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Petroleum Geology of the State of Washington

By Samuel Y. Johnson,! Marilyn E. Tennyson,?
William S. Lingley, Jr.,® and Ben E. Law*

ABSTRACT

Washington is a petroleum exploration frontier, but
thereisno current petroleum production in the State. Several
possible petroleum systems may be present, hosted by sedi-
mentary rocks deposited in Eocene strike-slip basins and late
Eocene and younger intra-arc, fore-arc, and trench basins.
Eight conventional petroleum plays, three coal-bed gas
plays, and two continuous-type gas plays are delineated in
order to analyze and assess the resource potential. In these
plays, the potential for significant petroleum accumulations
appears greatest in the Columbia Plateau region of eastern
Washington. Potential accumulations in western Washing-
ton are smaller but could have local economic significance.
On aregional scale, the absence of high-quality source rocks
is probably the most important factor limiting development
of large accumulations, although development of suitable
reservoirs and an inability to map traps al so limits the poten-
tial of some plays.

INTRODUCTION

Thereisno current oil and gas production in Washing-
ton. However, the region has been considered a petroleum
frontier since 1900 when the State’s first wildcat well was
drilled in Snohomish County (McFarland, 1983). The State
has experienced several phases of petroleum exploration
during this century, generated largely by the presence of
voluminous deltai c and marine sedimentary rocks, numerous
oil and gas shows and seeps, and the development of the
nearby Mist gasfield in northwest Oregon (Niem and others,
1994). Aspart of an ongoing effort to understand and predict
the petroleum resources of the United Statesthat includesthe
recent National Assessment of Oil and Gas Resources
(Gautier and others, 1995), the U.S. Geological Survey, in
cooperation with the Washington Department of Natural
Resources, recently recognized severa hypothetical, con-
ventional, and unconventional petroleum plays (Johnson and
Tennyson, 1995). The play areas occupy diverse geologic

settings within the complex geologic framework of the
Pacific Northwest convergent continental margin. The pur-
pose of thisreport isto more fully describe, illustrate, and ref-
erence the geologic setting and petroleum geology of these
plays and to briefly summarize resource estimates of the U.S.
Geological Survey's 1995 National Petroleum Assessment.
The play number designations used in that assessment are
included in this report.

For eight hypothetical conventiona petroleum playsin
the State of Washington, we estimate a mean undiscovered
petroleum resource of 586 BCF (billion ft3) of gas and 19.3
MMB (millions of barrels) of oil. Mean estimated potential
gas-reserve additions from three hypothetical coal-bed gas
plays are 697.3 BCF. The mean undiscovered petroleum
resource estimated for one hypothetical basin-centered gas
play (Columbia Basin—Basin-Centered Gas play, 503) is
12.2 TCF (trillion ft3) of gas and 122.0 MMB of natural gas
liquids. A second basin-centered gas play (Willamette—Puget
Sound Basin-Centered Gas play, 412) is described but not
assessed because of insufficient information. Because petro-
leum is not currently produced in Washington and thereisan
enormous volume of untested sedimentary rock, there are
fewer constraints on petroleum assessments than for devel-
oped regions and States. The play identification and analysis
presented in this report provides a geologic database, frame-
work, and references from which further discussion and eval-
uation of assessments can proceed.

All of the plays we have identified share a common set
of geologic parameters. Most potential source and reservoir
strata are Paleogene siliciclastic rocks. The source rocks
range from carbonaceous shales and siltstones, having 0.5 to
4 percent total organic carbon, to methane-rich coals. Kero-

1U.S. Geologica Survey, Mail Stop 966, Box 25046, Denver Federal
Center, Denver, CO 80225.

2U.S. Geological Survey, Mail Stop 940, Box 25046, Denver Federal
Center, Denver, CO 80225.

SWashington Department of Natural Resources, P.O. Box 47007,
Olympia, WA, 98504-7007.

4U.S. Geological Survey, Mail Stop 971, Box 25046, Denver Federal
Center, Denver, CO 80225.
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gens are mostly type Il gas prone, but minor amounts of
type-ll oil- and gas-prone materia have been observed in
some plays. Numerous gas shows and seeps together with
stripper oil and gas production indicate that effective source
rocks are present. Reservoir rocks are mostly Eocene moder-
ate- to low-porosity feldspathic to sublithic sandstones, typi-
cally 20 to 60 ft (6.1 to 18.3 m) thick, with permeabilities
ranging from afew tenthsto afew tens of millidarcies. Wire-
line logs indicate that many wells have penetrated multiple
potential reservoirs and considerable impermeable mud-
stone; therefore inadequate seal is not considered an impedi-
ment to exploration. Thermal maturity typically decreases
westward and eastward from low-grade metamorphic rocks
that crop out along the crest of the Cascade Range and in the
core of the Olympic Mountains (fig. 1). Geothermal gradi-
ents along the Puget trough have apparently remained at a
low 15°C/km since the middle Eocene. Potential fault traps
and faulted anticlinal traps are abundant throughout Wash-
ington, but structural complexity coupled with various
data-collection problems have stymied most efforts to map
prospect-scale structures with reflection seismology. All
plays described can be considered as frontier exploration. As
of 1995, the average drilling density in Washington was
among the lowest in the United States, with about 1 well per
1,000 mi? (2,600 km?).
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REGIONAL GEOLOGY OF
WASHINGTON

Washington (fig. 1) occupies a complex geologic set-
ting along the western continental margin of North America.
Much of the Stateisunderlain by adiverse pre-Tertiary base-
ment of metamorphic, igneous, and sedimentary rock that
comprise severa distinct crustal terranes that generally have
alochthonous and (or) exctic origins (e.g., Tabor, 1994).
Final stages of accretion of these terranes occurred by Late
Cretaceous or Paleogene time, after which the rocks formed
the framework of the Washington continental margin. These
rocks are widely exposed in northeastern Washington and the

North Cascade Range. In southeastern Washington, this
basement complex is covered by the Miocene Columbia
River Basalt Group. In the Cascade Range, pre-Tertiary
rocks plunge south below Tertiary Cascade volcanic rocks
about 28 mi (46 km) southeast of Mount Rainier. The west-
ernmost exposures of pre-Tertiary basement rocks occur in
the San Juan Idlands and along the west flank of the Cascade
Range. For the most part, these pre-Tertiary rocks are
thought of as economic basement for petroleum exploration
in Washington.

The pre-Tertiary basement experienced significant
Eocene transtensional and extensional deformation, mani-
fested by detachment faulting and diffuse volcanism in
northeastern Washington (e.g., Harms and Price, 1992), and
strike-dlip faulting and formation of rapidly subsiding sedi-
mentary basinsin the area of the present Cascade Range and
western Columbia Plateau (Johnson, 1985). Thick sequences
of Paleocene to lower Oligocene fluvia to shallow-marine
sandstone and interbedded mudstone and coal are wide-
spread throughout Washington (fig. 2). For example, Eocene
nonmarine sedimentary rocks exceed 20,000 ft (6,000 m) in
thickness in the northwest-trending Chiwaukum graben
(Gresens and others, 1981; Chumstick basin of Evans, 1994)
on the east flank of the Cascades and in the Bellingham basin
of northwest Washington (Johnson, 1984a). The thick Paleo-
gene sedimentary sequences in these basins may be host to
petroleum. Four hypothetical conventional gas plays (fig. 3),
three hypothetical coal-bed gas plays (fig. 4), and a hypothet-
ical basin-centered gas accumulation play (fig. 4) that
involve these rocks are described below.

The Paleogene sedimentary rocks in the Cascade
Range-Columbia Plateau region are partly covered by
younger volcanic rocks. Cascade arc volcanism began in the
late Eocene and, although discontinuous in both space and
time, has persisted until the present. In contrast, the thick (as
much as 15,000 ft; 4,572 m) Miocene Columbia River Basalt
Group, which covers southeastern Washington, was erupted
from feeder dikes in easternmost Washington and Oregon
and adjacent Idaho in arelatively short period between about
16.5 and 6.5 Ma (Walsh and others, 1987; Reidel and others,
1989).

Pre-Tertiary basement in Washington is bounded on the
west-southwest by a complex structural zone in the Puget
Lowland (Johnson and others, 1996). West of this zone, the
western Puget Lowland, Coast Range, and Olympic Moun-
tains of Washington are mainly underlain by lower and mid-
dle Eocene marine basalts of the Crescent Formation, now
widely believed to have formed in a continental-margin
rift-basin setting (Wells and others, 1984; Snavely, 1984,
1987; Babcock and others, 1992). In the |ate Paleogene and
Neogene, significant local tectonism and block rotation led
to partitioning of southwest Washington into discrete basins
and uplifts (Wellsand Coe, 1985). One hypothetical gas play
(fig. 3; Cowlitz-Spencer Gas play, 407) involving middle to
upper Eocene marine to nonmarine rocks overlying the
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Crescent Formation is located in the Chehalis and Nehalem
basin areas on the eastern flank of the Coast Range block in
southwest Washington. A hypothetical oil play involving
Miocene shallow-marine sandstones (fig. 3; Southwest
Washington Miocene Sandstone play, 406) occurs in the
Grays Harbor basin area on the western flank of the Coast
Range block in southwest Washington.

Throughout the Tertiary, the Coast Range block moved
northward relative to the pre-Tertiary framework to the east
aong a complex dextral strike-dlip fault zone on its eastern
margin (Johnson, 1984b, 1985; Johnson and others, 1994,
1996). This northward movement has been accommodated

on the north by south-directed thrusting on southern Vancou-
ver Island (Clowes and others, 1987), by folding and faulting
in the northern Coast Range block (Brown and others, 1960;
Snavely, 1987; Snavely and others, 1993), and by subsid-
ence of the Tofino-Fuca basin (Johnson and Y ount, 1992).
Eocene to Miocene marine sedimentary rocks of the
Tofino-Fuca basin on the northern Olympic Peninsula are
host to one hypothetical gas play (fig. 3; Tofino-FucaBasin
Gas play, 404), described below.

Subduction of oceanic crust and overlying marine sedi-
ment bel ow the western margin of the Coast Range block has
occurred from the Eocene to the present. Underplated
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sedimentary rocksvarying in character from chaotic melange
to thick, laterally continuous sections, exposed by dramatic
late Miocene and younger uplift, crop out in the Olympic
Mountains and along the adjacent coastline to the west
(Tabor and Cady, 1978; Brandon and Calderwood, 1990;
Snavely and others, 1993; Lingley, 1995). These variably
deformed rocks are host to the hypothetical Western Wash-
ington Melange play (405) and may be sources for petroleum
in the Tofino-Fuca Basin Gas play (404) and the Southwest
Washington Miocene Sandstone play (406) (fig. 3).

CONVENTIONAL PETROLEUM PLAYS

For the U.S. Geological Survey 1995 National Assess-
ment of United States Oil and Gas Resources (Gautier and
others, 1995), a conventional petroleum play was defined as
“aset of known or postulated oil and (or) gas accumulations
sharing similar geologic, geographic, and temporal

properties such as source rock, migration pathway, timing,
trapping mechanism, and hydrocarbon type” (U.S. Geologi-
ca Survey Nationa Oil and Gas Resource Assessment
Team, 1995, p. 6). Play attributes are the geologic character-
isticsthat describe principal properties of and necessary con-
ditions for the occurrence of oil and (or) gas accumulations
of aminimum size. Minimum accumulation sizes estimated
and evaluated quantitatively for the National Assessment are
1 MMBO (million barrels of oil) and 6 BCFG (billion cubic
feet of gas). Assessments of undiscovered fields smaller than
these minimum accumulations were made separately. For
each conventional play defined, there is a discussion of
source rocks, reservoir, timing and migration of hydrocar-
bons, traps and seals, exploration status, and evaluation of
resource potential. The exploration status describes historical
drilling activity and known industry interest as of 1995.

Evaluation of conventional resource potential is based
on probabilities of play attributes, including charge, reser-
voir, and trap. Charge describesthe occurrence of conditions
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of hydrocarbon generation and migration adequate to cause
an accumulation of the minimum size. Charge includes con-
sideration of the existence of source rocksthat contain suffi-
cient organic matter of the appropriate composition,
appropriate temperature and duration of heating to generate
and expdl sufficient quantities of oil and (or) gas, and timing
of expulsion of oil and gas from source rocks appropriate for
filling available traps. Reservoir considers the occurrence of
reservoir rocks of sufficient quantity and quality to permit
the containment of oil and (or) gasin volumes sufficient for
an accumulation of the minimum size. Trap considers the
occurrence of those structures, pinch-outs, permeability
changes, and similar features necessary for the entrapment of
oil and (or) gasin at least one accumulation of the minimum
size. Included in this attribute are seals sufficient for entrap-
ping hydrocarbons and capable of holding oil and gas accu-
mulations during appropriate ranges of geologic time. The
play probability represents the product of the probabilities
(expressed as a decimal fraction) of the three play attributes
(charge, reservoir, and trap) and represents the chance that
oil or natural gas accumulations of the minimum size exist
within the particular play. Only plays with play probabilities
of greater than 0.1 were quantitatively evaluated.

After first determining an acceptable (= 0.1) play prob-
ability, estimates were made of the minimum, median, and
maximum number of undiscovered accumulations in the
area of each play. These estimates were based on the size of
the play area, our interpretation of the geology of the play,
and analogs from other fields, plays, and provinces. We also
estimated the size distribution of accumulations in the play.

These estimates are based on either a geologically similar
analog or on equations for in-place hydrocarbons (e.g., Dol-
ton and others, 1987) that involve several different parame-
ters and assumed values that are listed for each play.

BELLINGHAM BASIN GASPLAY (401)

Introduction.—This hypothetical conventional gas play
is located in the Bellingham basin of the northern Puget
Lowland of Washington (figs. 1, 3, 5). The Bellingham basin
is a lowland that forms the southern part of a larger topo-
graphic depression that extends northwest into Canada. Ini-
tial subsidence in the Georgia basin is recorded by marine
and lesser nonmarine conglomerate, sandstone, siltstone,
and shale of the Upper Cretaceous Nanaimo Group (Mus-
tard, 1994). A second phase of basin subsidence is recorded
by nonmarine sandstone, mudstone, and coal of the Pale-
oceng(?) to Eocene Chuckanut and the upper Eocene Hunt-
ingdon Formations (fig. 2) (Johnson, 1984a; Mustard and
Rouse, 1994), which rests unconformably on the Nanaimo
Group or on pre-Tertiary crystalline or metamorphic base-
ment. The modern Georgiaand Bellingham basinsformed in
the Neogenefollowing asignificant middle Tertiary contrac-
tional deformation event (Johnson, 1984a; England and
Calon, 1991). The modern Bellingham basin contains adom-
inantly continental sedimentary segquence of Miocene to
Quaternary sediments, including the Boundary Bay forma-
tion of Mustard and Rouse (1994), Pleistocene glacial and
interglacial sediments, and fluvial-deltaic deposits of the
Fraser and Nooksack rivers.
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The Bellingham Basin Gas play (401) is bounded to the
south by uplifted, folded strata of the Eocene Chuckanut For-
mation and to the east by an uplift of pre-Tertiary basement
rocks on Sumas Mountain. To the southwest, the play
extends into the Strait of Georgia and isbounded by pre-Ter-
tiary rocks of the San Juan Islands. To the north (both
onshore and offshore), the play extends into Canada. Only
the portion of the play in the United Statesisevaluated in this
report.

The petroleum exploration premise for this play is that
gas has been generated from organic-rich nonmarine rocks of
the Eocene Chuckanut Formation, or less likely from Upper
Cretaceous marine strata of the Nanaimo Group, and
migrated into reservoirsin Chuckanut fluvial sandstone bod-
ies. Structural traps for reservoirs might include large folds
or smaller fault blocks, and interbedded fine-grained rocks
would provide seals.

Reservoirs—Potential reservoirs in the Bellingham
Basin Gasplay (401) arethelower and middle Eocenefluvial
and distributary channel sandstone bodies of the Chuckanut
Formation (Johnson, 1982, 1984c). Sandstone bodies range
in thickness to as much as 200 ft (60 m), are commonly con-
glomeratic, and typically include thin (< 1 ft; 30 cm) discon-
tinuous lenses of mudstone. Sandstone bodies are bounded
by fine-grained strata (mudstone to very fine grained sand-
stone) of fluvial overbank origin. In samples from the Birch
Bay No. 1 well, porosity decreased with depth from 26

percent at 1,000 ft (305 m) to less than 10 percent at 6,000 ft
(1,829 m) (Hurst, 1991). Permeable reservoir rocks may be
present below about 4,500 ft (1,372 m) locally, but not across
the entire play. Measured permeabilities range from lessthan
1 mD to 58 mD (P.D. Hurst, Canadian Hunter Exploration,
Ltd., written commun., 1992). Sandstones are arkosic areni-
tes (Johnson, 1982, 1984a) and the decreases in reservoir
qualities with depth are attributed to compaction and degra-
dation of feldspar and lithic fragments. Porosity values from
20 outcrop samples of Chuckanut Formation sandstone range
from 0.8 to 12.7 percent (mean = 7.01 percent); permeability
values for the same sample suite ranges from 0.002 to 2.89
mD (mean = 0.326 mD) (J.M. Armentrout, Mobil Oil Com-
pany, written commun., 1982).

