the Rocky Mountain region was flooded and drained by
successive marine transgressions and regressions. Modified from Davis et al., 1989.
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Figure 4. Wyoming Cretaceous stratigraphic nomenclature chart. The Mowry Sea transgressed over a variety
of depositional systems: in Wyoming, it transgressed over a predominantly marine/fluvial depositional system
(Muddy Sandstone). Modified from the Wyoming Geological Association 44" Annual Field Conference Guidebook.

and Larson, 1979). As a result, the Mowry Shale is typically a widespread, fine-grained,
organic-carbon-rich shale.

Regional Mowry Shale stratigraphic relations and nomenclature in Wyoming Laramide
basins (WLB) are illustrated in Figure 4. The distribution of the Mowry Shale, including
stratigraphically equivalent units such as the Aspen Shale, is shown in Figure 4. The Mowry
Shale crops out at the margins of all WLB (Figure 5).

In most WLB, the Mowry Shale typically underlies the Frontier Formation (or the equivalent
Belle Fourche Shale in the Powder River Basin (PRB)). The Frontier Formation is character-
ized by a complex depositional system composed of alternating shales and marine sandstones.

Mowry Shale characteristics

Total organic carbon (TOC) content of the Mowry Shale in WLB ranges from one to five
percent (Figure 6). Typically, the average TOC content of the Mowry Shale in the WLB
increases from northwest to southeast across Wyoming. This variation in TOC content re-
sulted from the regional dispersal of clastic debris from Cretaceous highlands to the west and
northwest of the Mowry Sea during deposition of the Mowry Shale. The Mowry Shale thins
from about 600 feet thick in northwestern Wyoming to about 250 feet thick in southeastern
Wyoming. Another observation derived from a small sample set is a general decrease in TOC
content from shallow to deeper present-day depths of burial (Figure 6).
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Figure 5. Map showing the outcrop distribution of the Mowry Shale in Wyoming. The Mowry
Shale crops out at the margins of all Wyoming Laramide basins.

Clay diagenesis

The diagenesis of mixed-layer illite/smectite (I/S) clays during progressive burial is widely
recognized as an important empirical diagenetic geothermometer (Burst, 1969; Hower et

al., 1976; Boles and Franks, 1979; Hower, 1981; Pytte and Reynolds, 1989). The diagenetic
trend in I/S clay is known to be temperature-dependent and may be related to regional
hydrocarbon generation (Bruce, 1984; Hagen and Surdam, 1984). Several authors (Hower,
1981; Pytte and Reynolds, 1989) indicate that the main compositional and structural chang-
es in the I/S burial diagenetic sequence (i.e., increasing thermal exposure) are as follows:

1) An increase in illite layers;
2) An increase in interlayer potassium;
3) An increase in the amount of aluminum substituted for silicon in the tetrahedral layer;

and
4) The release of Mg?*, Fe?*, Ca?", Si*, Na?*, and water. Water released during the

smectite — illite reaction can constitute < 35 percent of the volume of the original
smectite crystallite (Petty and Hower, 1972).

10
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Figure 6. Plot of total organic carbon (TOC) versus depth for Mowry Shale samples from the Powder River Basin,
Wyoming. Percentage of TOC generally deceases below the regional velocity inversion surface because of the
thermal maturity. Modified from Jiao, 1992.
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In the WLB, these compositional and structural changes significantly influenced the poros-
ity and permeability of the Cretaceous shales in general, and the development of basin-wide
pressure (i.e., fluid low) compartments (Surdam et al., 2005). The cations released during
the smectite — illite transition also affect the porosity and permeability of adjacent sand-
stones due to the precipitation of quartz, chlorite, kaolinite, and late carbonate cement,
further reducing pore space.

