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About the
Ocean Resources Assessment Program

In April 1992, the Minerals Management Service (MMS) of the U.S. Department of the
Interior plans to conduct Lease Sale #132 for offshore oil and gas exploration and development in
federal waters on the outer continental shelf off the coasts of Washington and Oregon. This has
been the driving force behind recent Washington state actions on this issue [earlier, the State
Department of Natural Resources had imposed a moratorium on leasing for oil and gas inside state
waters].

The Governor of Washington has asked MMS to delete about half of the lease sale arca
off the Washington coast and has joined Oregon, California, Massachusetts, and the National
Resources Defense Council, an environmental group, in lawsuits against DOI, challenging its
current Five-Year OCS Oil and Gas Leasing Program. Meanwhile, MMS is sponsoring several
pre-leasc eavironmemtal studies, and, at this writing, the first step in the sale process is less than
one year away. [n November 1989, MMS plans o request that oil and gas industry members
indicate their level of interest in Lease Sale #132. Under the present plan, if industry interest is
sufficiently high, successive steps in the lease sale process will proceed.

Through the Western Legisiative Conference in 1986, members of the Washington
Legislature became concerned that the state was unprepared for the potential development being
planned by the federal government. Engrossed Substitute Senate Bill (ESSB) 5533 was the resull.
It became effective law on July 26, 1987, Of the $800.000 originally requestced, the Legislature
appropriated $400,000 to Washington Sea Grant (0 conduct the studies mandated by this law.

Why Sea Grant? First, the University of Washington has a renowned College of Ocean
and Fishery Sciences, and Sea Grant is an effective pathway to that expertise. Second, Sca Grant
is expenienced ir interdisciplinary research design, procurement, and administration, Third, Sea
Grant has a communications network with other universities, giving Washington State quick
access to nationwide expertise. Fourth, part of Sea Grant's mandate is to work with academe,
government, and industry, without political advocacy, in a non-regulatory, information-support
role. Last, Washington does not have statewide planning and assigning the responsibilities of
ESSB 5533 to a mission-oriented state agency might have created concems aboul objectivity and
fairness.

This law is ocean information oriented, as opposed to Oregon's C-ESB 630, which is
ocean management oriented. Management could be the next step for Washington State. Through
its Ocean Resources Assessment Program (ORAP), Washington Sea Grant is synthesizing
existing scientific information. The Legislaiure's Joint Select Committee on Marine and Ocean
Resources acls as oversight committee for ORAP. In the 1989 Legislative session, convening in
January, ORAP is 10 report its findings about information gaps and research needs and present a
plan for future studies.

In designing ORAP, an overall guideline was the determination to benefit from the
experience of others but not to duplicate past and current studies. Thus, ORAP has sponsored
ligde original research but has concentrated on synthesis and planning. ORAP consists of seven
projects, including the study from which this book is derived:

* An Assessment of the Oil and Gas Potential of the Washington Quter
Continental Shelf—the present assessment by the State Department of Natural Resources, to
heip identify geologic formations that might be of potential interest to industry.

* State and Local Influence Over Offshore Oil Decisions—a swdy of the
roles and mechanisms of state and local governments in offshore oil decision-making, as revealed
by experience in other states.

» Coastal Washington: A Synthesis of Information—a report on existing
information, information gaps, and research needs.

» Coastal Oceansgraphy of Washington and Oregon—a regional oceanography
text, making contributions to science on 15 of the 22 subjects mentioned in the law. Multi-edited
and authored, the hardcover book presents the resulis of many years of research. Sea Grant funded
the final efforts needed to make the book available in time to influence OCS decision-making and
future rescarch,



* An Advisory Committee, as required by law. Sea Grant recognized the nced for
broad educational base-building among the policy-makers in state and local governments, tribal
authorities, and citizen groups. Ten Legislators, equally split by party and body, were members of
this advisory committee. Sea Grant devised an innovative approach to help the 32 members of
this committee educate themselves quickly about the offshore oil and gas industry and its typical
facilities, equipment, operations, and impacts. The committee functioned like a task force and
reported 1o Sea Grant on information needs and priorities. This project is a worthy model for
others who must deal on a tight schedule and budget with new, complex issues of high public
concem,

* Conceptual Framework for Future OCS Research—a workshop to develop a
framework that will help determine "what's important?* and help ensure that feture research is both
well-targeted and well-founded scientifically.