Source rocks—The character of source rocks in the
Upper Cretaceous Nanaimo Group is considered poor (Bus-
tin, 1990; Bustin and England, 1990; Mustard, 1994). Non-
marine carbonaceous shale and coal beds of the lower
Tertiary Chuckanut and Huntingdon Formations have mod-
erate gas generative potential although these rocks are sub-
mature in many parts of the basin. In the Birch Bay No. 1
well (addendum to McFarland, 1983), for example, coalsand
shales above a depth of 6,000 ft (1,829 m) are reported to
have both type-11l and -I1B kerogens (Lingley and von der
Dick, 1991), and several beds in this interval contain more
than 6 percent total organic carbon (Hurst, 1991). Rocks
below 6,000 ft depth (1,829 m) in the Birch Bay No. 1 well
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have type-111 kerogens and low TOC (total organic carbon)
values.

Vitrinite reflectance values of about 0.5 to 0.6 percent
have been reported from depths of 1,700 to 7,600 ft (518 to
2,316 m) in the basin (fig. 5). Reflectance in Chuckanut For-
mation outcrops on the south flank of the Bellingham basin
is0.74 percent (fig. 5) (Walsh and Lingley, 1991).

Gases escaping from old well casings (about 5 mi
northwest of Bellingham; fig. 5) have a high methane and
nitrogen content (McFarland, 1983) and a mainly ther-
mogenic origin (Hurst, 1991). One abandoned well is pres-
ently venting about 10 MCFGPD (thousand cubic feet of gas
per day) because it cannot be effectively plugged.

Timing and migration of hydrocarbons—Maximum
burial occurred in the late middle to early late Eocene, prior
to late Eocene folding and associated uplift (Johnson,
19844a). Thus, the large anticlinesin the basin that are poten-
tial hydrocarbon traps formed during and dlightly later than
peak hydrocarbon generation and migration.

Traps and seals—Large anticlines that are probably
subsurface extensions of folds exposed on the southeastern
basin flank (fig. 5) form the most viable hydrocarbon traps.

Hurst (1991) calculated 5,000 acres (20.2 km?) of structural
closure on the anticline penetrated by the Birch Bay No. 1
well. Surface trends suggest there should be three or four
comparable anticlines east of the Birch Bay structure in the
basin subsurface. The basin is aso cut by numerous
high-angle faults (Johnson, 1982; Mustard, 1994), and small
structural traps adjacent to these faults are aso possible.
Interbedded fine-grained nonmarine rocks are the likely
seals; the lenticularity of these unitsis responsible for some
uncertainty in trap viability.

Exploration status—Approximately 19 wells with
total depth greater than 1,500 ft (457 m) have been drilled in
the United States part of this play since 1914. Of these, only
seven wells had total depth greater than 5,000 ft (1,524 m),
and 9,126 ft (2,782 m) isthe deepest penetration. In Canada,
approximately eight additional wells deeper than 5,000 ft
(1,524 m) have been drilled, and maximum penetration is
14,789 ft (4,508 m). Most recently (between 1988 and 1991),
three wells with total depths ranging from 4,422 to 9,126 ft
(1,348 to 2,782 m) were drilled in the United States.
Non-commercial gas shows were reported from several
sandstone bodies and from coal beds in these wells. Future
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Tablel. Conventiona oil and gas playsin Washington.

[Summary and comparison of estimated probabilities for charge, reservoir, and trap; overall play probability; median number of petroleum accumulations
larger than 1 MMBO (ail) or 6 BCF (gas); and size of the largest accumulation expected at a 0.05 probability]

Probability Median number of Largest

Play name and number Charge Reservoir Trap Overall accumulations  accumulation
Bellingham Basin Gas (401) 05 05 0.8 0.2 5 155 BCF
Southeastern Puget Lowland Gas (402) 0.9 1.0 0.75 0.68 10 125 BCF
Puget Lowland Deep Gas (403) 0.75 0.2 0.75 0.11 5 125 BCF
Tofino-Fuca Basin Gas (404) 1.0 05 04 0.2 7 30 BCF
Western Washington Melange (405) 1.0 1.0 0.5 0.5 10 13 MMBO
Southwest Washington Miocene Sandstone (406) 1.0 1.0 0.15 0.15 2 14 MMBO
Cowlitz-Spencer Gas (407) 1.0 1.0 1.0 1.0 10* 150 BCF
Northwestern Columbia Plateau Gas (501) 1.0 0.6 1.0 0.6 10 1,000 BCF

*The median number of accumulations shownisfor the entire play area, which includes parts of southwest Washington and northwest
Oregon. We estimate a median of four undiscovered gas accumulations for the Washington portion of the play (see text for discussion).

exploration in the Bellingham basin may concentrate on a
potential coal-bed methane resource (see below) or on devel-
opment of gas storage facilities similar to that currently oper-
ating in the Chehalis basin (Wurden and Ford, 1976).
Pipelines bringing gas to the Pacific Northwest urban corri-
dor from Alberta, Canada, extend through the Bellingham
basin, so local infrastructureis highly favorable for devel op-
ment of a gas resource.

Evaluation of resource potential.—This play has been
poorly to moderately explored. Thereis only minor informa-
tion about rocks at depths greater than 5,000 ft (1,524 m).
Based on existing knowledge, the best objectives for a con-
ventional gas play are at depths of less than 5,000 ft (1,524
m), where source and reservoir rocks are each of marginal
quality. For therecent U.S. Geologica Survey 1995 National
Petroleum Assessment (Gautier and others, 1995), Johnson
and Tennyson (1995) assessed the probability of suitable
charge, reservoir rock, and trap at 0.5, 0.5, and 0.8, respec-
tively, yielding an overal play probability of 0.2 for a gas
accumulation larger than 6 BCF (table 1). The median num-
ber of undiscovered gas accumulations larger than 6 BCF
was estimated to be 5. The size of the largest accumulation
expected at a5 percent probability was estimated to be 155
BCF using the following simulation parameters and the
methodology of Dolton and others (1987): Area of closure =
5,000 acres (20.2 km?); depth = 10,000 ft (3,048 m); reser-
voir thickness = 75 ft (23 m); effective porosity = 10 percent;
trap fill = 0.8; recovery factor = 0.5; water saturation = 0.27.
The mean undiscovered resource in the Bellingham Basin
Gas play was estimated to be 30 BCF (table 2).

SOUTHEASTERN PUGET LOWLAND
GASPLAY (402)

Introduction.—This hypothetical conventional gas play
islocated in the southeastern Puget L owland and the western

flank of the Cascade Range of Washington (figs. 1, 3, 6).
This region experienced transtensional deformation and
rapid subsidence during the Eocene when coal-bearing rocks
of the Puget Group and correlative strata were deposited
(Johnson, 1985). From the Oligocene to the Holocene,
transpressive deformation of basinal strataresulted in numer-
ous faults and broad to tight folds (Gard, 1968; Vine, 1969;
Stanley and others, 1996). This structural complexity has
made precise correlation of coal-beds and other stratigraphic
markers across the play area difficult.

The play extends north from the Morton area to the
Tiger Mountain areaand is about 18 to 30 mi (30 to 55 km)
wide. The play is bounded to the east by either uplifts of
pre-Tertiary rocks, or by a depositional contact where
Eocene sedimentary rocks dip below athick cover of Eocene
and younger volcanic rocks. To the northwest, the play is
bounded by the approximate facies contact between upper
middle to upper Eocene nonmarine rocks (potential reservoir
rockswithinthe play) and marinerocks (west of the play). To
the west, the play boundary approximates the location of a
poorly defined, north-trending boundary that separates a
thicker, mainly nonmarine, more deformed, upper middle to
upper Eocene sequence to the east from a thinner, mixed
marine-nonmarine, less deformed, upper middle to upper
Eocene sequence to the west.

The exploration premise is that gas has been generated
from Eocene nonmarine carbonaceous shale and coal or
marine mudstone and has migrated into reservoirsin Eocene
fluvial and shallow marine sandstones of the Puget Group.
Structural traps for reservoirs might include anticlines and
fault blocks; interbedded and overlying fine-grained sedi-
mentary rocks and (or) volcanic rocks would provide seals.

Reservoirs—Middle to upper Eocene fluvial- and dis-
tributary-channel sandstone bodies of the undifferentiated
Puget Group, the Tiger Mountain Formation, the Renton For-
mation, the Carbonado Formation, and the Spiketon Forma-
tion (fig. 2) are the target reservoirs for this gas play. These
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Table 2. Conventional oil and gas in Washington.

[Estimates of undiscovered technically recoverable resources by play (Johnson and Tennyson, 1995; Tennyson, 1995). Fractile values (Fgs, Fs) are not ad-
ditive. Fgs represents a 19 in 20 chance and F5 represents a 1 in 20 chance of the occurrence of at |east the amount tabul ated]

Crude oil (million barrels) Gas (billion cubic feet)
Play name and number Fos Fg Mean Fos Fg Mean

Bellingham Basin Gas (401) 0.00 0.00 0.00 0.00 229.20 30.00
Southeastern Puget Lowland Gas (402) 0.00 0.00 0.00 0.00 615.20 163.20
Puget Lowland Deep Gas (403) 0.00 0.00 0.00 0.00 139.00 26.80
Tofino-Fuca Basin Gas (404) 0.00 0.00 0.00 0.00 108.60 15.00
Western Washington Melange (405) 0.00 8920 1820 0.00 0.00 0.00
Southwest Washington Miocene Sandstone (406) 0.00 7.60 110 0.00 0.00 0.00
Cowlitz-Spencer Gas (407) 0.00 0.00 0.00 115.89*
Northwestern Columbia Plateau Gas (501) 0.00 0.00 0.00 0.00 1,119.70 235.10

TOTAL 19.30 585.99

*The Cowlitz-Spencer Gas play (407) includes parts of Oregon and Washington; however, only the estimated resource for the Wash-
ington portion of the play is shown on this table. The resource was allocated between the States based on our evaluation of the geologic

framework and petroleum geology.

sandstone bodiesrange in thickness from 10 ft (3 m) to more
than 200 ft (61 m) and are bounded by fine-grained
flood-plain deposits (Vine, 1969; Johnson and Stanley,
1995). Sandstone reservoirs might be present at depths of as
much as 10,000 ft (3,048 m).

Sandstone is typically arkosic (e.g., Buckovic, 1978;
Frizzell, 1978; Johnson and Stanley, 1995). Petrographic
and meager porosity-permeability data suggest that sand-
stones are “tight” in the eastern part of the play where rocks
have been subjected to higher geothermal gradients; loss of
porosity reflects compaction and ateration of lithic frag-
ments and feldspar. Porosity and permeability increaseinthe
western part of the play. Near Black Diamond, porosities
from two cores (depth range of 1,840 to 6,000 ft (561 to
1,829 m)) range from 6 to 37 percent and permeability
ranges from 1 mD to 2 darcies (unpub. industry data).

Exploration drilling hasindicated locally high reservoir
pressures (possibly artesian); the “Flaming Geyser” well
(total depth of 1,411 ft; 430 m), drilled asacoal testin 1911
in the Green River district, was abandoned because of gas
(flares as high as 30 ft; 9.1 m) and water flows. This well
continues to flow traces of gas.

Source rocks.—There are two possible source rocks for
this hypothetical gas play. Organic matter for both potential
source rocks is mostly type 111 and gas prone, although Lin-
gley and von der Dick (1991) also report type-11 organic mat-
ter from these rocks. Source 1—Upper middle to upper
Eocene carbonaceous shale and coal of the undifferentiated
Puget Group, and the Tiger Mountain, Renton, Carbonado,
and Spiketon Formations (fig. 2). Coal desorbtion dataindi-
cate that coas have generated significant gas (Walsh and
Lingley, 1991). Surface outcrops and samples from shallow
wells (< 2,000 ft (610 m)) have mean vitrinite reflectance
ranging from about 0.35 to 2.0 percent (Walsh and Lingley,
1991; Johnson and Stanley, 1995, unpub. U.S. Geological
Survey data). Thermal maturity generally increases to the

east and in close proximity to intrusives (Walsh and Lingley,
1991; Esposito and Whitney, 1995; Johnson and Stanley,
1995). Source 2—Lower to middle Eocene marine mud-
stones. These rocks are exposed only on Tiger Mountain,
east of Seattle, where they are assigned to the Raging River
Formation (Vine, 1969; Johnson and O’ Connor, 1994) , but
they are inferred to underlie a significant portion of the
southeastern Puget Lowland (Stanley and others, 1992,
1994; Johnson and Stanley, 1995). The source-rock proper-
ties of the Raging River Formation are described above.

Timing and migration of hydrocarbons.—As with the
Puget Lowland Deep Gas play (403; see below), maximum
burial occurred in the late Eocene to Oligocene, prior to Oli-
gocene and Neogene folding and associated uplift. Much of
this folding and uplift was controlled by movement on local
faults or fault networks and is not associated with aregional
contractional event (Johnson and others, 1994; Stanley and
others, 1996). Regiona heat flow became elevated in the
Oligocene and Miocene with the onset of Cascade Range
volcanism in the Oligocene and early Miocene. Thus, maxi-
mum heating and thermal maturation may locally postdate
maximum burial. Because of ongoing deformation, struc-
tural trapsin the play areahave probably formed before, dur-
ing, and after peak hydrocarbon generation.

Walsh and Lingley (1991) used a variety of maturation
datato show that the central Puget trough (west part of play)
has had unusually low geothermal gradients sincethe middle
Eocene. They note that gradients increase eastward to the
Cascade crest, defining a fairway of conditions favoring
peak gas generation at moderate depths that trends north
along the western foothills of the Cascade Range.

Traps—Anticlines and fault blocks such as those
that occur in the Morton or Carbon River anticlines or
near Black Diamond (Gard, 1968; Vine, 1969; Johnson
and Stanley, 1995; Stanley and others, 1996) form the
most viable hydrocarbon traps. Interbedded fine-grained
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Figure 6 (facing page). Schematic map showing Southeastern
Puget Lowland Gas play (402). Petroleum wells are listed in Mc-
Farland (1983) or in addendum to M cFarland available through the
Washington Division of Geology and Earth Resources. Thermal
maturity data (R, = mean vitrinite reflectance) is from Walsh and
Lingley (1991), Johnson and O’ Connor (1994), Johnson and Stan-
ley (1995), or the data are previously unpublished; values are from
surface samples unless footage from adjacent petroleum well islist-
ed. BD, Black Diamond; CR, Carbon River anticline; M, Morton;
PS, Puget Sound; S, Seattle; T, Tacoma; TM, Tiger Mountain; W,
Wilkeson. Geology simplified after Walsh and others (1987) and
Washington Public Power Supply (1991).

rocks (fluvia overbank deposits) and Oligocene and
younger volcanic rocks provide possible seals. Traps
might be present at depths ranging from the near surface
to 10,000 ft (3,050 m). The area is structuraly complex
and includes many faults and folds that may have been
active from the Neogene to the Quaternary and may
have compromised the integrity of traps and sedls.

Exploration status—Approximately 30 wells with
total depths greater than 3,000 ft (914 m) have been drilled
in the play area, including one well with a total depth of
12,920 ft, (3,938 m) drilled in 1963, and 10 with total depths
between 5,000 and 10,000 ft (1,524 and 3,048 m) (McFar-
land, 1982). In the early 1980's, AMOCO drilled 11 strati-
graphic test wells in the area of this play, with a maximum
total depth of 2,780 ft (847 m). Three other wellswith depths
ranging from 4,872 ft (1,485 m) to 8,271 ft (2,521 m) were
drilled between 1983 and 1989 (addendum to McFarland,
1983).

Evaluation of resource potential.—The Southeastern
Puget L owland Gas play (402) has been poorly explored (fig.
6). Inthe most favorable exploration scenario, gas generated
from source rocks in the eastern, more thermally mature part
of this play, has migrated westward to the best reservoir
rocksin the western part of the play. The history of Neogene
tectonism and uplift may limit both longer distance migra-
tion and the integrity of traps. The structural complexity
along with highly variable surface geology makes acquisi-
tion and interpretation of seismic reflection profilesdifficult.
If traps for gas are present, these traps are probably small
(620 BCF).