As shown by a set of Mowry Shale samples from four WLB (Figure 7), the major diagenetic
events that occurred in the WLB were the transformation of smectite to illite, the transfor-
mation of kaolinite to chlorite, and the ordering of the mixed-layer I/S clays. Figure 8 shows
the x-ray diffraction patterns of the clay-size fraction from the Mowry Shale between 3,600

Figure 7. Plot of percent illite in the 0 . "\ ' , '
mixed-layer illite/smectite clays vs. ! ﬁl l !
present-day depth for the Cretaceous - A -
shales in the Wyoming Laramide basins. Powder River
Modified from Jiao and Surdam, 1997. 2000 /\ Bi gh orn
i A Wind River -
/\ Washakie
4000 |- A —
6000 | A@ A -
& A
£
n Regional Velocity
% 8000 Inversion
(=]

5 A i
10000 |- A A ~
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14000 |- —

1600 ) | ) ] ) | ] ] ]
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Figure 8. X-ray diffractograms of ethylene-glycolate treated samples (<0.5 pm fraction) of the Mowry Shale in
the Powder River Basin, Wyoming. With increasing burial depth, smectite alters to illite in the mixed-layer illice/
smectite clays as indicated by the 5.2° 20peak shifting to 6.6° 20. The structure of the mixed-layer illite/smectite
clays changes from random to ordered at approximately 10,000 feet, as indicated by the advent of the 6.6° 20
peak. The content of chlorite also increases with progressive burial From Jiao, 1992.
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feet and 14,000 feet at present-day depths in the PRB. Figure 7 shows the percentage of illite
in the mixed-layer I/S clays from the Cretaceous shales in the WLB. Generally, illitization of
the smectite becomes significant at 8,000 feet present-day depth and is largely complete by
9,500 feet present-day depth (Figure 7). This interval coincides with the transition between
normally pressured, water-saturated Cretaceous shales above and anomalously pressured,
hydrocarbon-saturated Cretaceous shales below in the WLB. The anomalously high percent-
age of illite present in the relatively shallow section of the Washakie Basin was caused by
extensive basin inversion during the late Eocene (Roehler, 1992; Figure 7).

Organic geochemistry

Organic geochemical analyses performed on cuttings from the Mowry Shale in the WLB
include vitrinite reflectance (R ), anhydrous pyrolysis (reported as production index, (PI);
Tissot and Welte, 1984), and solid-state *C nuclear magnetic resonance (reported as NMR
spectra and carbon aromaticity).

R, is a measure of the thermal maturity of organic matter. The liquid oil generation window
is generally thought to occur between R values of 0.5 to 1.3 percent (Tissot and Welte,
1984). Oils thermally crack to wet gas at R values of 1.3 to 2.0 percent. In the WLB, R  val-
ues increase slowly from 0.47 percent at 1,000 feet present-day depth to 0.6 percent at 9,000
feet, where the anomalously pressured Cretaceous shale section begins. R values increase
rapidly below this depth, from 0.6 percent at 9,000 feet to 1.7 percent at about 15,000 feet
(Figure 9). Thus, the thermal maturation regime for Cretaceous shales above 9,000 feet
depth (i.e., regional fluid flow boundary; lack of fluid flow across this regional boundary)
probably differs from the thermal regime for shales below that depth.

Production indices (PI) are calculated as S, / (S, +S,), where S, is the amount of hydrocarbon
present before pyrolysis and S, is the amount of hydrocarbon generated during pyrolysis.
Like R, the PI values of the Cretaceous shales in the WLB increase slowly from 0.03 at
1,000 feet present-day depth to 0.1 at 9,000 feet present-day depth (Figure 10). Below these
present-day depths, PI values increase rapidly from 0.1 at 9,000 feet to 0.4 at 14,000 feet
(Figure 10). The PI values indicate that shales at greater than 8,000 to 9,000 feet present-
day depth in WLB have experienced higher thermal exposure and therefore have undergone
a different thermal history and a different thermal maturation regime than shales above this

depth.

For a typical NMR spectrum, the x-axis scale (in ppm) is the chemical shift, a measure of
the magnetic field strength required to cause a paramagnetic nucleus (*3C) to produce a
resonance signal (Miknis et al., 1993). A paramagnetic nucleus that is shielded by electrons
produces a signal that is shifted up-field (right) on the chemical-shift scale, and a paramag-
netic nucleus that is de-sheilded by electrons produces a signal that is shifted downfield (left).
In typical kerogen NMR spectra, the broad band between 0 and 60 ppm is associated with
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the Wyoming Laramide basins. Modified from

Powder River Jiao and Surdam, 1997.
2000 /\ Bighorn
¢ Wind River
W, ki
400 /\ Washakie
600
=
£ AN
Regional Velocity
2 800 *version
o
10000
12000

14000 A
A A

1600
%A 0.8 1.2 1.6 2.0
Ro, %

aliphatic carbons with naphthenic structures. The broad band between 100 and 200 ppm is
associated with aromatic and carbonyl carbon structures. Thus, NMR spectra can be used to
study the abundance of 3C nuclei in the various structural and functional groups in kerogen,
and changes in kerogen structure associated with thermal maturation (Surdam and Crossey,

1985).