* OCS Studies Plan: A Report to the Washingon State Legislature— a
plan developed by Washington Sea Grant, as required by law, building upon the other ORAP
projects and other studies.

Washington Sea Grant is publishing reports of cach of these projects, excepl for the
coastal oceanography text, which is being published commercially by Elsevier Science Publishers.
Meanwhile, the Legislature's Joint Select Commitiee on Marine and Ocean Resources is grappling
with statewide policy alternatives and may propose legislation for the 1989 regular session.

B. Glenn Ledbetter, Manager, ORAP
January 1989
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Wooden derrick of the Sims No. 1 well, circa 1931, drilled near the Jefferson oil seep in Jefferson
County. Numerous exploratory wells have been drilled in this area and elsewhere on the western
Olympic Peninsula and adjacent continental shelf. Photograph courtesy of Jones Photo Company,
Aberdeen, Washington.



Legislative Summary

The western Olympic Peninsula and adjacent offshore areas of Washington have a history
of oil and gas exploration dating from 1901 when an exploratory well [wildcat™| was drilled near
Copalis. Subsequently, approximately 116 wildcats have been drilled in this region. Many of
these wells had significant indications [shows] of oil and/or gas, but profitable production has not
been established. The Minerals Management Service, Department of the Interior, has begun
preparation for an auction of oil and gas leascs on the Washington and Oregon Outer Continental
Shelf {OCS], designated Sale 132. Sale 132 would be scheduled during 1992 if industry interest,
as indicated in a formal notification process, is sufficient to assure that the auction will be
successful. The following map shows the proposed area on the Washington OCS from which
leases could be auctioned during Sale 132. The sale arca extends from State terrilorial waters (the
3-mile limit) westward to the Pacific basin plain and between the Canada-United States and
California-Oregon borders. This assessment encompasses the area from the coastline o the
western boundary of Sale 132, and from the offshore projection of the Washington-Oregon siate
boundary north 10 the Canada-United States intemational houndary,

The purpose of this report is to provide a geological and geophysical assessment of the
petroleum poicntial of the Washington QCS for the bencfit of the public, A secondary gbjective
of this project is to collect and archive geological and geophysical data in the public-domain that
are relevant to hydrocarbon assessment in the Washington OCS. These data, which are available
to the public through the library of the Department of Natural Resources, Division of Geology and
Eanth Resources, are also useful for regional geological studies and geologic hazard assessment.

PETROLEUM GEOLOGY OF THE WASHINGTON CONTINENTAL MARGIN

Petroleum assessments are based on the study of sedimentary rocks that have potential to
generale and store commercial quantities of oil and/or gas [petroleum). Sedimentary rocks buried
in the Earth's crust commonly contain fossil algae, wood, leaves, and other organic debris that are
[source rocks] for gas and oil. Heating occurs as the rocks are buried under younger sediments.
Heating of the source rocks to near the boiling point of water activates chemical reactions that
convert the organic debris to petroleum [maturaticn]. Low-density petroleum floats toward the
surface [migrates] from its source through water-filled pores and faults within the rocks. Stratified
sedimentary rocks can be folded and/or faulted into domes [traps} which stop the upward migrating
petroleum. Porous strata which collect and store the oil and gas [reservoir rocks] must be present
within the trap. In addition, these reservoir rocks must be overlain by impermeable rocks [seals]
that inhibit the upward migration. Oil and gas fields are large traps which reflect the rare sitnation
in which all of the conditions described above occur in proper sequence (i.e., deposition of source,
reservoir, and sealing rocks, followed by development of a trap, and then by maturation and
migration of the petroleum into the trap). A petroleum assessment is simply a quantitative
analysis of each of these factors based on geologic study of an area.