For the recent U.S. Geological Survey 1995 National
Petroleum Assessment (Gautier and others, 1995), Johnson
and Tennyson (1995) assessed the probability of suitable
charge, reservoir rock, and trap at 0.9, 1.0, and 0.75, respec-
tively, yielding an overall probability of 0.68 for a gas accu-
mulation larger than 6 BCF (table 1). The median number of
undiscovered gas accumulations larger than 6 BCF was esti-
mated to be 10. The size of the largest accumulation
expected at a5 percent probability was estimated to be 125
BCF using the following simulation parameters and the
methodology of Dolton and others (1987): Areaof closure =

2,000 acres (8.1 km?); depth = 10,000 ft (3,048 m); reservoir
thickness = 75 ft (23 m); effective porosity = 10 percent; trap
fill = 0.8; recovery factor = 0.5; water saturation = 0.27. The
mean undiscovered resource in the Southeastern Puget L ow-
land gas play was estimated to be 163.2 BCF (table 2).

PUGET LOWLAND DEEP GASPLAY (403)

Introduction.—This hypothetical conventional gasplay
islocated in the southeastern Puget Lowland and the western
flank of the Cascade Range of Washington (figs. 1, 3, 7). The
play extends north from near the town of Morton to northern
Whidbey Island and is about 25 to 30 mi (40 to 50 km) wide.
A progradational sequence of Eocene deep marineto nonma-
rine sedimentary rocks, including the Raging River Forma-
tion, the sandstone of Scow Bay, and the lower Puget Group
(fig. 2), forms the potentia petroleum system of this play
(Ise, 1985). The play is bounded to the east and north by
uplifts of pre-Tertiary rocks, or by a depositional contact
where Eocene sedimentary rocks dip below athick cover of
Eocene and younger volcanic rocks (Washington Public
Power Supply, 1981; Walsh and others, 1987; Whetten and
others, 1988). Structural uplifts cored by Eocene marine
basalt of the Crescent Formation bound the play to the north-
west. The southwest boundary of the play lies afew kilome-
ters west of an early to early middle Eocene facies change
where thick sequences of marine strata to the east are
inferred to interfinger with marine basalt to the west
(Johnson and Stanley, 1995). Along the axis of the Puget
Lowland, the Eocene section is overlain by heterogeneous
Oligoceneto Quaternary strata of variable thickness. Quater-
nary depocenters include the Seattle, Everett, and Tacoma
basins. The play area experienced transtensional deforma-
tion and rapid subsidence during the Eocene (Johnson,
1985). From the Oligocene to the present, contractional and
transpressive deformation of basinal strata resulted in
numerous faults and broad to tight folds (Gard, 1968; Vine,
1969; Johnson and others, 1994; Stanley and others, 1996).

The exploration premise of this play isthat gas has been
generated from deeply buried Eocene marine mudstone and
has migrated into overlying interbedded shelf or deep-water
sandstone reservoirs. Structural traps for reservoirs might
include anticlines and fault blocks, and interbedded
fine-grained rocks and (or) volcanic rocks would provide
sedls.

Reservoirs—Potentia reservoirs for the Puget Low-
land Deep Gas play (403) include lower to middle
Eocene marine sandstone of the Raging River Formation
(Johnson and O’ Connor, 1994) and unnamed deeply bur-
ied correlative units. Sandstone in the Raging River For-
mation is lithic rich, and samples from outcrops and one
core have minimal porosity or permeability (Johnson and
O'Connor, 1994). Outcrop and subsurface data are



12

48>

47°+

PETROLEUM GEOLOGY OF THE STATE OF WASHINGTON

1|23°
EXPLANATION
Quaternary
SJF deposits

Ro = 0.45, 7,250

/] 8648

- \
%9 \Q 5959 o \\\
6,6{33' | = \'I
. |
! PS 11,002 & i
|

9,675V
Ro = 0.60, 9,600’ |
D |

] Sedimentary
rocks, mainly
Eocene

Tertiary
volcanic rocks

Pre-Tertiary
rocks

{ B :) Play boundary

~

Wells with total
depth > 3,000'(feet)

/
f
| 2,000
! \
\ \
N =\
‘\ S \
N \
“\ == - 0
N
9,291'
\ Ro = 0.59, 1,240: f/;
| PR Ro = 1.18 10 4.01,
| 0'to 1,600'
| 4 vV 4
I 6,800'
|

Ro = 0.24 t0 0.61
200 to 3,100'

Ro = 0.60, 6,800'
/ n=

=7
/max TD = 6,023'\ B .
x ot %= 0,
~

12,920 _¢)—5,069
Ro = 1.24, 12,900'

Rp=0.40t00.604 4
1,600 t0 4,100 v
Fas

Rg = 0.64, 4,890"
i

1
< >

Ve

1
v 1
BN >
< <




CONVENTIONAL PETROLEUM PLAYS 13

Figure7 (facing page). Schematic map showing Puget Lowland
Deep Gas play (403). Petroleum wells are listed in McFarland
(1983) or in addendum to McFarland available through the Wash-
ington Division of Geology and Earth Resources. Thermal maturity
data (R, = mean vitrinite reflectance) is from Walsh and Lingley
(1991), Johnson and O’'Connor (1994), Johnson and Stanley
(1995), or was previously unpublished; values are from surface
samples unless footage from adjacent petroleum well islisted. BD,
Black Diamond; CR, Carbon River area; E, Everett; EB, Everett ba-
sin; M, Morton; MR, Mount Rainier; PS, Puget Sound; S, Seattle;
SB, Sedttle basin; SJF, Strait of Juan de Fuca; T, Tacoma; TB,
Tacomabasin; TM, Tiger Mountain; W1, Whidbey |sland. Geology
simplified after Walsh and others (1987) and Washington Public
Power Supply (1991).

insufficient to evaluate sandstone thickness and geome-
try. There are no available data on correlative deeply bur-
ied units in the play area; however, based on regiona
paleogeographic patterns (e.g., Buckovic, 1978; Johnson,
1985; Johnson and Stanley, 1995), sandstone of both
arkosic and lithic composition should be present in these
units.

Source rocks.—Source rocks areinferred to be lower to
middle Eocene marine mudstones (Johnson and O’ Connor,
1994). Theserocks are exposed only on Tiger Mountain, east
of Sesttle, where they are assigned to the Raging River For-
mation, but they areinferred to underlie a significant portion
of the Puget Lowland (Johnson and Stanley, 1995). At Tiger
Mountain, mean vitrinite reflectance of surface samplesvar-
iesfrom 1.18 to 4.01 percent, and is 1.96 percent at 1,633 ft
(498 m) in one well (Johnson and O’ Connor, 1994). Tmax
(the temperature at which maximum yield of hydrocarbons
occurs during Rock-Eval pyrolysis of organic matter) ranges
from about 509°C to 542°C in samples from outcrop and the
shallow subsurface—too high for reliable evaluation of
petroleum source rocks (Peters, 1986). Total organic carbon
inthese samplesisashigh as0.8to 1.1 percent. Thisremnant
organic mater is an indication that rocks may have once been
more organic rich and capable of generating hydrocarbons
(Daly and Edman, 1987).

Timing and migration of hydrocarbons—Maximum
burial in most of the play occurred during the late Eocene to
early Oligocene, prior to Oligocene and Miocene contrac-
tional and transpressive deformation, folding, and associated
uplift. Regional heat flow became elevated in the Oligocene
and Miocene with the onset of Cascades volcanism in the
Oligocene and early Miocene. Thus, maximum heating and
thermal maturation may postdate maximum burial. Struc-
tural traps in the play area probably formed during and
dightly later than peak hydrocarbon generation (Walsh and
Lingley, 1991).

Strata in the deeper parts of the Seattle and Everett
basins (fig. 7) are presently at maximum buria (Johnson and
others, 1994, 1996) and probable maximum thermal

maturation. Structural traps within and on the margins of
these basins thus predate peak hydrocarbon generation from
basinal strata.

Traps and seals—Anticlines and fault blocks form the
most viable hydrocarbon traps. Anticlines include large
structures such as the Kingston arch on the northern flank of
the Seattle basin (Johnson and others, 1994) and complex,
smaller scale structures such as those in the Morton, Carbon
River, and Black Diamond areas in the western Cascade
Range foothills (Gard, 1968; Vine, 1969; Johnson and Stan-
ley, 1995; Stanley and others, 1996). Interbedded and over-
lying fine-grained Eocene rocks (marine and nonmarine) and
Oligocene and younger volcanic rocks provide possible
seals. Traps might be present at depths ranging from 10,000
to 25,000 ft (3,048 to 7,620 m). The area includes many
faults and folds that have been active through the Neogene
and Quaternary and may have compromised the integrity of
reservoirs and traps.

Exploration status.—Only two wells have penetrated
the top of the prospective section (10,000 ft; 3,048 m) inthis
play. Approximately 40 wells with total depths greater than
3,000 ft (914 m) have been drilled in the play area, and 17
have total depths between 5,000 and 10,000 ft (1,524 and
3,048 m) (McFarland, 1983). In the last 10 years, activity in
the play area has emphasized a possible shallow coal-bed
methane resource (Choate and others, 1984; Pappajohn and
Mitchell, 1991; Walsh and Lingley, 1991; Johnson and Ten-
nyson, 1995). The U.S. Department of Energy recently sup-
ported acquisition of alarge seismic database for the purpose
of delineating a large conductive anomaly in the Cascade
foothills that probably represents the Eocene marine rocks
that are the inferred source and reservair for this play (Stan-
ley and others, 1992; Krehbiel, 1993; Zihlman, 1993;
Johnson and Stanley, 1995).

Evaluation of resource potential.—The viability of the
Puget Lowland Deep Gas play (403) is dependent on the
hypothesis that (1) marine source rocks underlie alarge part
of the Puget Lowland, (2) an adequate thickness of reservoir
rocks may be present, (3) potential reservoir sandstone has a
favorable diagenetic history, (4) there has been a favorable
migration history, and (5) traps and seals have retained their
viability in a structurally complex setting. Given the uncer-
tainties associated with each factor, this play is considered
high risk. For the recent U.S. Geological Survey 1995
National Petroleum Assessment (Gautier and others, 1995),
Johnson and Tennyson (1995) assessed the probability of
suitable charge, reservoir, and trap at 0.75, 0.2, and 0.75,
respectively, yielding an overall play probability of 0.11 for
agas accumulation larger than 6 BCF (table 1). The median
number of undiscovered gas accumulations larger than 6
BCF was estimated to be 5. The size of the largest accumu-
lation expected at a5 percent probability was estimated to be
125 BCF using the following simulation parameters and the
methodology of Dolton and others (1987): Areaof closure =
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2,000 acres (8.1 km?); depth = 10,000 ft (3,048 m); reservoir
thickness = 75 ft (23 m); effective porosity = 15 percent; trap
fill = 0.8; recovery factor = 0.5; water saturation = 0.27. The
mean undiscovered resource in the Puget Lowland Deep Gas
play was estimated to be 26.8 BCF (table 2).

TOFINO-FUCA BASIN GASPLAY (404)

Introduction.—This hypothetical conventional gas play
islocated in the Tofino-Fuca basin on the northern Olympic
Peninsula of Washington (figs. 1, 3, 8). This basin occupies
a modern topographic lowland that extends from southern
Vancouver |land to the Olympic Mountains and includesthe
Strait of Juan de Fuca. Initial subsidence in the basin was of
middle Eocene age and probably driven by thermal subsid-
ence of the volcanic Crescent Formation basement. Johnson
and others (1996) inferred that late Eocene and younger sub-
sidence was forced by contractional deformation associated
with northward tectonic transport of the Washington Coast
Range province.

The Tofino-Fuca Basin Gas play (404) is bounded on
the south by basement outcrops of the vol canic Crescent For-
mation, to the north by the international boundary with Can-
adain the Strait of Juan de Fuca, and to the west by the 3-mi
limit of State waters in the Pacific Ocean. To the east, the
play is bounded by the north-trending Discovery Bay fault
zone, which disrupts and partially truncates the stratigraphic
sequence.

The exploration premise for the Tofino-FucaBasin Gas
play (404) isthat gas has been generated from either Eocene
strata buried in the deepest part of the basin or from Eocene
melange and (or) broken formation in a structural plate
underlying the basin. Once generated, this gas has migrated
either up-dip from deep basinal sources or up basement fault
zones into Eocene or Oligocene turbidite sandstone reser-
voirs. Traps are most likely stratigraphic in character (for
example, buried pinch-outs of turbidite sandstone beds), but
small fault traps are also possible.

Reservoirs—Upper middie Eocene to Oligocene tur-
bidite sandstone beds of the Twin River Group, including the
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Hoko River, Makah, and Pysht Formations, are the target
reservoirs (Snavely and others, 1980; Niem and Snavely,
1991). Individual sandstone beds range up to about 40 ft (12
m) in thickness and form composite units that are asthick as
400 ft (122 m). Many sandstone beds and composite units
are bounded vertically and laterally by marine mudstones.
The proportion and thickness of sandstone beds within the
Twin River Group decreases to the east within the play area.
Sandstoneis lithic-arkosic to quartzo-fel dspathic in compo-
sition. Meager data suggest that porosity and permeability in
the best potential reservoir rocks may be as high as 20.4 to
24.6 percent and 2 to 657 mD, respectively (Niem and Sna-
vely, 1991). Reservoir rocks are inferred to dip northward
into a basin-axis syncline, wherethey are buried as deeply as
17,000 ft (5,182 m) (Snavely, 1983; Niem and Snavely,
1991).

Source rocks.—There are two possible source rocks for
this play: Source 1—Eocene marine mudstone located
down-dip in the deepest part of the basin is the first possible
source. Total organic carbon in this interval (from surface
exposures and one well) ranges from 0.3 and 1.2 percent
(Snavely and others, 1980; Niem and Snavely, 1991). The
composition of organic matter plots in a nondiagnostic area
on Van Krevelen diagrams near the convergence of type-1i|
and type-I1 fields (Niem and Snavely, 1991). Sparse vitrinite
reflectance data for surface and well samples (as deep as
8,400 ft (2560 m)) ranges from about 0.4 to 0.5 percent.
However these rocks are buried as deeply as 25,000 ft (7,620
m) to the north in the deepest part of the basin (Snavely,
1983; Niem and Snavely, 1991) where higher levels of ther-
mal maturity are expected. Source 2—Marine mudstone in
Eocene melange and (or) broken formations that occur in a
structural plate beneath the Tofino-Fuca basin (Snavely and
Kvenvolden, 1989) is the second possible petroleum source
rock for this play. These rocks crop out south of the
Tofino-Fuca Basin Gas play in the Olympic Mountains (fig.
8). Total organic carbon in these rocksistypically 0.4 to 0.9
percent. Organic matter ismostly type Il and gas prone. Vit-
rinite reflectance of surface samples typically ranges from
about 0.35 to 1.6 percent (Pamer and Lingley, 1989; Sna-
vely and Kvenvolden, 1989).

There are at least two seeps of thermogenic gas in the
area of the play (fig. 8), indicating that source rocks have
reached maturity and generated hydrocarbons. One seep was
crudely gauged at a flow rate of 20 MCFGPD of methane
(Lingley, 1986).

Timing and migration of hydrocarbons—Folding in
the Tofino-Fuca basin and uplift of the Olympic Mountains
began in the middle Miocene (Brown and others, 1960;
Tabor and Cady, 1978; Brandon and Calderwood, 1990;
Snavely and others, 1993). Peak migration of gas probably
occurred immediately before this deformation, during maxi-
mum burial of both the coherent strata in the Tofino-Fuca
basin and the melange and (or) broken formation in the struc-
turally lower thrust plate.

Traps—Possible stratigraphic traps include buried
pinch-outs of turbidite channel and lobe sandstone beds.
However, many of these potential reservoir bodies have been
breached by erosion on the south flank of the basin in the
play area. Obvious locations of structural traps are few and
small and might occur along faults. Marine mudstone inter-
bedded with theturbidite sandstoneformsthe potential seals.

Exploration status—Nine exploration wells with total
depths greater than 2,740 ft (835 m) were drilled in the area
of the Tofino-Fuca Basin Gas play (404) between 1948 and
1986. The two most recent wells include the 1986 Twin
River Oil and Gas State No. 1-30 well (total depth = 6,571 ft
(2,003 m)) and the 1982 Fairview Oil and Gas No. 1 well
(total depth = 7,158 ft (2,182 m)) (McFarland, 1983; Ling-
ley, 1986). Neither well encountered significant hydrocar-
bon shows, and there is no known exploration in this play at
the present.