With progressive burial or thermal maturation, a decrease occurs in the peak area of the ali-
phatic functional group and an increase occurs in the peak area and sharpness of the aromatic
functional group. This trend reflects changes in kerogen structure caused by thermal matura-
tion (Figure 11). By 9,000 feet present-day depth, the aliphatic carbon peak is almost gone,
and kerogen has virtually exhausted its capacity to generate liquid hydrocarbons and has little
capacity to further generate gaseous hydrocarbons (Figure 11). This geochemical evidence
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indicates that the Mowry Shale in the WLB was at one time exposed to higher temperatures,
which is consistent with both the R and PI data.

The organic geochemistry values of the Mowry Shale are characterized by relatively low gra-
dients to depths of 8,000 + 1,000 feet present-day depth; below this depth, there is a rapid
steepening of the pressure/depth gradient in the Cretaceous sandstones in the WLB (Fig-
ure 12a and Figure 12b; Surdam et al., 1995; Surdam et al., 1997). Thus, the geochemical
changes and the onset of the anomalous pressure appear to be intrinsically linked.

Other maturation indicators such as T show similar depth trends. T __ values for the Mow-
ry Shale samples increase from 410°C to 455°C with increasing depth (Figure 13). Again,
like most of the maturation parameters for the Mowry Shale, the parameter/depth gradient
shows a noteworthy steepening at the 8,000- to 9,000-foot present-day depth (i.e., at the
regional fluid-flow boundary; normal hydrostatic pressures above and anomalous pressures,
usually overpressure, below).
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Figure 11. ®C nuclear magnetic resonance (NMR) spetra of the Mowry Shale samples collected from depths of
3,000 feet to 18,000 feet in the Wyoming Laramide basins. Note that the aliphatic carbon peak (the right-hand
major peak) diminishes or disappears at approximately 10,000 feet. Modified from Jiao and Surdam, 199 .
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Figure 12a. Pressure profiles for the major Cretaceous gas reservoirs in the Washakie Basin. Note that at the depth
at which compartmentalization is complete, the evolution of the pressure regime is significantly altered. Below the
top of overpressure, the change of reservoir pressure parallels the lithostatic gradient, but is offset to lower pres-
sures than the regional lithostatic gradient. Modified from Surdam et al., 1997.
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depth at which compartmentalization is complete, the evolution of the pressure regime is significantly altered.
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Figure 13. Plot of T _ vs. present-day depth for the Cretaceous shales in the Powder River
Basin, Wyoming.

Sealing capacity and capillary seals

Most shales have highly ductile clay matrices, which cause them to have some of the lowest
permeability values (10 to 10 * millidarcies) of any of the various rock types under normal
compaction (Best and Katsube, 1995). Because of their relative impermeability, shales are
the most common seals present for hydrocarbon accumulations and pressure compartments
(fluid-flow compartments); in fact, North (1985) indicates that shales act as seals for sand-
stone reservoirs in more than 60 percent of the known giant oil fields.

Certain petrophysical and flow properties of a rock unit determine the height of the hydro-
carbon column that can be supported by a hydrocarbon/pressure seal, known as the sealing
capacity: sealing capacity is a function of pore radius and fluid characteristics. In this study,
we used Smith’s (1966) equation to calculate the sealing capacity of Cretaceous shales:
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(PdB - PdR)
H= 0433 (p,-p,)

where H is the maximum hydrocarbon column in feet that a seal can support, P, is the
subsurface displacement pressure in psi of the seal rock, P, is the subsurface displacement in
psi of the reservoir rock, p_ is the subsurface density in g/cm? of water, p, is the subsurface
density of the hydrocarbon, and 0.433 is a unit conversion factor.

In our investigation, 30 bulk shale samples from the Cretaceous section in the WLB were
subjected to high-pressure mercury injection tests. The injection pressure curve (plateau
portion) was extrapolated to 0 percent mercury saturation and, using Schowalter’s (1979)
nomograms, this pressure was converted to produce the displacement pressure (P,) for each
sample, for the subsurface gas/water and oil/water (multiphase) systems. Typical displace-
ment pressure results for the Mowry Shale from the Powder River and Washakie basins are
shown in Table 1.