The geologic history relevant to petroleum accumulation in coastal Washington began
with deposition of the area’s oldest sedimentary rocks, the Ozette and Hoh sequences. These
sequences are mainly composed of sandstones, siltstones, and claystones deposited in decp water on
the Pacific Oceanic plate between approximately 50 and 15 million years ago. These sediments
were scraped off the Pacific plate and attached [accreted] to the North American continent as the
Pacific plate sank [subducted] beneath the continent. During the accretion process, intense faulting
and folding created a chaotic mixing of Hoh and Ozette rock types known as melange. Between
about 12 and 2 million years ago, accreted Hoh and Ozette melanges were covered by the
Montesano and Quinault Formations that are also composed of sandstones, claystones, and
siltstones. After deposition, the Montesano and Quinault Formations were deformed, but much
less severely than the underiying Ozette and Hoh melanges. This period of deformation created
numerous faults and folds [anticlines and synclines] in the Montesano and Quinault rocks. A

* In this summary terms commonly used in the petroleum industry are bracketed.
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Map of the western Olympic Peninsula and offshore region relevant to the proposed lease Sale 132.
Subarea deferrals and arcas highlighted by the Minerals Management Service are indicated.

small number of these anticlines probably are domes and consequently could serve as potential
traps for the accumulation of oil and gas.

SOURCE ROCKS, MATURATION, AND MIGRATION

Despite the lack of oil or gas production in Washington, the western Olympic Peninsula
is a remarkably petroliferous terrain.  Qil and gas seep o the surface at many locations on the
western Olympic Peninsula, and numerous exploratory wells drilled onshore and offshore
encountered significant oil and gas shows. (See Plate 1.) Very dark gray clay layers in Ozette and
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Hoh sequences exposed along sea cliffs in the Olympic National Park and adjacent beaches seep oil
into the Pacific Ocean. Early inhabitants of the peninsula referred to these clay fayers as "smell
muds”. The Medina No. 1 well, drilled on the beach at Ocean Shores (near Ocean City), produced
marginal amounts of oil between 1958 and 1962. These observations indicate that petroleum was
generated and has migrated 1o the surface along the coastal zone adjacent to the Sale 132 area.

Paradoxically, laboratory studies by the U.S. Geological Survey and our own work have
failed to identify specific source rock horizons that generated these oil seeps and shows.

RESERVOIR ROCKS AND SEALS

Reservoirs for oil, gas, and underground drinking water usually consist of small gaps or
voids {pores] between grains of sand in sandstones. The storage capacity of a sandsione reservoir is
determined by the percentage of the rock that is composed ol pores [porosity]. A reservoir will not
yield profitable petroleum unless fluid can flow from porous rock into the well bore.
[Permeability] is the measurcment of the ease with which fluids can flow through a reservoir.
Porosity and permeability in offshore reservoirs must be especially high in order for the well to
produce petroleum at volumes and rates sufficient to recoup the expense of building a production
platform. Permeability commonly decreases with decreasing grain size; consequently, sandstones
generally are considered as potentially commercial reservoirs, whereas siltstones and claystones
seidom produce oil or gas at commercial rates.

Porosity and permeabilily data obtained from onshore exploratory wells in the coastal
Olympic Peninsula indicate that the Hoh and Ozette sequences lypically have insufficient
permeability to sustain commetcial offshore production rates. Most of the pores in these rocks
have been filled with mineral cements, thus reducing both the storage capacity and permeability.
Furthermore, intense folding, faulting, and fracturing of the Hoh and Ozette sequences that occurred
during accretion may limit the lateral extent of Hoh or Ozette sandstone reservoirs.