Evaluation of resource potential.—The Tofino-Fuca
Basin Gas play (404) has been poorly explored. Thereisonly
minor available geological and geophysical information
about rocks at depths greater than 5,000 ft (1,524 m). The
presence of thermogenic gas seeps clearly indicates aviable
source rock for the play. The presence of suitable reservoirs
and trapsisless certain, downgrading the overall play poten-
tial. For the recent U.S. Geological Survey 1995 National
Petroleum Assessment (Gautier and others, 1995), Johnson
and Tennyson (1995) assessed the probability of suitable
charge, reservoir rock, and trap at 1.0, 0.5, and 0.4, respec-
tively, yielding an overall play probability of 0.2 for a gas
accumulation larger than 6 BCF (table 1). The median num-
ber of undiscovered gas accumulations larger than 6 BCF
was estimated to be 7. The size of the largest accumulation
expected at a 5 percent probability was estimated to be 30
BCF using the following simulation parameters and the
methodology of Dolton and others (1987): Area of closure =
700 acres (2.8 km?); depth = 10,000 ft (3,048 m); reservoir
thickness = 40 ft (12 m); effective porosity = 15 percent; trap
fill = 0.8; recovery factor = 0.7; water saturation = 0.27. The
mean undiscovered resource in the Tofino-Fuca Basin Gas
play was estimated to be 15 BCF (table 2).

WESTERN WASHINGTON
MELANGE PLAY (405)

Introduction.—This conventional oil play is located
along most of the Pacific Coast of Washington (figs. 1, 8, 9).
The entire petroleum system is inferred to occur within the
Eoceneto upper middle Miocene stratified sedimentary rock
and melange or broken formation of the Ozette terrane (Sna-
vely and others, 1993) and the Hoh rock assemblage of Rau
(1973). Strata within these units were mostly deposited in
bathyal marine environments on Pacific basin plates, then
accreted to the leading edge of the North American plate
along a subduction zone. The exploration premise is that
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Figure9 (facingpage). Schematic map showing Western Wash-
ington Melange play (405). Petroleum wells are listed in McFar-
land (1983) or in addendum to McFarland available through the
Washington Division of Geology and Earth Resources. Geology is
based on Tabor and Cady (1978) and Walsh and others (1987).
Thermal maturity data (R, = mean vitrinite reflectance) and loca-
tions of seepsarefrom Snavely and Kvenvolden (1989) and Palmer
and Lingley (1989); valuesfor vitrinite reflectance are from surface
samples unless footage from adjacent petroleum well are listed.
GH, Grays Harbor. WB, Willapa Bay.

petroleum generated from organic-rich mudstones in the
melange and (or) broken formation has migrated into sand-
stone reservoirs in coherent structural blocks within the
melange.

This play is bounded to the north and southeast by a
system of thrust faults that juxtaposes lower-plate melange
and broken formation with upper-plate Eocene marine vol-
canic rocks of the Crescent Formation and overlying Tertiary
strata. In the Olympic Mountains, the eastern limit of the
play approximates the location where induration and
low-grade metamorphism of the Ozette and Hoh units
become pervasive. To the west, the play extends to the 3-mi
limit of State waters.

Reservoirs—Deep-marine channel sandstone beds
within coherent structural blocks in the Ozette terrane and
the Hoh rock assemblage are the inferred reservoir rocks.
Based on log analysis of wells from the Ocean City area,
Palmer and Lingley (1989) suggest that sandstone units
range from 10 to 100 ft (3 to 30 m) in thickness, with amean
of about 34 ft (10 m). Composite sandstone units in outcrop
are as thick as 140 ft (42 m) (Lingley, 1995). Thicker sand-
stone units, mainly distributary channel deposits of limited
areal extent, probably include fine-grained interbeds or
drapes and are heterogeneous. Most sandstone units have
porosities less than 25 percent and permeabilities less than
100 mD (Palmer and Lingley, 1989).

Source rocks—Marine mudstone in the Eocene to
upper middle Miocene Ozette terrane and Hoh rock assem-
blageisinferred to be awidely distributed petroleum source
rock. The distribution of source rocks within these units is
impossible to determine because of internal structural com-
plexity; however, melange-like rocks extend down to the top
of the down-going Juan de Fuca plate (about 50,000-60,000
ft; 15,000 to 18,000 m), and abundant source rock is
expected. Surface and well samples havereatively low total
organic carbon (typically 0.5 to 1.0 percent) and type-lll
organic matter (Snavely and Kvenvolden, 1989). Although
gasis the expected hydrocarbon type, drilling records report
numerous oil shows. These shows and oil seeps are present
along an 84-mi-long (135 km), north-trending fairway
within the play. Approximately 12,000 barrels of oil were
produced from the Hoh rock assemblage in one well in the
Ocean City area (fig. 9) from 1957 to 1961 (McFarland,
1983; Palmer and Lingley, 1989). Thus, oil-prone source

rocks must be present at depth. Both oil and gas seeps occur
within the play area (fig. 9). Thermal maturity in possible
source rocks exposed at the surface or penetrated in wells
(fig. 9) varies significantly, probably in response to internal
structural disruption. In the Ocean City area, rocks at depths
of as much as 6,000 ft (1,829 m) have typical mean vitrinite
reflectance of 0.5 percent. However, in outcrops about 15.5
mi (25 km) to the north, mean vitrinite reflectance in correl-
ativerocksisgenerally between 1.0 and 1.5 percent. Surface
vitrinite reflectance in the northern part of the play varies
from 0.33 to 2.05 percent (Snavely and Kvenvolden, 1989)
(fig. 9).

Timing and migration of hydrocarbons—Migration in
this complex setting has probably occurred continuously
from the Oligocene to the present, as marine sedimentary
rocks of Eocene and younger age were progressively under-
plated beneath the continental margin. Upward and west-
ward migration of hydrocarbons along faults within the
Ozette and Hoh units seems likely (Snavely and Kven-
volden, 1989; Pamer and Lingley, 1989).

Traps.—Thereisalmost certainly avariety of trap types
within the structurally complex Ozette and Hoh units, asso-
ciated with fault blocks, anticlines, mudstone diapirs, and
stratigraphic pinch-outs or unconformities. Given the struc-
tural complexity of these units, individual traps are probably
small (less than 1,000 acres (4 km?). Fine-grained rocks
within the Ozette and Hoh units provide the seal. The
expected uniformity in depositional and structura style
across the play area suggests that traps are equally likely in
any part of the play. Similarly, the traps might occur at
depths ranging from about 2,000 ft to about 23,000 ft (610 to
7,010 m), the depth at which gas should disappear given geo-
thermal gradients of about 1.5°F/100 ft (26°C/km).

Exploration status—There is no known ongoing
exploration in this play. About 80 exploration wells have
been drilled in the play area since the early 1900's, with 43
having total depths greater than 3,000 ft. This exploration
occurred in several discrete phases described in Palmer and
Lingley (1989). The last major exploration push in this play
ended in the late 1960’ s following drilling by Shell and Pan
American on the adjacent continental shelf.

Evaluation of resource potential. —The Western Wash-
ington Melange play (405) has limited potential given cur-
rent technology. Reservoir quality and the integrity of traps
are considered the major limiting factors. Because of the
complex structural style and poor outcrop quality, explora-
tion is extremely difficult. Moreover, the small anticipated
size of traps and reservoirs may discourage explorationists.

For the recent U.S. Geological Survey 1995 National
Petroleum Assessment (Gautier and others, 1995), Johnson
and Tennyson (1995) assessed the probability of suitable
charge, reservoir rock, and trap for an oil accumulation at
1.0, 1.0, and 0.5, respectively, yielding an overall play prob-
ability of 0.5 for an accumulation larger than 1 MMBO
(table 1). The median number of undiscovered oail
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accumulations larger than 1 MMBO was estimated to be 10.
The size of the largest accumulation expected at a 5 percent
probability was estimated to be 13 MMBO using the follow-
ing simulation parameters and the methodology of Dolton
and others (1987): Area of closure = 1,000 acres (4 km?);
reservoir thickness = 75 ft (23 m); effective porosity = 15
percent; trap fill = 0.8; recovery factor = 0.24; water satura-
tion = 0.27. The mean undiscovered oil resource was esti-
mated to be 18.2 MMB (table 2).

Johnson and Tennyson (1995) assessed the probability
of suitable charge, reservoir rock, and trap for a gas accumu-
lation at 1.0, 1.0, and 0.1, respectively, yielding an overall
play probability of 0.1 for a gas deposit larger than 6 BCF.
Given this low play probability, the mean undiscovered gas
resource was not estimated.

SOUTHWEST WASHINGTON MIOCENE
SANDSTONE PLAY (406)

Introduction.—This hypothetical conventional oil play
is located in the parts of the Grays Harbor basin area of
southwest Washington (figs. 1, 3, 10) where Miocene shal-
low-marine sedimentary rocks have been deposited and pre-
served. The play hasanirregular shape and isbounded by the
upwarped margins of the Grays Harbor basin to the north,
south, and east. To the west, the play extends to the 3-mi
limit of State waters.

Eocene and Oligocene subsidence of the Grays Harbor
basin was probably generated by thermal subsidence of the
underlying volcanic basement, the lower to middle Eocene
Crescent Formation (Johnson and Yount, 1992). Neogene
subsidence was apparently forced by a variety of tectonic
processes involving contractional shortening, strike-slip
faulting, and rotation (Wells and Coe, 1985). The play area
includes a major north-trending, east-dipping thrust fault
(fig. 10) that represents a middle Tertiary plate boundary.
West of thisboundary, Miocene shallow-marine rocks of the
M ontesano Formation were deposited on the lower structural
plate consisting of Eocene to Miocene stratified rock and
melange of the Ozetteterrane (Snavely and others, 1993) and
Hoh rock assemblage (Rau, 1973). East of this boundary, the
Astoria and Montesano Formations were deposited on an
upper structural plate consisting of Crescent Formation base-
ment overlain by a stratigraphically coherent, generaly
shoaling upward, sequence of Eocene to Miocene sedimen-
tary rocks.

The exploration premise of this hypothetical play isthat
oil and gas generated from organic-rich mudstone in Eocene
to upper middle Miocene melange and broken formation of
the lower structural plate described above has migrated
upward into porous and permeable shallow-marine sand-
stone of the Miocene Montesano and (or) Astoria Forma-
tions. Structural traps for reservoirs could include small

anticlines and fault blocks. Where present, overlying
fine-grained rocks might provide viable seals.

Reservoirs—Miocene shalow marine and deltaic
sandstone of the Astoriaand lower M ontesano Formationsin
the eastern part of play, and the Montesano Formation in the
western part of play, are the target reservoirs. In the Ocean
City area(fig. 10) in the west-central part of the play, Palmer
and Lingley (1989) describe a remarkable 600 ft (183 m) of
sandstone in the Montesano Formation that averages 28 per-
cent porosity and 1 darcy of permeability. In the eastern part
of the play, several 100-ft-thick (30 m) sandstone beds occur
in both the Astoria and Montesano Formations (Bigelow,
1987). The proportion of sandstone in both the Montesano
and Astoria Formations generally decreases to the west.
Sandstone units are typically bounded by marine mudstone.
Target reservoir sandstone units occur at depths of about
1,000 to 3,200 ft (305 to 975 m).

Montesano Formation sandstone is lithic arenite (Big-
elow, 1987) and typically has porosities greater than 20 per-
cent and permesbilities ranging from 2 to 2,000 mD (Palmer
and Lingley, 1989). There are no available porosity and per-
meability data for the Astoria Formation in this play, but
Astoria sandstone outcrops are friable, and values similar to
those of the Montesano Formation are inferred.

Source rocks—Eocene to upper middle Miocene
marine mudstone of the Ozette terrane and Hoh rock assem-
blageistheinferred hydrocarbon source rock. The thickness
of source-rock units is impossible to determine because of
internal structural complexity within these units. However,
melange-like rocks are inferred to extend down to the top of
the down-going Juan de Fuca plate, about 50,000 to 60,000
ft (15,000 to 18,000 m) deep. Surface and well samples have
relatively low total organic carbon (typically 0.5 to 1.0 per-
cent) and generally type-lll organic matter (Snavely and
Kvenvolden, 1989). Although gas is the expected hydrocar-
bon type, drilling records report numerous oil shows, and
approximately 12,000 barrels of oil were produced from the
Hoh rock assemblage in one well between 1957 and 1961
(McFarland, 1983; Palmer and Lingley, 1989). Thus,
oil-prone source rocks are expected at depth. Thermal matu-
rity in possible source rocks varies significantly, probably in
response to structural disruption. In the Ocean City area,
rocks at depths of as much as 6,000 ft (1,830 m) havetypical
mean vitrinite reflectance of 0.6 percent; however, mean vit-
rinite reflectancein correlative outcrops about 15 mi (25 km)
to the north is generally between 1.0 and 1.5 percent (Sna-
vely and Kvenvolden, 1989).

Timing and migration of hydrocarbons—Migration
has occurred from the late Miocene (after deposition of the
reservoir rocks) to the present. Westward and upward migra-
tion aong thrust faults within the Ozette and Hoh
source-rock units seems likely (Snavely and Kvenvolden,
1989). In the western part of the area, Ozette and Hoh source
rocks are overlain by reservoir sandstone units, and there is
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adirect migration pathway from inferred source to reservair.
In the eastern part of the play area, petroleum sourced from
lower-plate melange and broken formation must migrate
through athick Eocene to Oligocene section of volcanic and
sedimentary rocks in order to reach Miocene sandstone res-
ervoirs.

Traps—Small anticlinal traps that are either associated
with thrust or strike-dlip faults or with mudstone diapirs in
the underlying melange and broken formation are the most
likely traps (Palmer and Lingley, 1989). Stratigraphic
pinch-outs of Montesano Formation sandstone beds are less
likely traps. Upper Miocene to Pliocene marine mudstones
(in the upper part of and above the Montesano Formation)
form possible seals. Closure on anticlinal traps cannot be
demonstrated with available data and, if present, is probably
no more than 1,000 acres (4 km?).

Exploration status.—There is no known ongoing explo-
ration in the area of this play. About 70 wildcat wells have
been drilled in the area of thisplay since 1901 during several
discrete exploration phases (McFarland, 1983; Paimer and
Lingley, 1989). The deepest and most recent well, the
Amoco-Weyerhaeuser No. 1-29, was abandoned in 1985 at a
total depth of 12,293 ft (3,747 m).

Evaluation of resource potential.—The Southwest
Washington Miocene Sandstone play (406) has limited
potential. Most oil and gas shows and the only hydrocarbon
production in this geographic area have come from the
underlying melange. There is clearly source and reservoir
rock for this play, and evidence from borehole shows and
drill-stem tests indicate that there has been some petroleum
migration through potential sandstone reservoir units
(Palmer and Lingley, 1989). Overlying seals have been
breached in parts of the play (especidly the western part),
and trap and seal integrity is regarded as the principal limit-
ing factor for petroleum accumulation.

For the recent U.S. Geological Survey 1995 National
Assessment of United States Oil and Gas Resources (Gautier
and others, 1995), Johnson and Tennyson (1995) assessed
the probability of suitable charge, reservoir rock, and trap for
an oil accumulation at 1.0, 1.0, and 0.15, respectively, yield-
ing an overall play probability of 0.15 for a deposit larger
than 1 MMB (table 1). The median number of undiscovered
oil accumulations larger than 1 MMBO was estimated to be
2. The size of the largest accumulation expected at a 5 per-
cent probability was estimated to be 14 MMBO using thefol-
lowing simulation parameters and the methodology of
Dolton and others (1987): Area of closure = 1,000 acres (4
km?); reservoir thickness = 40 ft (12 m); effective porosity =
25 percent; trap fill = 0.8; recovery factor = 0.30; water satu-
ration = 0.27. The mean undiscovered oil resource in the
Southwest Washington Miocene Sandstone play was esti-
mated to be 1.1 MMB (table 2).

Johnson and Tennyson (1995) assessed the probability
of suitable charge, reservoir rock, and trap for a gas accumu-
lation at 1.0, 1.0, and 0.1, respectively, yielding an overall

play probability of 0.1 for a gas deposit larger than 6 BCF.
Given this low play probability, the mean undiscovered gas
resource was not estimated.