For the gas/water system, the sealing capacity of the Mowry transgressive shales is a 600-foot
gas column at a present-day depth of 5,500 feet, and rapidly increases to a 2,150-foot gas
column at 8,000 foot depth and a 6,150-foot gas column at 13,000 foot depth. Displace-
ment pressure also significantly increases with burial. At a present-day depth of 13,000 feet,
transgressive shales can withstand a differential pressure of 4,000 psi (Figure 14).

Sneider et al. (1991) proposed a classification of hydrocarbon seal type based on sealing
capacity. According to this classification, the sealing capacity of the Mowry Shale in the WLB
increases dramatically below a present-day depth of about 8,000 feet. Note that the increase
in sealing capacity coincides with progressive clay diagenesis as the structure of mixed-layer
I/S clay changes from random to ordered at about 8,000 feet to 10,000 feet present-day
depth (Figure 7); in other words, across the regional fluid flow boundary, the sealing capac-
ity of the Cretaceous shales changes from B to A type according to the Sneider et al. (1991)
classification (Table 1).

Calculations by Iverson et al. (1995) indicate that, based on single-phase fluid flow, even
with an assumed permeability of only one nanodarcie (nd), a pressure differential will dis-
sipate in one million years (m.y.) for a large reservoir, or 0.01 m.y. for a small reservoir. How-
ever, results from thermal maturation modeling indicate that overpressured compartments in

the WLB have existed for at least 40 m.y. (Jiao, 1992; Surdam et al. 1995).

Investigation of the fluid-flow regimes of the Cretaceous shales in the WLB has helped ac-
count for the maintenance of this pressure differential through geologic time. For instance,
the vertical trends of R, PL, clay diagenesis, and NMR spectra indicate that above 8,000 to
9,000 feet present-day depth, few hydrocarbons remain in the shales, and that below that
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Table 1. Displacement pressure (P} and sealing capacity of the Cretaceous shales, Powder River
and Washakie basins. From Surdam and Jiao, 1997.

Sealing capacity
D(e;;t" @) ()

{gas column)

Powder River Basin

5,500 11.7 600
7,900 5.2 2,000
8,000 5.6 2,300
8,800 2.9 2,700
9,900 2.7 4,300
10,000 2.2 4,600
13,000 2.2 6,100
Washakie Basin
5,000 5.5 2,400
7,300 4.6 2,900
10,000 1.3 3,300
10,500 5.2 3,000
11,000 2.1 3,300
14,000 3.0 3,000
DISPLACEMENT SEAL G
P ESSUR APACIT

Cretaceous Shale
® Water/Gas

6000

—_—
£ 8000 Regional Pressure
£ Surface Boundary
% (e.g. “Velocity
Q ‘o000 Inversion Surface”)

12000

1 40000 1000 2000 0 000 4000 6000 8000 10,000

Pd (Psi) Se li g Capacity (ft)

Figure 14. Plot of displacement pressure and sealing capacity vs. present-day depth for the Cretaceous shales in the
‘Wyoming Laramide basins.
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depth, significant quantities of hydrocarbons have been generated and retained by the shales.
Above 8,000 to 9,000 feet present-day depth in the WLB, the Cretaceous shales are normally
pressured and dominantly under water drive (i.e., a single-phase fluid-flow system). Below
this depth, the shales are characterized by a multiphase fluid-flow system (oil/water or gas/
oil/water), are dominantly under gas drive, and are typically overpressured (i.e., 2 multiphase
fluid-flow system). With the addition of hydrocarbons to the system, these low-permeability
Cretaceous shales become orders of magnitude more effective as overpressured media than
they were in a single-phase (water) fluid-flow system. In fact, only in a multiphase system
could displacement pressures measured in the laboratory be of the same order of magnitude
as those observed in the Mowry system in the Powder River Basin of Wyoming. The relative
permeability of the shales has more control over the system than their absolute permeability;
in other words, the relative permeability is the effective permeability characterizing the fluid-
flow system in the Cretaceous shales in these WLB. Thus, in a multiphase system, capillary
pressure becomes very important in the formation of the pressure seals, compartment bound-
aries, and storage of hydrocarbons.