The porosity and permeability of sandstone sequences within the Montesano and Quinault
Formations compare [avorably 10 those of producing reservoirs in some of the world's largest oil
fields. Wells drilled in the Ocean City area encountered a continuously porous sandstone unit in
the Montesano Formation that is more than 500 feet thick, and in which nearly one-third of the
total sandstone volume is composed of void space. This cxceptional sandstone reservoir has been
drilled only in the Ocean City area and in one offshore well. Our work suggests that a few
equivalents of this sandstone may be present elsewhere on the continental margin, but prediction of
the distribution of these sandstones, which is critical to successful exploration, will be difficult.
Nonetheless, these Monlesano sandstone reservoirs prescnl an attractive petrolcum exploration
target.

Scals are gencrally composed of impermeable claysione or siltstones layers that inhibit
migration of cil and/or gas from the reservoir. Qil and gas seeps occur when seals are not present
or ar¢ breached by faulting or erosion, and as a result the petroleumn migrates 10 the surface. In
some cases faults may seal wraps.

Most sedimentary sequences in the western Olympic Peninsula contain impermeable
siltstones and claystones suilable for sealing underlying sandstone reservoir horizons. Minor
shows recorded in the thick Moniesano sandstone unit encountered in the Ocean City area indicate
that gas, and possibly oil, have migrated into this sandsione at some time in the past. However,
our work suggests that the overlying siltstone seal was breached by erosional processes
approximately 5 million years ago, and oil and gas that may have been accumulated in the
sandsione escaped.

TRAPS

Anticlinal folds of stratified rocks having potential (o trap petroleum can be mapped using
scismic reflection surveying. This geophysical technique involves bouncing [reflection] sound
waves off buried strata; the reflection data are used to map the geomelry and approximate depth of
anticlinal folds. Seismic reflection surveying operates in the same fashion as sonar location of
submarines. The seismic reflection data are acquired along lines [profiles] laid out on a map as an
intersecting grid.

We have used seismic reflection data acquired by the U.S. Geological Survey, the Scripps
Institetion of Oceanography, and the University of Washington o evaluate possible anticlinal



4/ Palmer and Lingley

domes on the Washington OCS that may act as oil and/or gas traps. The grid spacing of public-
record seismic profiles is generally greater than the size of Lypical traps; therefore, it is probable
that we have been unable to identify many potential traps. Similarly, the wide spacing of seismic
profiles prevents accurate mapping of all dimensions of potential traps, However, we can
demonstrate that a large number of folded structures exist in the offshore region, and we anticipate
that some of these struclurcs may act as traps.

RESULTS OF PREVIOUS OFFSHORE DRILLING

A 1otal of four deep oil and gas exploratory wells have been drilled offshore of
Washington State. The State of Washington leased oil and gas rights in its territorial waters
{within 3 miles of the shoreline) during the period from 1960 to 1964. The Union Qil Company
drilled the first deep offshore exploratory well, the Tidelands State No. 2, in 1962, but no shows or
reservoir rocks were encountered. In 1964, an offshore oil and gas lease sale was conducted by the
Department of the Interior on the Washington and Orcgon OCS. Three Washington OCS
exploratory wells were drilled on leases purchased during this sale at prices ranging from $5 to
$310 per acre. Indications of petroleum in the Hoh sequence, including small flows of gas, were
encountered in two of these OCS wells drilled by the Shell Oil Company. Montesano Formation
sandstone reservoirs were not present in two of the OCS wells. In the third OCS well where a
thick Montesano sandstone was present the seal was inadequate. All four offshore exploratory
wells were abandoned as dry holes; however, many major oil- and gas-producing areas worldwide
have had more than 25 dry holes drilled prior to the inilial discovery.

OIL AND GAS POTENTIAL OF THE WASHINGTON OCS

Petroleum exploration is an intermittent process that reflects data availability, technical
knowledge, results of previous exploration, and economic conditions. Offshore exploration ccased
in the late 1960s because of the lack of encouraging results from the four offshore wells. Since
that time, geologic and seismic data have improved significantly in both quality and quantity, and
technical knowledge has increased exponentially. Increased exploration interest in the Washington
continental margin is likely because of these factors and because areas favorable for easy discovery
of large oil or gas accumulations are nearly exhausied.