COWLITZ-SPENCER GASPLAY (407)

Introduction.—In Washington, this play is located in
the southern Puget Lowland and the southwestern Coast
Range of Washington (figs. 1, 3, 11). Johnson and Tennyson
(1995) show the play extending south into Oregon where it
includes the Mist gas field (approximately 70 BCF; Bruer,
1980; Armentrout and Suek, 1985; Niem and others, 1994;
H.J. Meyer, Oregon Natural Gas Co., ora commun., 1995);
however, only the Washington portion of the play is consid-
ered in this report. The play has an irregular shape and
includes portions of the Chehalis, Grays Harbor, Nehalem,
and Astoriabasins. Upliftsof Tertiary volcanic rocks, includ-
ing the Black Hills, Willapa Hills, the Doty Hills, and high-
lands east of Centralia and Longview, locally define play
boundaries (fig. 11). For the purposes of this report, the play
is bounded on the south by the Oregon-Washington State
boundary, on the east by volcanic rocks of the Cascade
Range or tightly folded and faulted Eocene stratain the Cas-
cade Range foothills, and on the northwest and west by a
facies change that results in the disappearance of the Eocene
reservoir rock.

Eocene strata that form the potential petroleum system
were deposited on a basement of lower to lower middle
Eocene basalt of the Crescent Formation. These strataare cut
by reverse, thrust, normal, and strike-dlip faults with dis-
placements as large as afew kilometers (Snavely and others,
1958; Wells, 1981; Wells and Coe, 1985). Beds typicaly
have gentle dipsbut locally have steep dips adjacent to faults.
Deformation generally decreases from east to west.

Using the Mist gas field (Bruer, 1980; Armentrout and
Suek, 1985) as an analog, the exploration premise for this
play isthat gas generated from Eocene marine shale or non-
marine carbonaceous shale and coal has migrated into reser-
voirs in overlying or interbedded Eocene fluvidl,
shallow-marine, or submarine-fan sandstone. Structural traps
for reservoirs are mainly fault blocks, but might include
small anticlines. Stratigraphic traps are also possible but
have not been documented. Interbedded fine-grained rocks
and (or) overlying marine mudstone form the seals.

Reservoirs—Middle to upper Eocene fluvia, deltaic,
shallow-marine, and submarine-fan arkosic sandstone of the
Cowlitz, Skookumchuck, and Mclntosh Formations are the
potential reservoir rocks. Analysis of outcrops and geophys-
ical borehole logsindicates that the sandstone bodiesthat are
potential reservoirs within these formations are as thick as
about 170 ft (52 m) (Henricksen, 1956; Snavely and others,
1958; Wurden and Ford, 1976; Flores and Johnson, 1995).
Sandstone is predominantly arkosic. Skookumchuck Forma-
tion sandstone in the Jackson Prairie gas storage wells in the
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Chehalis basin has porosities of 30 to 40 percent at depths of
1,500 to 3,000 ft (457 to 914 m) and permeabilities as high
as severa darcies (Wurden and Ford, 1976). These values
are comparable to those reported from the Mist field of
northwest Oregon, where Cowlitz Formation reservoir rocks

have porosities of 25 to 36 percent and permeabilities of 100
mD to several darcies (Armentrout and Suek, 1985; Niem
and others, 1994).

Deep-marine sandstone of the Mclntosh Formation in
the western part of the play has reported porosities of 10 to
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22 percent, but measured permeabilities are lessthan 6.2 mD
(Moothart, 1992). Porosity in these rocks is commonly
occluded by smectite and chlorite rim cements, zeolites, and
sparry calcite. Some secondary porosity results from dissolu-
tion of feldspar and lithic fragments (Moothart, 1992).

Source rocks—Middle to upper Eocene marine shale
and (or) shallow-marine to deltaic coal and carbonaceous
shale of the MclIntosh, Skookumchuck, and Cowlitz Forma-
tions are the inferred source rock (Snavely and others, 1958;
Armentrout and Suek, 1985; Moothart, 1992; Niem and oth-
ers, 1994; Flores and Johnson, 1995). Organic matter in these
rocks is terrestrial and gas prone. Cumulative thickness of
Eocene coal beds in the eastern part of the areais more than
80 ft (24 m). Coal beds sampled at the surface and in the sub-
surface down to about 10,000 ft (3,048 m) are of lignite to
subbituminous rank; mean vitrinite reflectance is generally
between 0.3 and 0.6 percent but can be slightly higher (fig.
11) (Walsh and Lingley, 1991). In the western part of the
play, the mean vitrinite reflectance of marine mudstone at the
surface and in the shallow subsurface (less than 5,000 ft;
(1,524 m)) is generally 0.4 to 0.5 percent, and total organic
carbon ranges from 0.5 to 1.25 percent (Moothart, 1992).
Enhanced maturation may have occurred adjacent to Eocene
and younger intrusive centers that occur within or on the
margins of the play area (e.g., Esposito and Whitney, 1995).

There is also significant potential source rock in this
play that does not crop out and has been penetrated by only a
few boreholes in the deeper parts of basins. For example,
unpublished proprietary seismic datareveal the presence of a
thick section of marine strata at depths of 6,500 to 16,400 ft
(1,981 to 4,999 m) below the Chehalis basin (fig. 11) (Kreh-
biel, 1993; Johnson and Stanley, 1995).

Timing and migration of hydrocarbons—Maximum
burial and inferred generation and migration of hydrocarbons
occurred in the early to middle Miocene, following deposi-
tion of the Oligocene Lincoln Creek Formation (fig. 2).

Traps.—Thestructural style of thisplay isillustrated by
the Mist field of the northern Oregon Coast Range, where gas
is produced from pools (about 1 to 8 BCF) in multiple, small,
fault-block traps (Bruer, 1980; Bruer and others, 1984;
Armentrout and Suek, 1985; Niem and others, 1992, 1994).
Entrapment could also occur in gentle anticlines or along
stratigraphic pinch-outs of nearshore or deltaic sandstone
bodies. There has been ongoing tectonism in the area of this
play since the Eocene; thus, fault-block traps might have
formed before, during, or after peak hydrocarbon generation.
Overlying fine-grained marine siltstones of the Keasey and
Lincoln Creek Formations provide an efficient seal. Traps
associated with good reservoir rocks probably occur between
about 1,000 and 7,000 ft (305 and 2,134 m).

Exploration status.—Despite the presence of the nearby
Mist field in northwest Oregon, there has been only marginal
exploration interest in the southwest Washington part of this
play. About 20 wells with depths greater than 3,000 ft (914
m) have been drilled in the approximately 1,900-mi2 (5,000

km?) area (McFarland, 1983). Most of these wells were
drilled in the late 1950's or early 1960's, after which there
has been little exploration activity. The 1960's wave of
exploration resulted in development and numerous subse-
guent expansions of the natural gas storagefacility at Jackson
Prairie (operated by Washington Natural Gas) in the Cheha-
lisbasin (fig. 11) (Wurden and Ford, 1976).

Evaluation of resource potential.—In the Cowl-
itz-Spencer Gas play (407), the relatively low maturity of
source rocks is probably the largest factor limiting develop-
ment of significant gas accumulations. In the Washington
part of the play, there also does not appear to be an analog for
the Nehalem arch, the regiona structural feature considered
most responsible for petroleum migration into the Mist gas
field (Armentrout and Suek, 1985; Niem and others, 1994).
However, the smaller scale structural styleat Mist (numerous
small fault blocks and fault-block traps) typifies the entire
play area. Given this structural style, there should be a few
small gas accumulations in Washington. Because the Wash-
ington portion of this play has been poorly explored, consid-
erable drilling may be needed before a clear strategy for
finding these small traps is devel oped.

For the recent U.S. Geological Survey 1995 National
Petroleum Assessment (Gautier and others, 1995), Johnson
and Tennyson (1995) assessed the probability (in the entire
play area) of suitable charge, reservoir rock, and trap at 1.0,
1.0, and 1.0, respectively, yielding an overall probability of
1.0for agas accumulation larger than 6 BCF (table 1). Using
the Mist gas field as an analog, the size of the largest accu-
mulation expected in the entire play at a5 percent probability
was estimated to be 150 BCF. Wefeel thisoverall probability
also appliesto the restricted Washington portion of the play.
Based on our evaluation of the geologic framework and
petroleum geology of this play, we estimate a median of four
undiscovered gas accumulations larger than 6 BCF for the
Washington portion of the play (10 for the entire play) and
estimate the mean undiscovered resource for the Washington
portion of this play to be 116 BCF (table 2).

NORTHWESTERN COLUMBIA PLATEAU
GASPLAY (501)

Introduction.—This hypothetical gas play (fig. 12) is
located in south-central Washington within one or more non-
marine Paleogene transtensional and (or) extensional basins
(Gresens, 1982; Johnson, 1985; Taylor and others, 1988;
Catchings and Mooney, 1988; Evans, 1994; Jarchow and
others, 1994) that were buried during the Miocene by flood
basalts of the Columbia River Basalt Group. The area of the
play is defined by the inferred sub-basalt extent of these
Paleogene fluvia and lacustrine sedimentary rocks, which
consist of arkosic sandstone, mudstone, conglomerate, and
minor coal interbedded with volcanic and volcaniclastic
rocks. The thickness of the prospective section ranges from
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about 4,000 to 20,000 ft (1,219 to 6,096 m) or more, based
on thicknesses of exposed sequences at the northwest margin
of the play. The northeastern boundary of the play lies
between wells to the northeast in which the Paleogene
sequence is absent and wells to the southwest where it is
present; the boundary approximately coincides with amajor
crustal boundary postulated by Reidel and others (1994) that
roughly follows the projection of the Entiat fault (fig. 12),
the northeastern margin of the exposed Pal eogene sequence.
The southwest boundary of the play is the approximate
southeastward projection of southeast-trending splays of the
Straight Creek fault zone (Tabor and others, 1984). The
northern margin of the play is placed at the northern limit of
continuous exposures of the Columbia River Basalt Group.
The southern boundary of the play is placed along the
ColumbiaRiver. The play isabout 125 mi (201 km) long and
60 mi (97 km) wide.

The middle to late Miocene Columbia River Basalt
Group dominates the surface geology of the area. Geophysi-
cal data (Stanley, 1984; Catchings and Mooney, 1988; Jar-
chow and others, 1994) indicate that it is about 10,000 to
15,000 ft (3,280 to 4,572 m) thick in the south-central part of
the play; Orange and Berkman (1985) interpreted a basalt
thickness of almost 20,000 ft (6,096 m) on the basis of mag-
netotelluric data in the southern part of the play. Two explo-
ration wells penetrated more than 10,000 ft (3,048 m) of the
Columbia River Basalt Group in the central part of the play,
and six other wells penetrated 5,000 to 8,000 ft (1,524 to
2,438 m) of thisunit (table 3).

The Columbia River Basalt Group unconformably
overlies thick, folded Paleogene strata on the northern mar-
gin of the play. Paleogene units include the lower Eocene
Swauk Formation (Tabor and others, 1982, 1984; Taylor and
others, 1988), the middle to upper Eocene Chumstick
(Evans, 1988, 1991, 1994) and Roslyn (Walker, 1980; Bar-
nett, 1985) Formations, and the upper Eocene or lower Oli-
gocene Wenatchee Formation (Gresens and others, 1981;
Gresens, 1983; Tabor and others, 1982; Hauptman, 1983)
(fig. 2). Exploratory drilling (fig. 2, table 3) and corrobora-
tive seismic and magnetotel luric surveys (Stanley, 1984; Jar-
chow and others, 1994; Lutter and others, 1994) have
confirmed that these strata extend beneath the basalt at least
30 mi (48 km) southeastward from the exposures at the
northwestern margin of the play. Predominantly arkosic
sandstone bodies within these nonmarine units are the poten-
tial reservoirsfor the play.

In the western part of the play, uppermost Oligocene to
Quaternary calc-alkaline volcanic rocks of the Cascade arc
overlie the Paleogene sequence and also overlie, interfinger
with, and underlie the Columbia River Basalt Group. These
strata have been al so been encountered in some of the explo-
ration wells below the Columbia River Basalt Group. Large,
dominantly east-west-trending folds and generaly
north-verging reverse faults of the Miocene to Quaternary
Yakima fold belt deform the basalt, most notably in the

western part of the play. This play aso includes a mgjor
north-northwest-trending fold, the Hog Ranch—-Naneum
Ridge anticline, that lies along the trend of the Leavenworth
fault and the southwest margin of the Chumstick basin. A
well drilled on this high encountered a reduced thickness of
basalt, and Campbell (1989) concluded that it was a
pre-basalt topographic high that limited eastward transport
of Cascade-derived volcaniclastic rocks.

The exploration premise for this play isthat gasand gas
condensate was generated from coal or organic-rich fluvial
or lacustrine mudstone in Paleocene or Eocene nonmarine
strata beneath the basalt and migrated into Paleogene sand-
stone reservoirs. Traps are postulated to be either (1) Neo-
gene structural traps typified by the large-amplitude
east-trending folds and reverse faults of the Columbia River
Basat Group, (2) upper Eocene to Oligocene structural
traps, or (3) stratigraphic traps, caused by lateral facies
changes, variations in porosity and permeability, or strati-
graphic truncations. Drilling density in this play is approxi-
mately one well per 2,800 mi2 (7,200 km?), making the
Columbiabasin one of the least explored sedimentary basins
in the contiguous United States.

Reservoirs—Potential reservoirs are Eocene or Oli-
gocene arkosic fluvial sandstone beds of the nonmarine
Swauk, Chumstick, Roslyn, Manastash, and Wenatchee For-
mations and coeval units. These units are all exposed on the
northern and western margins of the play, where they are
interbedded with substantial thicknesses of volcanic rocks.
The drilled sub-basalt thickness (table 3; also Campbell and
Reidel, 1994) of these nonmarine strata in the northern and
central parts of the play ranges from less than 5,000 ft to
morethan 11,000 ft (1,524 to 3,353 m). Sandstone bed thick-
ness (based on log interpretation) averages 26 ft (7.9 m) and
isasthick as 81 ft (24.7 m). Lingley and Walsh (1986) sug-
gested that these strata are likely to be only fair reservoir
rocks; their analysis of geophysical logs of several wells
indicated that porosity typically decreases downward within
sub-basalt stratafrom amean of 18 percent at 6,000 ft (1,829
m) to amean of 6 percent at 15,000 ft (4,572 m).

The lower to middle Eocene Swauk Formation (Taylor
and others, 1988; Evansand Johnson, 1989) isexposed in the
Swauk basin between the Leavenworth and Straight Creek
fault systems. It is more than 15,744 ft (4,800 m) thick and
comprises several facies ranging from proximal fanglomer-
ates to fine-grained lacustrine rocks. Taylor and others
(1988) described braided- and meandering-river sandstone
facies that could be present in the Swauk-equivalent section
beneath the Columbia River Basat Group. These fluvial
deposits consist of medium- to coarse-grained, cross-bedded
sandstone with bed thicknesses up to about 32.8 ft (10 m) in
the meandering river facies and 230 ft (70 m) in the braided
river facies. The latter facies, however, is reported to have
significant amounts of laumontite and limited porosity (Tay-
lor and others, 1988). V.A. Frizzell, Jr., (unpub. data, 1982)
reported porosity values between 3.1 and 5.3 percent and
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Figure 12 (facing page). Schematic map showing Northwestern
ColumbiaPlateau Gas play (501). Exploration wells compiled from
McFarland (1983), commercial Petroleum Information database
(Well History Control System), and Campbell and Reidel (1994).
CB, Chumstick basin; E, Ellensburg; EF, Entiat fault; HR-NR, Hog
Ranch-Naneum Ridge anticline; LF, Leavenworth fault zone; P,
Pasco; RHGF, Rattlesnake Hills gasfield; SB, Swauk basin; SCF,
Straight Creek fault zone; W, Wenatchee, Y, Yakima; YM, Y akima
Minerals. Geology simplified from Walsh and others (1987), Stof-
fel and others (1991), and Tabor and others (1982, 1984).

permeabilities of 0.02 and 0.21 mD for four outcrop samples
of the Swauk Formation. Similarly, log-interpreted porosities
for strata interpreted as equivalent to the Swauk Formation
near the bottom of the Yakima Minerals 1-33 well (table 3)
at about 15,000 ft (4,572 m) were in the 5 to 8 percent range
(Lingley and Walsh, 1986).