Burial history and thermal maturation

Four of the WLB were evaluated for burial history and thermal maturation of hydrocar-
bons: the Powder River, Wind River, Bighorn, and Washakie basins (Figure 15). We con-
structed isopach maps, structural contour maps, and maps showing the depth to the top of
the Mowry Shale for the shale in each basin (Figure 16a, b, and ¢). From this information,
coupled with data presented in the earlier portion of this paper, the burial and thermal matu-
ration histories of the Mowry were interpreted for each of the four targeted basins (Figure
17). The typical thermal models for each of the WLB are very similar and can be summarized
as follows: for Mowry Shale maximum burial to 10,000 feet or more, the thermal matura-
tion models suggest that for each gram of TOC in the Mowry, about 80 milligrams (mg) of
gas was generated, 18 mg of gas was expelled, and 62 mg of gas remains stored in the shale.
Most importantly, approximately 75 percent of the gas generated within the Mowry Shale
remains stored in the shale. This maturation scenario is credible because, as described, the
Mowry Shale below a present-day depth of 8,000 feet in the WLB has displacement pres-
sures of 2,000 to 3,000 psi (Figure 14); unless pressure builds up and exceeds these displace-
ment pressures, or the shales are faulted and fractured, and connected to a fluid-flow system
at lower pressures, the gas will not migrate out of the shale. The only escape mechanism for
the gas in this capillary-dominated flow fluid system is to either 1) exceed the displacement
pressure, or 2) exceed the fracture gradient through tectonic activity with resultant faulting,
or fracturing of the rock. This same phenomenon explains why, in the WLB, the shale-rich
Cretaceous stratigraphic section from approximately 8,000 feet present-day depth down to
the lowermost Cretaceous organic-rich shales in the WLB is typically overpressured and gas-

charged (Surdam et al., 2005).

23



“pa1 pue ‘us018 ‘Mmoj[aA ur umoys are s33e1s UoNEIUSS SES PUE [10 YT, 'SIUI] PAI £q UMOYS T SWIIYIOS] Surwodp
‘SUISeq OD[EYSEA\ PUE ‘UI0YSIg IIATY PUIA\ IIARY I9PMO] Y3 10§ SITOISTY UONEINIEW [EWIIY PUE [ELING JO SUOLONIISUOIY ‘G[ Mndh]

(Aw) v
0m1 © « o ] 09 oo
191 paweaied
s oybig
(IS
o
[
w4 Y
[~))
Wy
(fw) v
0=10 ® [ 0 ]
z N S
uiseg apjey
13 @
Joor

se
wy vy

(W) wpnsgn wd

{ox%) 12

{ [
}

( .
AquhD

au%*:.o 50

“K)r v
0-1° [ ] oot
3 -] 2
u sl
000y
oo F
©
i
©
e e
[ -
. -
© 000k
©
©
(]
0=19 [ 4 -4
0009
b 4 M8y
1 d
0006

24



“Bunwofy ‘surseq apiai(] 1ea1r) pue OnJeysEA\ ‘UIOYSIg IPATY PUL\ TOARY 19PMO] Y3 UT 3[eyS AIMOJA] oy jo sdewr yoedosy w91 aundey

0r 0

25



‘Burohp ‘surseq apIAI(] 182ID) PUE ODyEysEA\ “UI0YSIg TIATY PUL\ TOAR] JOPMOJ S UI [eyS AIMOJA] Y3 jo sdewr MOIUCD [EINIONNG G9] MUnTtL]

Nisva
an HO-¥3aAN3Q

Nisva

Nisva
AT RIIHS

sva
VNNVH

i

Nisve T
0Z 0L O
, Y
N
.
o
4
k
sva .
"
¥3 ¥
NITUD W

I

isva

26



“Burwody\ ‘surseq apiai(] 1ea1) pue OnfeysEA ‘WI0ySIq IOATY UL\ GOARY 19PMO] S UT areys L1mopN a3 jo doi oy 01 yada(q w91 amdey

sva
J-¥3AN3Q

VYN VH

AINIIHS

0z L o

<

r4

-

™~
bt b e et ot ot ot

1 ‘mdag

osnovr

27



1) offey UogruLojsURLL

*3[eYs Y1 UT SUTEWAI 3[EYS AIMOJA 372 UM
parerouag sed oy jo 1uad1ad G/ Apprewxordde et a10N] “SurwoA ‘SuIseq SPIAI(T 3BIID) PUE ODEYSEA ‘UIoy3Iq TARY PUIM
I9ATY 19PMOJ Y2 UT 3[eYS AIMOJA] 1)1 JO Uonua1ax sed pue ‘uorsndx sed ‘vonerouad sed ‘Oner UONEWIOJSUEN JO SIOJ /] 24n5h]