The combination of potential traps, numerous oil shows, and an exceptional quality (if
unpredictably distributed) Montesano sandstone reservoir suggest that renewed interest in oil and
gas exploration on the Washington OCS is possible. We regard the potential for significant
petroleum accumulations seaward of the continental shelf on the continental slope and Pacific
Ocean abyssal plain as poor. On the continental shelf, the potential for petroleum gencration and
for the occurrence of Montesano sandstone reservoirs is greatest near the coastline. The region
within 12 mules of the coast and north of 47° latitude encompasses approximately 75% of the area
on the Washington OCS which we regard as favorable for significant petroleumn accumulations.

The force driving future exploration of offshore Washington would be the potential for
discovery of a giant field (500 million barrels of il or equivalent gas). Giant fields contain more
than 70% of the world's recoverable oil. We regard the overall potential to discover a giant field on
the Washington continental margin as 2 on a worldwide scale of 10. However, the best remaining
unexplored [frontier] basins, such as the Arctic National Wildlife Refuge, are 7 or § on this same
scale, while most frontier basins worldwide are rated 5 or less.
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SUMMARY OF TECHNICAL FINDINGS

1. The following is a brief history of some geologic events that affected the Washington
continental margin. It has been prepared using work by Snavely (1987), Snavely and
Kvenvolden (1988), Snavely and others (1986}, Rau (1975, 1979), Tabor (1975), and Tabor
and Cady (1978a,b):

a. 50 Ma: Subsidence of a basin in the arca of the present Qlympic Mountains and partial
topographic isolation of this basin by development of thrusted (or constructional-
volcanic) highlands north of the Crescent thrust, south and east of the Southemn Fault
Zonc, and on the east side of Willapa Bay. These highlands were composed of lower
Eocene Crescent Formation basalts.

b. 48 to 27 Ma: Deposition and thrusting of turbidites of the Ozette melange in this basin
and on the present continental margin (approximately 48 to 35 Ma). A widespread
depositional hiatus may have occurred during the Oligocene (35 to 27 Ma). The nature of
the basement under these turbidites is unknown.

Lz}

. 27 10 14 Ma: Continued thrusting in the northwestern Qlympic Peninsula paraliel with the
Crescent thrust and deposition of the Hoh rock assemblage on the western Olympic
Peninsula.

=N

. 1710 12 (?) Ma: Regional uplift and erosion (?) of the Hoh/Ozette sequences in the area of
the present continental margin, Uplift of the Olympic Mountains.

w

. 12 10 8 (?) Ma: Foundering of eroded Hoh/Ozette sequences westward from the vicinity of
the present coastline and subsequent deposition of hemipelagic sediments of the
Montesano claystone member and equivalent units,

-

8(?) to 5 Ma: Development of the present continental shelf and continuous deposition of
upper Montesano Formation and equivalent sediments. Uplift was accompanied by strike-
slip fanlting and intermittent diapiric intrusion.

g 5 Ma to present. Deposition of the Quinault and Quillayute Formations and Pleistocene
sediments. Intermittent diapiric intrusion and possible strike-slip faulting.

2. Anticlines are common on the continental margin. Simple anticlines range from 0.5 o 7 mi
in profile (as measured from the troughs of adjacent synclines). Diapiric uplifts arc commonly
greater than 2.5 mi in profile. The orientations and dimensions of these folds and diapirs
cannot be mapped with the existing pu lic-record data set. It is not possible to map closure
on any of these anticlines from these da- ..