The middle to upper Eocene Chumstick Formationisan
extremely thick sequence of fluvia and lacustrine rocks
(Evans and Johnson, 1989; Evans, 1991). Tota stratigraphic
thickness is uncertain but has been estimated between about
19,000 ft (5,791 m) (Gresens and others, 1981) and 39,360 ft
(12,000 m) (Evans, 1991). Abundant channel-form sand-
stone beds form multistory sequences 33 to 100 ft (10 to 30
m) thick (Evans, 1991). Composite sandstone and conglom-
erate units in the Chumstick Formation are as thick as 300 ft
(91 m) or more (Evans, 1988). No systematic analyses of res-
ervoir properties from outcrops of this sandstone facies have
been reported. V.A. Frizzell, Jr. (unpub.data, 1982) reported
low porosity and permeability from measurements on two
samples of Chumstick sandstone (1.2 percent and 0.02 mD;
6.8 percent and 0.8 mD), but it is unlikely that his samples
were taken from the most promising reservoir facies, and the
degree of weathering is unknown. Sandstone beds assigned
to the Chumstick Formation by Campbell and Banning
(1985) at depths between about 13,000 ft (3,962 m) and
16,000 ft (4,877 m) in the BN 1-9 well (table 3) have
log-derived porosities of only about 5 to 7 percent (Lingley
and Walsh, 1986). Drill-stem tests, however, had flowsof 3.1
MMCFGPD (million cubic feet of gas per day) and 6 BCPD
(barrels of condensate per day) (Lingley and Walsh, 1986),
indicating that at least some sandstone beds in the sub-basalt
Chumstick have reservoir potential.

The middle and upper Eocene Roslyn Formation
(Walker, 1980; Frizzell and others, 1984; Tabor and others,
1982, 1984; Barnett, 1985) crops out between the Leaven-
worth and Straight Creek fault system and is correlative with
the upper part of the Chumstick Formation. It consists of
about 8,200 ft (2,499 m) of fine- to coarse-grained, mica-
ceous, partly zeolitized, poorly indurated, lithofeldspathic
sandstone; coa beds are interbedded with sandstone in the
upper part of the unit. Deposition took place in a south-
west-flowing fluvial system (Barnett, 1985). Strata

interpreted as Roslyn Formation by Campbell and Banning
(1985) were encountered in the Yakima Minerals 1-33 and
1-29 Bissa wells (table 3) at depths of 9,776 ft (2,980 m) to
about 13,278 ft (4,047 m) and 4,570 (1,393 m) to about
13,610 ft (4,148 m), respectively. Lingley and Walsh (1986)
used well logsto infer porosities between 4 and 18 percent at
those depths. In the Yakima Minerals 1-33 well, an interval
at about 13,000 ft (3,962 m) near the bottom of the inferred
Roslyn tested 5,400 barrels of water per day and 570
MMCFGPD of gas, indicating adequate permeability.

The lower Oligocene Wenatchee Formation (Gresens
and others, 1981; Tabor and others, 1982; Hauptman, 1983)
is exposed discontinuously in several locations near
Wenatchee, lying unconformably on Eocene and older
strata. Campbell and Reidel's (1994) interpretation of drill-
ing resultsindicated that it is present below the basalt in the
eastern part of the play in the Quincy and BN 1-9 wells (table
3). It consists of as much as 984 ft (300 m) of friable
coarse-grained quartz sandstone interbedded with tuffaceous
shales and paleosols. Hauptman (1983) interpreted the dep-
ositional setting as a generally west-flowing fluvial system
with both braided and meandering streams. The sandstoneis
much less feldspathic than the other Paleogene units. Camp-
bell and Reidel (1994) reported that a water well drilled in
1993 encountered about 60 ft (18 m) of Wenatchee Forma-
tion channel sandstone that produced several thousand gal-
lons per minute of water at almost 100 psi pressure, along
with alittle gas, suggesting that this unit could be an excel-
lent gas reservoir. Sandstone interpreted as Wenatchee For-
mation (Campbell, 1989) between about 11,200 ft (3,414 m)
and 13,000 ft (3,962) in the BN 1-9 well (table 3) has poros-
ities of about 9 to 17 percent, and drill-stem tests had flows
of 24 MMCFGPD and 134 barrels of water per day (Lingley
and Walsh, 1986).

Source rocks—Potential source rocks are lacustrine
and fluvia shales in the Swauk and Chumstick Formations
and coal bedsin the Roslyn Formation. Reported TOC (total
organic carbon) valuesfrom outcrops are 0 to 6 percent (0.03
to 1.10 percent in the Swauk Formation; 0.92 to 17.9 percent
in the Roslyn Formation; 0.13 to 5.97 percent in the Chum-
stick Formation (V.A., Frizzell, Jr., unpub. data)). Pyrolysis
dataon cuttings samplesfrom the Y akimaMinerals 1-33 and
Bissa 1-29 wells indicates that each penetrated more than
1,200 ft (366 m) of section (including thin coal beds) that
averaged more than 2.5 percent TOC (Core Laboratories,
19873, 1987b; Lingley and von der Dick, 1991). Organic
matter is mostly types 111 and 1V but includes minor type 11
(Peters, 1986), the probable source of the paraffinic conden-
sate (37° to 52° API gravity) recovered during a drill-stem
test.

Mean vitrinite reflectance values in exposed rocks on
the northern margin of the play were reported to range from
0.24 to 1.38 percent (0.82 to 1.29 percent in the Swauk
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Formation; 0.45 to 1.38 percent in the Roslyn Formation;
0.25 to 0.89 percent in the Chumstick Formation; V.A. Friz-
zell, Jr., unpub. data). Evans (1994) reported vitrinite reflec-
tance values between 0.40 and 2.08 percent for surface
outcrops of the Chumstick Formation. Lingley and Walsh
(1986) reported vitrinite reflectance measurements from
subsurface coals sampled in four wells, including three that
penetrated basalt (table 3). In two of these wells, mean vit-
rinite reflectance values indicated only marginal maturity
(maximum values of about 0.6 to 0.7 percent), but for
sub-basalt sections in the other two wells, maximum values
range from 1.3 to 1.4 percent, suggesting that the coals could
have generated gas.

| sotopic data demonstrate the presence of thermogenic
gas, probably derived from coals in sub-basalt strata, in
intra-basalt aquifersin the southern part of the play (Johnson
and others, 1993). Nineteen water wells located between
Yakima and Pasco have tested gas, and several have had
degassing equipment installed.

Timing and migration of hydrocarbons.—Lopatin
modeling suggests that maturation of lower Eocene rocks
may have begun in the Oligocene, while maturation of mid-
dle Eocene and younger source rocks probably took place
during the Miocene during burial by 5,000 to 13,000 ft
(1,524 to 3,962 m) of the Columbia River Basat Group
(Tennyson and Parrish, 1987). The presence of marginally
mature sedimentary interbeds in the lower part of the basalt
sequence (Lingley and Walsh, 1986; T. Walsh, Washington
Department of Natural Resources, oral commun., 1987) is
also consistent with Miocene maturation. Blackwell and oth-
ers (1985) indicate that the geothermal gradient in the
Columbiabasin now rangesfrom 28°C to 58°C/km, suggest-
ing that the onset of peak gas generation could be presently
occurring at about 7,000 ft (2,134 m) in parts of the basin.

Traps.—The best potential structural traps appear to be
the large, Miocene and younger anticlines and fault-block
traps associated with deformation of the Columbia River
Basalt Group. Dipmeter data suggest that some pre-basalt
strata penetrated in the Y akima foldbelt wells conform with
structure mapped at the surface. However, some workers
(e.g., Saltus, 1993; Campbell and Reidel, 1994) have sug-
gested that the youngest folds may not extend downward
into the pre-basalt sedimentary strata, and that sub-basalt
structural highs are not coincident with fold crests in basalt.
Eocene through early Miocene fold, fault, and stratigraphic
traps are also possible but cannot be readily located beneath
the thick basalt cover with present technology. The most
probable seals consist of shale interbeds in the fluvial
sequences or permeability barriersresulting from differences
in cementation or zeolitization.

Exploration status.—The only historical production for
this play was from the small Rattlesnake Hills gas field on
the east-southeast-trending Rattlesnake Hills anticline (fig.
12). The field was discovered during the drilling of a water
well in 1913, developed about 1930 after venting an

unknown amount of gas to the surface from open wells, and
abandoned in 1941. Total production was an estimated 1.3
BCFG (McFarland, 1979). Hammer (1934) reported gas
composition of 97.25 percent methane, 2.45 percent nitro-
gen, and 0.15 percent each oxygen and carbon dioxide. In
contrast, Wagner (1966) reported more than 80 percent
methane and about 10 percent nitrogen. Neither analysis
reported ethane or heavier hydrocarbons. The gas was
trapped in afaulted anticline between two vesicular zonesin
basalt flows sealed by clay interbeds, at depths between 700
and 1,300 ft (213 to 396 m) (Hammer, 1934). The gas was
probably generated from coal within or below the basalt
(Johnson and others, 1993) or from a biogenic source
(Stevens and McKinley, 1995). In 1958, a deep test (Stan-
dard Oil Rattlesnake Hills No. 1) was drilled to 10,655 ft
(3,248 m) about 10 mi (16 km) west of the Rattlesnake Hills
gas field, but the well did not record any gas shows. The
rocks at the bottom of the well were volcanic and are
believed by S.P. Reidel (Washington State University, oral
commun., 1989) to belong the Columbia River Basalt
Group.

Between 1980 and 1989, seven important test wells
weredrilled in the northwestern Columbia basin to depths of
5,604 to 17,518 ft (1,708 to 5,339 m) (table 3). All were
located on the crests of large anticlines in Columbia River
Basalt Group, including one sited near the intersection of the
northwest-southeast-trending Hog Ranch—-Naneum Ridge
anticline and the east-west-trending Frenchman Hills anti-
cline. Most of the wells had gas shows, and drill-stem tests
were run in at least four of the wells. Notable test results
included 54 MMCFGPD and 6 BWPD in the Shell Qil
Company BN 1-9, and 570 MMCFGPD in the Y akimaMin-
erals 1-33. The widespread occurrence of gas in these wells
indicatesthat gas accumulations are almost certainly present,
but the generally “tight” character of sub-basalt sandstones
appears to limit the chances for easily produced discoveries,
unless strategies for locating particularly good reservoir
facies can be devel oped.

Resour ce potential. —This play is considered to have a
high probability of at least a few, and possibly many, small
gas accumulations and alower probability of large gas accu-
mulations. Significant subcommercial flows of gas were
tested in several of the wells that penetrated the basalt, but it
has not been demonstrated that reservoir strata are of ade-
guate quality, thickness, and lateral persistence to contain a
conventional gas accumulation larger than a few tens of
BCFG, despite the possible presence of traps big enough to
hold hundreds of BCFG. The thick basalt cover and associ-
ated difficulty this presents for exploration and the generally
poor character of potential reservoir sandstones are the pri-
mary discouraging factorsfor future exploration of this play.

For the recent U.S. Geological Survey 1995 National
Petroleum Assessment (Gautier and others, 1995), Tennyson
(1995) assessed the probabilities of suitable charge, reservoir
rock, and trap at 1.0, 0.6, and 1.0, respectively, yielding an
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overall play probability of 0.6 for a gas accumulation larger
than 6 BCF (table 1). The size of the largest accumulation
expected at a5 percent probability was estimated to be 1,000
BCF. This estimate is consistent with an analysis by Lingley
and Walsh (1986), who postul ated accumul ations with areas
of closure of 3,000 to 25,000 acres (12.1 to 101.2 km?),
depths of 5,000 to 14,000 ft (1,524 to 4,267 m), porosity of
6 to 18 percent, and arecovery factor of 60 percent, conclud-
ing that accumulations between 40 and 1,000 BCF were pos-
sible. The number of undiscovered accumulations greater
than 6 BCF was estimated to be between 1 and 100, with 10
accumulations assigned as the median. The mean undiscov-
ered resource in the Northwestern Columbia Plateau Gas
play (501) was estimated to be 235 BCFG (table 2).

CONTINUOUS-TYPE PETROLEUM
ACCUMULATIONS

In this report, two kinds of continuous-type hydrocar-
bon accumulations are discussed, coal-bed gas accumula
tions and basin-centered gas accumulations. The
methodology used in the 1995 National Assessment of
United States Oil and Gas Resources for assessing these
deposits differsfrom that used for conventional hydrocarbon
accumulations. For detailed explanations, see Schmoker
(1995) for the overall treatment of continuous-type accumu-
lations and Rice and others (1995) for the specific treatment
of coal-bed methane deposits. General characteristics of
basin-centered accumulations are described in Law (19953,
1995b)

The methodology used for estimating the recoverable
gasin basin-centered gas accumul ations (Schmoker, 1995) is
different from that used in conventional accumulations.
Within the stratigraphic interval and play area selected for
analysis, acell sizeischosen. The size of the cell isbased on
the area expected to be drained by wellsin the play area. The
total number of cells in a play equals the area of the play
(mi?) divided by the cell size (mi?). Because of uncertainties
involved in the determination of the play area and cell size,
these values are treated as a frequency distribution. The next
step in the methodol ogy isto establish an estimate of the ulti-
mate recovery (EUR) probability distribution for the play.
The EUR probability distribution is determined by selecting
productive wells that are thought to be representative of the
play. The EUR of those wellsis then plotted as a probability
distribution. This data is then entered into a computational
probability program developed by Crovelli and Balay
(1995). The results of the computation program are pre-
sented as a probability distribution represented as minimum
(200th fractile), maximum (Oth fractile), and median values
(50th fractile).

COAL-BED GASPLAYS

During the past 25 years, coa-bed gas has been pro-
duced from more than 5,400 wells in the United States and
now accounts for about 6 percent of total national gas
reserves and 3 percent of gas production (Rice and others,
1995). Most of the reserves and production are from the San
Juan basin of Colorado, New Mexico, and Utah, and the
Black Warrior basin of Alabama and Mississippi. Most
aspects related to the occurrence and devel opment of hydro-
carbons from coal are discussed in Law and Rice (1993).
Because of theimmense quantities of coal-bed gasthat could
be included in resource appraisals, the U.S. Geological Sur-
vey 1995 National Assessment of Oil and Gas Resources
(Gautier and others, 1995) estimated only those resources
that were judged capable of being added to U.S. oil and gas
reserves during the next few decades (by approximately
2020).

Coal-bed gas plays in Washington were defined on the
basis of factors that control the occurrence and productivity
of coal-bed gas. These factors include but are not limited to
coal thickness, heterogeneity, depth, and composition of
coal, sedls, gas content, gas composition, permeability, pres-
sure regime, local and regional structural setting (including
folds, faults, joints, cleats), and hydrology. Hydrology is
important because water production and disposal are impor-
tant economic and environmental factors in field develop-
ment. In general, coal-bed gas playsfor potential additionsto
reserves extend from depths of 500 to 6,000 ft (152 to 1,829
m) below the surface.

Rice and others (1995) describe in detail the methodol -
ogy used to assess coal-bed gas plays. Briefly, this method
involves the following: (1) defining and describing the
coal-bed gas play based on geologic criteria (discussed
above); (2) compilation of available relevant geologic data
needed for geological/engineering, computational, and eco-
nomic assessment; (3) subdivision of the specific play area
into cells that generally equal the coal-bed gas well spacing
authorized by State regulatory agencies and determining the
number of untested cellsin the play; (4) estimating the suc-
cessratio (valuesof 0to 1.0) of untested cellsin the coal-bed
gas play that are anticipated to produce gas; (5) Determining
the probability distribution of estimated ultimate recoveries
(EUR) from wells in potentially productive untested cells,
and (6) Estimating the probability (values of 0 to 1.0) that
one or more of the untested cellsin the play will produce at
least the minimum EUR estimated for cells within the play.
Many of these steps rely on development of analogs and res-
ervoir simulations from the productive San Juan and Black
Warrior basins. Three coal-bed gas plays are identified in
Washington and are described below.
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WESTERN WASHINGTON—BELLINGHAM BASIN
PLAY (450)

Introduction.—This coal-bed gas play occupies the
same area as the conventional Bellingham Basin Gas play
(401) (figs. 3, 4, 5), and the geologic setting of this areais
described above under that play. Coal s of the Paleocene(?) to
Eocene Chuckanut Formation are the potential gasreservoirs
in thisplay.

Coal occurrence.—Coals of the Lake Whatcom zone
and Bellingham interval of the Chuckanut Formation (Beik-
man and others, 1961) are exposed on the southern margin of
the Bellingham basin and should continue in the subsurface
of the basin to the north (fig. 5). The Lake Whatcom zone
includes about five coal beds ranging in thickness from 2 to
9ft (0.6 to 2.7 m) (Beikman and others, 1961). The Belling-
ham interval contains two beds with thicknesses of 14 ft (4.3
m) and 2 ft (0.6 m) (Beikman and others, 1961). One of these
twointervalsis probably correlative with the King Mountain
interval, recognized in the basin subsurface (P.D. Hurst,
Canadian Hunter Exploration, Ltd., written commun., 1992).
The King Mountain coa zone contains five to eight coal
beds with a mean bed thickness of 5 ft (1.5 m) and no beds
thicker than 10 ft (3.0 m). The King Mountain coa interval
has been penetrated at depths ranging from 1,700 to 3,700 ft
(518 to 1,128 m), depending on the location and structural
position of the well. Conchoidal fractures were observed in
sidewall cores of these coals, apositive indicator of aperme-
able cleat system (P.D. Hurst, Canadian Hunter Exploration,
Ltd., written. commun., 1992). Otherwise, there is no infor-
mation on joints and cleats.