(Aw) (Aw) v

[ ¢a (-4

(001 8/Bw) 001 /888 OH
(uogows)) offey UopBULIO}SURLL
(004 8/8w) 504 /888 OH

191 p2 o]
uiseg woytig

L»Ev v ST O K01 (Auw)

OO

zZo

OH

0

1) oHey UoRRULOjsURIL

o0

(uo )) opey uoeULOSURI)
(uo

(004 B/8w) 0L /888 OH

(004 8/8w) 00L /8

g0

z
uiseg epjeusem w  seARys  od

28



Regional significance

The shale observations outlined above fit neatly with the regional fluid-flow systematics

for WLB discussed by Surdam et al. (2005). In brief, in each WLB at 8,000 to 9,000 feet
present-day depth in the dominantly low-permeability Cretaceous stratigraphic section, there
is a regional seismic/sonic velocity slow-down associated with a transition from single-phase
fluid-flow systems to multiphase fluid-flow systems. The multiphase portion of the fluid-flow
system is dominated by capillarity and anomalous pressures, either over- or under-pressure
(Surdam et al., 2005). This regional fluid-flow transition or boundary typically coincides
with the presence of a low-permeability lithologic unit, but it may cut across stratigraphy
within the shale unit. The compartmentalized regional fluid-flow system in the WLB gener-
ally extends down to the lowermost organic-rich Cretaceous shales in the basins. Figure 18
provides a good example of the typical regional fluid-flow system characterizing each WLB.

In summary, in the central portion of each WLB is a regionally significant three-dimensional
(3-D) domain — dominated by low-permeability lithologies and anomalous pressures —

between approximately 8,000 feet present-day depth and the lowermost Cretaceous organic-
rich shales. This 3-D anomalously pressured domain has a ubiquitous gas charge (Surdam et

al., 2005).

Exploration implications

These Laramide regional basin-center gas-charged domains are prime areas for shale-gas
plays. Critical in evaluating a potential WLB shale-gas play is the ability to detect and delin-
eate storage sweet spots within the low-permeability unit of interest. In this context, the two
most important characteristics of a potential storage sweet spot are relatively good porosity
(i.e., enhanced porosity) and high gas saturation in the formation fluid. If the distribution of
these two attributes can be determined for a shale-rich unit within the regional gas-charged
domain, shale-gas plays can be successfully developed in the WLB.

Potential exploration strategies

One possible approach to delineating gas storage sweet spots in the regional gas-charged
domain is the use of specific seismic attributes related to fluid composition. An example

of this approach is the work at Jonah Field outlined in Surdam et al. (2001). In this work,
the distribution of anomalously slow seismic velocities was used to detect and delineate gas
storage sweet spots (see especially Figure 5 in Surdam et al., 2005). A problem with this type
of approach is that more than one parameter may affect the velocity function. As previously
noted, the velocity function can be affected by burial, erosional, tectonic, lithologic, and
compaction effects, as well as the presence of a gas phase in the formation fluid (Surdam et
al., 2005). However, if the velocity analysis is focused on a specific lithology, or on a shale
unit characterized by a relatively constant lithology (such as the Mowry Shale) within the
spatial context of the anomalously pressured domain, the uncertainty of the evaluation can
be greatly reduced.
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Figure 18. East-west anomalous velocity/fluid-flow system profile of the Powder River Basin, Wyoming. At 8,000
to 9,000 feet present-day depth in the dominantly low-permeability Cretaceous stratigraphic section, there is a
regional seismic/sonic velocity slow-down associated with a transition from a single-phase fluid-flow system to a
multiphase fluid-flow system, and from normal to anomalous pressures (Surdam et al., 2005).

For example, Figure 19 shows the lateral velocity variation of the Mowry Shale on a two-di-
mensional (2-D) seismic line from the Bighorn Basin of Wyoming. Clearly, Figure 19 shows
significant lateral variations in seismic velocity within the Mowry Shale, a monolithic shale
unit. It is suggested that these lateral velocity variations within the Mowry Shale over a dis-
tance of 0.5 miles are best explained by variations in the composition of the fluid phase (i.e.,
presence of gas). If the explorationist is convinced that substantial lateral variations in sonic/
seismic velocity (up to 1,000 meters per second (m/s)) in relatively monolithic shale units are
best attributable to variations in fluid composition, then a powerful tool exists to aid explora-
tion for commercial shale-gas accumulations.