3. Porosity in the Hoh rock assemblage and Ozette melange sandstones ranges from S to 30%,
and approximate thickness of sandstones in 14 selected wells averages 34 ft. Permeability in
the Hoh/Ozeute is low due to large clay volumes and secondary mineralization. It is not
possible to distinguish prospective Hoh/Ozette broken formations from nonprospective
chaotic turbidites (F facies), or from other melange fabrics on the basis of well data. House-
sized sandstone olistostromes crop out as sea stacks along the coast.

4. Montesano Formation porosity ranges from 20 to greater than 30%, and reservoir thickness
averages 40 feel. The Montesano sandstone member was drilled in the Ocean City area and in
the Shell P-0155 wildcat where wireline log, sidewall core, and seismic data indicate that more
than 600 ft of porous sandstone are locally present. Permeability in the Montesano sandstone
member is typically greater than 500 md. This sandstone is not sealed in the Ocean City area



6 ! Palmer and Lingley

or in the P-0155 well. Similar sandstones crop out at Aberdeen and near Point Grenville/Cape
Elizabeth. We regard these sandstones as the primary exploration target on the Washington
continemal margin,

5. The Quinault and Quitlayute Formations and cquivalent sirala arc probably aol buried 1o
sufficient depths 10 be considered as conventional petroleum plays.

6. Significant oil and gas shows were tested in the Ocean City, Hoh River, and Forks areas, and
il shows were logged in the Shell P- 0155 offshore wildcat. Numerous coastal outcrops of
very dark gray mudstone and siltstone presently sccp oil. The Shell P-0130A offshore wildcat
tested 10 and 26 MCEFGPD in two zones within the Hoh sequence, and several gas seeps have
been located onshore.

7. Rocks on the continental margin and western Olympic Peninsula analyzed to date have fair
potential to generate natural gas. Although some rocks in the Ozette melange near Forks have
two rare biomarkers also found in oil samples from coastal wells and seeps, no oil-prone
source rocks have been identified in the study area.

8. Geohistory analysis, thermal alteration indices, vitrinite reflectance, and Tmax determinaticns
indicate that the sections penetrated offshore are generally immature for petroleum generation.
Onshore, seeps and significant shows are concentrated between the coast and a parallel line
roughly 20 mi to the cast.

9. The primary cxploration play will probably be for these sweet, paraffinic oils rather than {or
gas.

10. Structures dissected (or formed?) by strike-slip faults could facilitate migration between the
Montesano reservoir sequences and underlying source rocks. These structures may also control
deposition and/or distribution of sandstone sequences within the Montesano and Quinault
Formations. Similarly, marginal faulting along diapirs could facilitate migration between the
Moniesano reservoir sequences and underlying source rocks. Structures formed in response to
diapiric intrusion are potential hydrocarbon traps.

11. We speculate that an "average" Ozette or Hoh oil pool might contain 10 million barrels of
recoverable oil. However, risked reserves for the Ozette/Hoh are only a small fraction of this
number owing to complex structure, discontinuous reservoir strata, and the difficulty of
defining traps with seismic data.

12. Speculative reserves for a Montesano oil pool, assuming that the reservoir has the average
porosity and thickness of those penetrated to date, are 20 million barrels. A 300-fi-thick
Montesano sandstone reservoir, 50% full to spill, coutd contain 250 million barrels of
recoverable oil.

13, The entire shelf may have potental to contain gas and/or oil accumulations within the Ozetie,
Hoh, and Montesano sections. Areas immediately adjacent to the coast are closer to the
Montesano provenance and, consequently, are considered as more prospective with regard o
sandstone reservoir development than areas farther west. Furthermore, the coastal area is
adjacent to the zone of common seeps and shows. The potential of the continental slope and
Pacific abyssal plain is considered poor.

e e e - — ]
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Introduction

The Minerals Management Service, Department of the Interior, has proposed holding an
oil and gas leasc sale encompassing the Outer Continental Shelf (OCS) of Washington and
Orcgon. This sale, Sale 132, is tentatively scheduled for 1992, The location of the proposed sale
area adjacent o0 Washington is shown on Plate 1.