Coal maturity.—The mean vitrinite reflectance of coals
in the King Mountain interval ranges from 0.5 to 0.55 per-
cent at depths of about 1,700 ft (518 m) (P.D. Hurst, Cana-
dian Hunter Exploration, Ltd., written. commun., 1992).
Mean vitrinite reflectance in coal exposed on the south flank
of the basin is 0.74 percent (Walsh and Lingley, 1991).

Coal resources—Beikman and others (1961) esti-
mated reserves of approximately 310 million short tons (281
million metric tons) for coa beds more than 14 inches (36
cm) thick at depths of lessthan 3,000 ft (914 m) in and on the
flanks of the Bellingham basin. Moen (1969) and V onheeder
(1977) subsequently raised the estimate to 366 million short
tons (332 million metric tons), of which about 37 percent is
measured or indicated and about 63 percent inferred. There
are no active coal minesin or on the margins of the Belling-
ham basin.

Coal-bed gas exploration.—No wells have been drilled
in the Bellingham basin that were designed primarily as
coal-bed gastestsusing current drilling and compl etion prac-
tices, and only four wells provide relevant information for
coal-bed gas evaluation. Mud-gas responses indicate that
methane and lesser propane is being liberated from coals

(P.D. Hurst, Canadian Hunter Exploration, Ltd., written.
commun., 1992). The propane has been attributed to the
presence of type-11B kerogen in the coals. There is meager
data on the desorbtion and permeability of the coals. In one
well, King Mountain coals desorbed gas at 100 ft3/short ton
of coal (3.4 cmd/g), suggesting low maturity consistent with
vitrinite reflectance data. Isotopic analyses of gas seepsfrom
old well casings indicate a thermal origin with some bio-
genic mixing for gases (Hurst, 1991). There is no available
data on water composition in subsurface coal beds.

Evaluation of resource potential.—There has been no
significant exploration for coal-bed gas in the Bellingham
basin, with information about possible coals deeper than
5,000 ft (1,524 m) lacking. Available information suggests
that low coal rank, steep dips, and low permeability will be
the main factors limiting development of a viable coal-bed
gas resource. Using the meager available data from the Bell-
ingham basin and an analog from underpressured discharge
coal-bed reservoirs of the San Juan basin, Johnson and Ten-
nyson (1995) estimated an overall play probability of 0.7, a
mean of 280 untested cells, asuccessratio of 0.5 for untested
cells, and a mean estimate of ultimate recovery for untested
cells of 413 MMCF gas. These estimates yield mean poten-
tial gas reserve additions for the entire play of 40.5 BCF
(table 4).

WESTERN WASHINGTON—WESTERN CASCADE
MOUNTAINSPLAY (451)

Introduction.—This coal-bed gas play occupies essen-
tially the same region as the conventional Southeastern
Puget Lowland Gas play (402) (figs. 3, 4, 6); the geologic
setting of this region is described above under that play.
Coals of the undifferentiated Puget Group and the Tiger
Mountain, Renton, Carbonado, and Spiketon Formations
(fig. 2) are the potential coal-bed gas reservairsin this play.

Coal occurrence—Beikman and others (1961)
describe the stratigraphy of coal bearing strata at nine loca-
tions within this play: (1) Newcastle-Grand Ridge area; (2)
Renton area; (3) Tiger Mountain and Niblock areas; (4) Tay-
lor area; (5) Green River district; (6) Wilkeson-Carbonado
coal field; (7) Spiketon area; (8) Fairfax-Montezuma and
Ashford areas; and (9) Eastern Lewis County. Each areais
characterized by its own nomenclature for coal seams. For
example, the Green River district includes at least 16 coal
beds assigned to the Franklin coal zone and the Kummer coal
zone. These Green River district coals occur in a section
about 6,300 ft (1,920 m) thick and have a cumulative mini-
mum thickness of 73 to 90 ft (22 to 27 m) (Vine, 1969). The
Green River district probably represents the area with the
most coal inthisplay. In other areas, the coal-bearing section
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Table4. Coal-bed gasin Washington.

[Comparison of U.S. Geological Survey estimates of undiscovered technically recoverable coal-bed gas with that
of other selected States and geol ogic provinces. Information from Gautier and others (1995) and U.S. Geological
Survey National Oil and Gas Resource Assessment Team (1995, table 5). Fractile values (Fgs, Fs) are not addi-
tive. Fgs represents a 19 in 20 chance and Fs represents a 1 in 20 chance of the occurrence of at least the amount

tabul ated]

Gas (trillion cubic feet)

Selected play, State, or geologic province Fos Fs Mean
estimate
Western Washington—Bellingham Basin (450) 0.00 0.09 0.04
Western Washington—Western Cascade Mountains (451) 0.00 0.93 0.54
Western Washington—Southern Puget L owlands (452) 0.00 0.27 0.12
TOTAL, Washington 0.70
Piceance basin, Colorado 5.47 10.09 7.49
San Juan basin 5.76 9.67 7.53
Southwest Wyoming 0.83 7.66 3.89
Black Warrior basin, Alabama and Mississippi 1.49 343 2.30
North Appalachian basin, New Y ork,
Pennsylvania, Ohio, West Virginia 7.68 16.36 11.48
TOTAL ESTIMATE, lower 48 States* 42.89 57.63 49.91

*Total for lower 48 Statesis not a sum of the selected areas listed on thistable.

commonly interfingers with and pinches out against volcanic
rocks (Gard, 1968; Vine, 1969).

Thelack of uniformity in stratigraphic and coal nomen-
clature across this play areareflects the difficulty in correla
tion of units and markers induced by structural complexity,
the lenticular nature of coal beds, and the presence of locally
interbedded volcanic rocks. Structural relief in the play area
is considerable. For example, the Franklin coal zoneisbeing
strip-mined from the axis of an anticline about 1.2 mi (2 km)
north-northeast of Black Diamond (fig. 6). Nearby petroleum
exploration wells have encountered the same stratigraphic
level at depths of 5,000 ft (1,524 m) or more.

Coal maturity.—Mean vitrinite reflectance values in
surface and subsurface coals range from 0.35 to more than
2.0 percent in the play area, increasing eastward toward the
axis of the Cascade Range (Walsh and Lingley, 1991). Mean
vitrinite reflectance in the surface section near Black Dia-
mond (fig. 6) range from 0.42 to 0.68 percent. Pappajohn and
Mitchell (1991) reported mean vitrinite reflectance values
from coal-bed gas exploration drilling near Wilkeson (fig. 6)
of 0.84 to 1.03 percent. In the eastern Lewis County area
(north of Morton), mean vitrinite reflectance values range
from 0.6 to 0.8 percent at the surface (as high as 2.21 percent
near intrusions), and from 0.96 to 1.69 percent in the upper
2,000 ft (610 m) of the subsurface. These rocks have been
uplifted and (or) deformed.

Coal resources—Beikman and others (1961) estimated
reserves of approximately 1,230 million short tons (1,116
metric tons) for coal beds more than 14 inches (36 cm) thick
and at depths of less than 3,000 ft (914 m) in the area of this
play. Of this amount, about 33 percent is measured or indi-
cated and 67 percent is inferred. These estimates are

probably conservative. There is one active coal mine in this
area, operated since 1986 by the Pacific Coast Coal Com-
pany near Black Diamond (fig. 6). Total production in the
John Henry No. 1 mine has exceeded 1 million short tons
(907,200 metric tons), and the current annual production has
grown to about 300,000 short tons (272,200 metric tons)
(Brownfield and others, 1994). Coal is being strip-mined
along the axis of atight anticline.

Coal-bed gas exploration.—Since 1986, 15 wells that
can be broadly considered coal-bed gas wells have been
drilled in the area of this play. A few wells underwent
extended production testing, and good gas shows were
encountered in several wells (S. Pappajohn, Carbon Energy
International, oral commun., 1993). There is presently no
coal-bed gas production.

Pappajohn and Mitchell (1991) report desorbtion values
ranging from 6.8 to 17.6 cm3/g for five coal beds penetrated
by drilling in the Wilkeson area (fig. 6). The history of meth-
ane-related underground mine accidentsin the region and the
presence of gas bubbling to the surface through pondsin the
John Henry No. 1 mine are further indicators of gassy coals.
Steve Pappajohn (Carbon Energy International, oral com-
mun., 1993) reports that there are well-developed cleats in
some of the coals encountered by drilling in this play area;
however, there is no available data on joints, cleats and coal
permeability. Pappajohn and Mitchell (1991, table 5) present
analytical data from water produced from coal seamsin the
Wilkeson area that indicates the water meets State and Fed-
eral requirements for surface discharge.

Evaluation of resource potential.—In the Western
Washington—Western Cascade Mountainsplay (451), avail-
able information suggests that structural complexity and (or)
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poor permeability may be the limitations on developing a
coal-bed gas resource. Much of the areaistightly folded and
cut by faults, making exploration difficult and limiting reser-
voir continuity. Drilling results have also indicated that gas
has locally escaped through steeply dipping coa beds that
have breached the surface (S. Pappajohn, Carbon Energy
International, oral commun., 1993).

Using the available data from this play and an analog
from the Piceance Basin—Western Basin Margin play (2054),
Colorado, Johnson and Rice (1995) estimate an overall play
probability of 0.9, amean of 1,072 untested cells, a success
ratio of 0.4 for untested cells, and a mean of the EUR distri-
bution for untested cells of 1,401 MMCF gas. These esti-
mates yield mean potential gas reserve additions for the
entire play of 541 BCF (table 4). This estimate is signifi-
cantly less than previous estimates (Choate and others,
1984).

WESTERN WASHINGTON—SOUTHERN PUGET
LOWLANDSPLAY (452)

Introduction.—This coal-bed gas play occupies the
same region as the eastern part (east of long 123°10'W.) of
the Washington portion of the conventional Cowlitz-Spen-
cer Gasplay (407) (figs. 3, 4, 11); the geologic setting of this
region is described above under that play. Coa of the Skoo-
kumchuck and Cowlitz Formations are the potential
coal-bed gas reservoirs (fig. 2) in thisplay.

Coal occurrence.—Coals belong to the upper middieto
upper Eocene Skookumchuck Formation in the northern part
of play and to the Cowlitz Formation in the southern part of
the play. Thirteen coal beds with a cumulative thickness of
about 88 ft (27 m) have been recognized in a 2,600-ft-thick
(793 m) section of the Skookumchuck Formation (Snavely
and others, 1958). Approximately 70 ft (21.3 m) of coal in
seven beds has been recognized in a 500-ft section (152 m)
of the Cowlitz Formation on the southwest margin of the
Chehalisbasin (P. Hales, Weyerhaeuser Corp., written com-
mun., 1995). Several coal beds occur in the subsurface of the
Chehalisbasin at depths as great as about 6,000 ft (1,829 m).
Wirdine log analysis suggests that the cumulative thickness
of coal may be greatest in the Chehalis basin.

Coal maturity.—Coals in this play range in rank from
lignite to subbituminous B (Beikman and others, 1961).
Mean vitrinite reflectance of surface coal in the Skookum-
chuck Formation in the Centralia area ranges from about
0.35 to 0.40 percent, and values from subsurface coal in the
Chehalis basin ranges from 0.4 to 0.7 percent (Walsh and
Lingley, 1991). Coal of the Cowlitz Formation in the south-
ern part of the play isgenerally of lower grade with mean vit-
rinite reflectance values less than 0.4 percent.

Coal resources—Beikman and others (1961) esti-
mated reserves of approximately 3,810 million short tons
(3,456 million metric tons) for coal beds morethan 14 inches

(36 cm) thick and depths of less than 3,000 ft (914 m) in the
area of this play. Of this amount, about 55 percent is mea-
sured and indicated and about 45 percent is inferred. The
play area includes the Centralia mine, from which approxi-
mately 100 million short tons (97 metric tons) have been pro-
duced since 1971.

Coal-bed gas exploration.—No coal-bed gas wells
have been drilled in this play. The absence of exploration
interest here no doubt reflectsthe low thermal maturity of the
coals.

Evaluation of resource potential. —The most favorable
aspect of the play is the great volume of relatively shallow
coal. Theleast favorable aspect of the play isthe low thermal
maturity of the coal. Using stratigraphic and maturity data
and an analog from underpressured discharge coal-bed res-
ervoirs of the San Juan basin, Johnson and Rice (1995) esti-
mate an overall play probability of 0.6, a mean of 774
untested cells, asuccessratio of 0.5 for untested cells, and a
mean ultimate recovery for untested cells of 500 MMCF of
gas. These estimates yield mean potentia gas reserve addi-
tions for the entire play of 116 BCF (table 4). This estimate
isnotably smaller than previous estimates of Choate and oth-
ers (1984).

BASIN-CENTERED GAS
ACCUMULATION PLAYS

Basin-centered gas accumul ations, another type of con-
tinuous gas accumulation, also occur in many petroleum
provinces. These gas accumulations, unlike discrete conven-
tional accumulations, are regionally pervasive and some-
times extend over thousands of square miles and through
thousands of feet of stratigraphic section. Thisresource pres-
ently accounts for approximately 10 percent of total gas pro-
duction in the United States and is expected to play an even
more significant role in the energy requirements of the
nation in the future (National Petroleum Council, 1992).

Thereis no single characteristic that uniquely defines a
basin-centered gas accumulation. However, the following
list of attributes facilitate identification: (1) the presence of
regionaly extensive accumulations that occupy the more
central, deeper parts of basins, (2) the absence of down-dip
water contacts, (3) the presence of reservoirs that are abnor-
mally over- or under-pressured relative to normal, hydro-
static pressures, (4) the abnormally pressured fluid phase is
gas, (5) gas reservoirs are overlain by a normally pressured
transition zone containing gas and water, (6) thereislittle or
no producible water in reservoirs, (7) reservoirs have low
permeability, commonly lessthan 0.1 mD, (8) gasis of ther-
mogenic origin, (9) the source of gasisfrom interbedded and
(or) adjacent rocks, (10) the distance of gas migration from
the sourcerock isrelatively short compared to migration dis-
tances that may occur in conventional accumulations, (11)
the top of the gas accumulation occurs at 0.7 to 1.0 percent
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vitrinite reflectance, (12) structural and stratigraphic trap-
ping aspects are of secondary importance, and (13) the“ seal”
is arelative permeability barrier. Because it is unlikely that
all these characteristics can be identified in any single well,
the most important characteristics to recognize are abnormal
pressures, thermal maturity, and the abnormal pressure fluid
phase.

WILLAMETTE-PUGET SOUND
BASIN-CENTERED GAS (412)

Introduction—The  Puget-Willamette  Lowland
trough, located immediately west of the Cascade Range in
Washington and Oregon, contains several smaller basins
that include the Tualatin and Nehalem basins in Oregon
and the Chehalis, Tacoma, Seattle, and Everett basins in
Washington (figs. 1, 6, 7, 11) (Johnson and others, 1994,
1996; Niem and others, 1994). These forearc sub-basins
are filled with Eocene and younger sedimentary rocks that
were deposited in honmarine to marine depositional sys-
tems and may be as thick as 30,000 ft (9,146 m). Only a
few wells have been drilled in this play area that are deep
enough to determine the presence of a basin-centered gas
accumulation (Law, 1995b). Subsurface data from two
wells (the Exxon GPE Federa Community No. 1 well
located in northwestern Oregon (Niem and others, 1994),
and the Phillips State No. 1 well located east of Tacomain
the Puget Lowland (McFarland, 1983)) were drilled to
depths of 11,287 ft (3,441 m) and 12,920 ft (3,939 m),
respectively. The top of abnormally high reservoir pressure
occurs in these wells at depths of 8,000 to 9,600 ft (2,439
to 2,926 m), and the levels of thermal maturity at these
depths are about 0.8 percent mean vitrinite reflectance
(Walsh and Lingley, 1991; Stormberg, 1992). These rela-
tionships, in conjunction with the presence of interbedded
coa beds and low-permeability reservoirs, suggest the
presence of a basin-centered gas accumulation. The spatial
and areal distribution of basin-centered gas accumulations
in this hypothetical play cannot be determined with avail-
able data.