Consider the real case where the velocity attributes for the Mowry Shale were extracted from
a 3-D seismic survey in the Greater Green River Basin. For the area of the survey, the ap-
proach outlined in Surdam et al. (2005) was used to develop an ideal velocity/depth gradient
(i.e., baseline, or the velocity/depth gradient for the specific lithology assuming a single-phase
fluid-flow system) for the Mowry Shale. Then, the “anomalous” velocity for the Mowry Shale
below the regional velocity/pressure transition was determined by calculating the difference
between the observed velocity for the Mowry Shale at a specific depth for the top, middle,

or bottom of the shale unit, and the ideal velocity/depth gradient. The difference between

the ideal and observed gradient is the anomalous velocity value for the Mowry Shale at that
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specific depth. This procedure was used to laterally map the anomalous velocity function at
the top of the Mowry over the area covered by the 3-D seismic survey (Figure 20). Figure
20 displays a clearly defined anomalously slow velocity area at the top of the Mowry Shale
associated with an anticline. The velocity values for the Mowry Shale associated with the
structure are 1,400 to 1,600 m/s slower than would be predicted by the ideal velocity/depth
gradient; there is also a significant difference (approximately 1,000 m/s) between observed
velocity values on the crest of the structure and values on the flanks of the structure. Again,
we suggest that in this illustration (Figure 20), gas-filled enhanced porosity — probably due
to fracturing — in the Mowry Shale on the anticline results in a detectable gas storage sweet

spot (i.e., potential shale-gas play).

Vernik and Nur (1992) showed that the organic content of a shale can affect its velocity char-
acteristics (Figure 21). So, velocity values of the Mowry Shale measured on and off of the
structure shown in Figure 20 were compared to the V /TOC curve for organic-rich shales
measured by Vernik and Nur (1992). Figure 21 shows that values for Mowry Shale samples
collected on the structure are about 1,000 m/s slower than values for samples collected off
the structure. This velocity difference in the Mowry Shale cannot be ascribed to variations in

200
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Figure 19. A seismic interval velocity profile from the Bighorn Basin. Note the significant lateral variation of
interval velocity values within the Mowry Shale,
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Figure 20. Anomalous velocity
model of the Mowry Shale gener-
ated from a 3-D seismic survey

in the Greater Green River Basin,
Wyoming. A significant anoma-
lously slow velocity domain,
occurring at the top of the Mowry
Shale and associated with an anti-
cline, is clearly defined.
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Figure 21. Plot of
P-wave velocity vs.
TOC showing how
the organic content
of a shale can affect
its velocity character-
istics. The velocities
from Figure 20 on the
structure (red square)
and off the structure
(blue square) from the
3-D survey used in
Figure 20 are plotted
on the figure, showing
that there is sig-
nificant lateral velocity
variation within the
Mowry Shale interval.
Modified from Vernik
and Nur, 1992.



organic content. Likewise, substantial velocity differences between shales separated laterally
by 100 feet cannot be attributed to variations in lithology. Again, we suggest that the best
explanation for the velocity distribution of the Mowry Shale shown in Figure 20 is enhanced
storage associated with the anticlinal structure and filled with gas.

Conclusions

The regional, Cretaceous, 3-D, gas-charged, anomalously-pressured domains (Figure 18)
present in each of the WLB - from approximately 8,000 + 1,000 feet present-day depth
down to the lowermost Cretaceous organic-rich shales — are prime shale-gas targets. The basic
characteristics of the Mowry Shale described in this work assist substantially in explaining

the regional compartmentalization of fluid-flow systems and gas distribution inherent in the
Cretaceous stratigraphic sections in the WLB. Moreover, seismic attributes can be used to
accurately detect and delineate enhanced gas storage sweet spots within the regional gas-
charged, anomalously pressured, low-permeability domains. If the Mowry Shale can be used
as a surrogate for other organic-rich shales in the Cretaceous stratigraphic section, then most
of the shale-rich stratigraphic units in the WLB have outstanding potential for shale-gas plays
below the velocity inversion surface (Figure 18).
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