Reservoirs—Sandstone reservoirsin this play occur in
Eocene and possibly older rocks. Borehole data indicate that
gas-bearing reservoirs occur in an interval that is at least
3,300 ft (1,006 m) thick. The bottom of the potentia
basin-centered gas accumulation is not known because the
entire gas-bearing interval has not been penetrated. Eocene
sandstones that are likely to form reservoirs in Washington
are probably arkosic in composition (Buckovic, 1978; Friz-
zell, 1978; Johnson and Stanley, 1995). These sandstone
units contain significant proportions of lithic fragments and
mica that are likely to be altered and compacted during
diagenesis. No porosity or permeability data are available
from thereservoirsin the overpressured interval, but qualita-
tive estimates are low. Limited data indicate that the top of
the overpressured, basin-centered gas accumulation ranges

from 8,000 to 9,600 ft (2,439 to 2,926 m). The bottom of the
reservoirsisat least 13,000 ft (3,963 m).

Source rocks.—In the absence of source rock analyses,
the most likely sources of gas are the interbedded coal beds
and carbonaceous shales. The levels of thermal maturity at
the top of the gas accumulation in the Phillips State No. 1
well (Walsh and Lingley, 1991) are sufficiently high (mean
vitrinite reflectance = 0.8 percent) to generate gasfrom avail-
able organic matter. Published and unpublished source rock
analyses from various rock units in the Pacific Northwest
indicate that nearly al of the organic matter isatype-I1l ker-
ogen and capabl e of generating mainly gas (Law and others,
1984; Sidle and Richers, 1985; Lingley and von der Dick,
1991).

Timing and migration.—Because gas is generated
within, or in close proximity to reservoirs in basin-centered
gas accumulations, the tempora relationships between gas
generation, migration, and development of a trap are not
nearly as important as they are in conventional accumula-
tions. It is uncertain when the reservoirs penetrated by the
Phillips State No. 1 and Exxon GPE Federal Community
wells were charged with gas. Present-day temperatures at
depths of 8,000-9,600 ft (2,439 to 2,926 m) are about 130°F
to 150°F (40°C to 51°C), too low to have achieved the
present level of therma maturity at present depths. There-
fore, this area has experienced higher temperatures in the
past.

Traps and seals—See the discussion of the character of
traps and seals needed for basin-centered gas accumulations
in the introduction to this section.

Exploration status—The Willamette—-Puget Sound
Basin-Centered Gas play (412) has not been explored. Previ-
ous exploration activity in the play area has focused on tradi-
tional structural plays. Dueto alack of information, this play
was not quantitatively evaluated for the 1995 National
Assessment of Oil and Gas Resources (Gautier and others,
1995; Law, 1995h).

COLUMBIA BASIN—BASIN-CENTERED GASPLAY (503)

Introduction.—This hypothetical play underlies the
widespread Miocene Columbia River Basalt Group in east-
ern Washington (Law, 19954) (figs. 1, 4). The play areais
nearly the same as that for the conventional Northwestern
Columbia Plateau Gas play (501) (figs. 3, 12), and its geo-
logic setting is described above under that play. The few
wells that have been drilled through the Columbia River
Basalt Group show that it has variable thickness that is com-
monly in excess of 5,000 ft (1,524 m). The sub-basalt rocks
consist mainly of lower Tertiary fluvial and lacustrine rocks
that were deposited in structurally complex basins; these
rocks have highly variable thicknesses (e.g., Taylor and oth-
ers, 1988; Evans and Johnson, 1989; Evans, 1994).
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Interpretations of subsurface data from six widely spaced
wells indicate the presence of a basin-centered gas accumu-
lation. The well data show that the top of athick, overpres-
sured interval begins at depths ranging from 8,300 to 12,700
ft (2,530 to 3,872 m). Within the overpressured interval,
large amounts of gas have been recovered on drill-stem tests.
Although some water has also been recovered, most of the
zones recovered gas with no water. The areal and spatial
extent of the accumulation areimprecisely known because of
insufficient deep drilling.

Reservoirs—The potential reservoirs consist  of
Eocene arkosic fluvial sandstone bodies that are exposed on
the northern margin of the play and consist of the Swauk,
Chumstick, Roslyn, and Manastash Formations (Tabor and
others, 1982, 1984; Taylor and others, 1988; Evans, 1994).
The quality of these reservoirs is unknown. Surface expo-
sures of the rocks on the play margins contain significant
proportions of lithic fragments and micas (Frizzell, 1978;
Taylor and others, 1988; Evans, 1994), and diagenetic alter-
ation of these less-stable minerals is likely to produce low
permeability. Porosity values ranging from 6 to 15 percent
have been calculated from well logs (Lingley and Walsh,
1986). The thickness of the gas-bearing interval is at least
6,400 ft (1,951 m). The maximum thickness is unknown
because the gas-bearing interval has not been entirely pene-
trated by drilling. Based on analysis of well logs, the depth
of reservoirs within the play ranges from 8,300 (2,530 m) to
more than 17,000 ft (5,183 m).

Source rocks.—The sources of gas are assumed to be
the Eocene coal beds and carbonaceous rocks that are inter-
bedded with reservoir rocks. Regional source-rock studiesin
Washington and Oregon indicate that nearly all organic mat-
ter in the region is atype-111 kerogen, capable of generating
mainly gas with little liquids (Law and others, 1984; Sidle
and Richers, 1985; Core Laboratories, 1987a, 1987h). The
level of therma maturity within the gas-bearing interval
ranges from 0.8 to more than 1.0 percent vitrinite reflectance
(Lingley and Walsh, 1986; Core Laboratories, 1987a,
1987h), sufficient to generate gas.

Timing and migration.—Because gas iS generated
within or in close proximity to reservoirs in basin-centered
gas accumulations, the temporal relationships between gas
generation, migration, and development of atrap are not crit-
ical. It is not known when the reservoirs were charged with
gas. It appears as though present-day temperatures are in or
near equilibrium with measured levels of thermal maturity.
Maximum burial occurred in the late Miocene, following
eruption and deposition of the ColumbiaRiver Basalt Group.

Traps and seals.—Seethe discussion of the character of
traps and seals needed for basin-centered gas accumulations
in the introduction to this section.

Exploration status—The play is unexplored. There are
five wells that penetrate the gas accumulation; the last of
thesewasdrilled in 1988. Several production tests have been
conducted, revealing gas flows at initial rates of as much as

3.1 MMCEFD. Previous exploration activity in the play area
has focused on more conventional structural plays. Thereis
no indication that the region has been evaluated in the con-
text of basin-centered gas accumulations.

Evaluation of resource potential.—Methodology
developed by Schmoker (1995) was used to estimate
resource potential of the Columbia Basin—Basin-Centered
Gas play (503). Because of the hypothetical nature of the
play, the Greater Green River Basin-Mesaverde play (3741),
Wyoming, was used as an analog. Cell sizes of 80 and 160
acres were chosen. The number of cells under the two sce-
narios were 51,096 and 25,548; success rationswere 0.7 and
0.8, respectively. The mean EUR was 1,421 MMCFG. In
addition, the estimation of liquid hydrocarbons utilized a
ratio of 10 barrels per MMCFG. With this input data, the
mean estimate of potential reserve additions is 12,200.1
BCFG and 122.0 MMB of natural gasliquids (table 5) (Law,
1995b).

DISCUSSION

Although Washington has no current petroleum pro-
duction, the above play descriptions and associated resource
estimates (tables 1-2, 4-6) indicate the State includes many
possible petroleum systems with commercial potential.
Because there is no petroleum production in Washington,
there are fewer constraints on petroleum assessments than
for developed regions and States. We reiterate that thisrela
tive lack of constraints makes it likely that other petroleum
geol ogists may devel op resource estimates somewhat differ-
ent from ours.

The estimates of table 2 suggest that Washington has
mean undiscovered technically recoverable conventional oil
and gas resources of about 19 MMBO and 586 BCFG,
respectively. Weinfer that the most significant resources are
in the Northwestern Columbia Plateau Gas play (501), with
a mean assessed resource of 235.10 BCFG and a 5 percent
probability of 1.120 TCFG. Table 6 places Washington's
estimated conventional oil and gas resources in perspective
through comparison to other selected States and geologic
provinces. Oregon, for example, hasasimilarly low inferred
resource base, whereas Alaska's conventional oil and gas
resources are estimated to be more than two orders of mag-
nitude larger. Mean estimates of Washington’s oil and gas
conventional resources are just 0.07 percent and 0.23 per-
cent, respectively, of the estimate for the total onshore
United States (U.S. Geological Survey National Oil and Gas
Resource Assessment Team, 1995, table 1).

Table 4 shows that estimates of Washington’s coal-bed
gas resources (700 BCFG) are relatively small compared to
those of the San Juan and Black Warrior basins (7.53 and
2.30 TCFG, respectively), where most national production
of coal-bed gasis now carried out. Washington's estimated
coal-bed gas resource forms about 1.4 percent of the
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Table5. Gasresourcesin continuous-type plays (excluding coal-bed gas plays).

[Comparison of U.S. Geological Survey estimates of undiscovered technically recoverable gas resources for the
ColumbiaBasin—Basin-Centered Gas play (503) with that of continuous-type playsin selected geologic provinc-
es. Information from Gautier and others (1995) and U.S. Geological Survey National Oil and Gas Resource As-
sessment Team (1995). Fractile values (Fgs, Fs) are not additive. F95 represents a 19 in 20 chance and Fs
represents a 1 in 20 chance of the occurrence of at least the amount tabulated)]

Gas (trillion cubic feet)

Selected play or geologic province Fos Fs Mean
estimate
Columbia Basin—Basin-Centered Gas (503) 2.80 30.87 12.20
Uinta-Piceance basin (parts of Colorado and Utah) 11.55 23.38 16.74
San Juan basin, Colorado (parts of New Mexico, and Utah) 10.66 36.84 21.15
Southwestern Wyoming 55.95 21351 119.30
Western Gulf (parts of Texas and Louisiana) 1.82 3.67 2.63
Appalachian basin (parts of New Y ork, Pennsylvania,
West Virginia, Ohio, Virginia, Kentucky,
Tennessee, Georgia, Alabama) 43.12 83.66 61.21
TOTAL ESTIMATE, onshore United States* 219.36 416.55 308.08

*Total for onshore United Statesis not a sum of the selected areas listed on this table.

estimated cumulative coal-bed resource for the onshore
lower 48 States (U.S. Geological Survey National Oil and
Gas Resource Assessment Team, 1995, table 5).

Table 5 shows that the resource estimate for Washing-
ton’s Columbia Basin—Basin-Centered Gas play (503) is
relatively similar to that of the petroliferous San Juan and
Uinta-Piceance basins of the Rocky Mountain region, and
represents about 4 percent of the total estimate for continu-
ous-type gas accumulations (exclusive of coal-bed gas plays)
in the onshore United States. Washington's Columbia
Basin—Basin-Centered Gas play (503) resourceis also esti-
mated to be about 17 times larger than the State's estimated
coal-bed gas resource (table 4) and 21 times larger than
Washington's estimated conventional gas resource (tables 2,
6). Attanasi and others (1995, table 3) estimate that the
threshold gas price for development of the Columbia
Basin—Basin-Centered Gas play (503) resourceismorethan
$9 per MCF, whichissignificantly higher than the 1995 mar-
ket price (about $1.50 per MCF) and also greater than the
estimated threshold price for a magjority of other continu-
ous-type gas plays recognized in the United States (Gautier
and others, 1995). In contrast, the economic analysis of Don-
nelly and others (1995) suggests that this unconventional gas
play may shortly become economic.

Regardless of economics, the Columbia Plateau region
of eastern Washington holds the State’' s greatest potential for
large fields that can have regional and national significance
in meeting energy demands. Plays in western Washington
will probably never provide a significant proportion of
national or regional petroleum requirements; however, given
the costs of transporting petroleum (including building and
supporting infrastructure), it is possible that western Wash-
ington’ s petroleum resources can havelocal significance. For
example, daily production at the Mist field (about 60 BCFG)
in northwest Oregon (Bruer, 1980; Niem and others, 1994)

has been as high as 13 MM CF and provided as much as about
7 percent of Portland’s gas supplies. Future hydrocarbon
exploration in western Washington will no doubt concentrate
on resources that would be used locally within the Pecific
Northwest.

The lack of larger and richer petroleum systems in
Washington can be attributed to its geol ogic history. Consid-
erable Cenozoic sedimentary rock is present, having formed
inavariety of strike-dlip (Eocene) and forearc, intra-arc, and
trench basin (Oligocene and younger) settings. Several
strike-slip basinsin California (such asthe Los Angelesbasin
(table 6)), Venezuela, and elsewhere are very petroliferous,
asare numerousforearc basins (such asthe Sacramento basin
(table 6) or Alaska's Cook Inlet)—so these basin types are
not by nature poor habitats for petroleum resources.

Perhaps the most prominent limiting factor for Wash-
ington basinsisthelack of good sourcerocks. In California’'s
Neogene strike-dlip basins, marine rocks of the Monterey
Formation were deposited in many environments restricted
from the influx of clastic sediments. In contrast, strata in
Washington's Eocene strike-slip basins are predominantly
nonmarine, rich in clastic sediments, and deposited at high
sediment-accumulation rates (Johnson, 1985). These high
rates probably precluded the origin of good organic-rich
lacustrine facies, which provide the source beds for petro-
leum systems in other nonmarine basins (eg., the
Uinta-Piceance basin, table 6). Marine rocks (Eocene and
younger) in the Grays Harbor and Tofino-Fuca basins of the
Coast Range are also generally clastic rich and organic poor,
again suggesting that sediment supply was a limiting factor
on the development of good regional source rocks.

The quality of reservoir rocks is an additional limiting
factor to development of significant petroleum accumula
tionsin Washington, although not asimportant astherelative
absence of good source rocks. Although many sandstone
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Table 6. Conventional oil and gas resources.

[Comparison of U.S. Geologica Survey estimates of undiscovered techni-
caly recoverable conventional oil and gas for Washington with those of
other selected States and geologic provinces. Information from Gautier and
others (1995) and U.S. Geological Survey Nationa Oil and Gas Resource
Assessment Team (1995)]

Crude oil Gas
Selected State (billion barrels) (trillion cubic feet)
or geologic province Mean Mean
estimate estimate
Washington 0.02 0.59
Oregon 0.00 0.32
Alaska 8.44 68.41
Sacramento basin, Calif.  <0.01 3.32
Los Angeles basin, Calif. 0.98 161
San Joaquin basin, Calif. 121 257
Uinta-Piceance basin,
Colo. and Utah 0.21 454
Western Gulf Coast,
Tex. and La 2.29 68.09
TOTAL ESTIMATE,
onshore United States*  30.25 258.69

*Total for onshore United States is not a sum of the selected
areas listed on this table.

unitslack significant porosity and permeability dueto diage-
netic alteration of abundant volcanic lithic debris (e.g., Gal-
loway, 1974), there are also some excellent reservoirs, such
asthe Eocene sandstone beds used for gas storage in the Che-
halis basin (Wurden and Ford, 1976). The best sandstone
reservoirs are clearly the arkoses derived from crystalline
source terranes to the east. These arkosic sandstones pre-
dominate in Eocene rocks (Frizzell, 1978; Johnson, 1985),
which formed prior to latest Eoceneinitiation of the Cascade
volcanic arc. Arkosic sandstones are al so present, but in less
abundance, in Neogene strata of southwest Washington (for
example, parts of the Astoria and Montesano Formations;
(fig. 2) sourced by the paleo-Columbia River drainage).

Suitable traps and seals are present for most plays. The
most notable exception is the Western Washington Melange
play (405), in which tectonic processes associated with sub-
duction have probably disrupted and caused breaching in
many potential reservoirs. Faulting along the west flank of
the Cascade Range may have also compromised theintegrity
of sandstone and coal-bed reservoirs in the Southeastern
Puget Lowland Gas play (402), the Puget L owland Deep Gas
play (403), and the Western Washington—Western Cascade
Mountains play (451).

CONCLUSIONS

Washington hosts numerous possible petroleum sys-
tems, but there is no current petroleum production in the
State. These possible petroleum systems are hosted by

sedimentary rocks deposited in Eocene strike-slip basins and
late Eocene and younger intra-arc, forearc, and trench
basins. Eight conventional petroleum plays, three coal-bed
gas plays, and two continuous-type gas plays can be delin-
eated in order to analyze and assess the resource potential of
these possible petroleum systems. In these plays, the poten-
tia for significant petroleum accumulationsis clearly great-
est in the Columbia Plateau region of eastern Washington.
Potential accumulations in western Washington are smaller
but could have local economic significance. The absence of
suitable source rock is probably the most important factor
limiting development of large accumulations, although
development of suitable reservairs, traps, and seals also lim-
its some plays. Play analysis indicates that Washington's
petroleum resources are small and unlikely to have a signif-
icant impact on meeting the Nation’s energy needs. Devel-
opment of local petroleum resources, however, could be
important in serving local economies.
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