The purpose of this study is to collect relevant public-domain geological and geophysical
data and to assess the oil and gas potential of the Washington contingntal margin. Most of the
data and analyses uscd in this report are from wells and outcrops located onshore.  Previous
research (summarized in Snavely, 1987) has demonstrated continuity of the onshore and offshore

geology.
GEOLOGICAL AND GEOPHYSICAL DATA SET

Interpretations contained in this report are based solely on public-domain geological and
geophysical data. The Division of Geology and Earth Resources (DGER) library contains a
comprehensive coltlection of maps, reports, journal articles, publications, ficid notebooks, and
other data pertaining to the geology of Washington. DGER also maintains comprehensive well
files, including core and cuttings samples, oil samples, and wireline logs, as well as histories for
most onshore wells, the four offshore wildcats, and two offshore Canadian exploratory wells.
Plate 1 gives the locations of these wells. The numbers beside each well symbol on this plate are
for reference to Appendix A -- Well Information. Approximately 30 wells drilled prior to 1930 are
not included on Plate 1 or Appendix A because appropriate data are not available.

The geophysical data set was checked to be certain that all public-record data were
incorporated in the study by using a computer search. This search was conducted by the National
Geophysical Data Center of NOAA, in the latitude-longitude range from 46°0' to 48°30' N, and
124°0" 1o 126°30' W. Copies of multi-channel seismic reflection profiles collected by the U.S.
Geological Survey (Mann and Snavely, 1984; Snavely and McClellan, 1987, 1988) were kindly
provided by Parke Snavely. These data were augmented with deeper penetration single channel
profiles provided by Eli Silver of the University of California, Santa Cruz, and with shallow
single channel reflection data collected by the University of Washington and provided by Mark
Holmes of U.S. Geological Survey (USGS). Various gravity and magnetic survey data compiled
by Carol Finn of the USGS were also used in this assessment.

HISTORY OF OIL AND GAS EXPLORATION ON THE WESTERN
OLYMPIC PENINSULA AND ADJACENT OFFSHORE AREAS

We have divided the search for petroleum on the western Olympic Peninsula and offshore
Washington into five periods of drilling activity. Plate 1 and Appendix A give the location of oil
and gas exploration wells drilled in the study area.

PHASE 1

The carliest phase of oil and gas exploration in the western Olympic Peninsula occurred
between 1901 and 1930. Exploration commenced in 1901 with the drilling of a well ncar the town
of Copalis. This well was reported to have had slight gas shows, Small independent operators
who drilled most of these early wildcats chose their locations primarily on the basis of proximity
to surfacc oil or gas seeps. Two wells (Nos. 14 and 15, Inset 2, Plate 1) were drilled southwest of
Forks ncar the Jefferson oil seep, and both logged shows of oil and gas. A number of other wells
drilled around the town of Forks (Inset 1, Plate 1) encountered high- pressure low-volume gas
zones. None of these wells were developed commercially. Two shallow wells (Nos. 30 and 31)
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were drilled adjacent to the Garfield gas mounds but werc soon abandoned. Wells drilled near the
Moclips and Copalis Rivers (Nos. 33 and 34) had no significant shows of oil or gas.

PHASE I

During the second phase of exploration, between 1930 and 1940, considerable cfforts were
made by independent operators in exploring and drilling the area near the Jefferson oil seep (Inset 2,
Plate 1). A number of wells had encouraging oil tests in shallow Hoh rock assemblage
sandstones, but cfforts to achieve commercial production proved futile. The frontispiece is a
photograph taken in 1931 of the derrick used in drilling the Sims No. 1 well (No. 16). Some of
these Hoh zones might have been capable of stripper production, but shipping costs to San
Francisco, the nearest refinery, made such production unprofitable, Some of the oil recovered from
these wells was shipped to Seattle and used to make "Velvol”, a lubricating product (S. L. Glover,
DGER, field notebook, circa 1938).

A well (No. 22} was drilled at the nearby Lacy oil seep and recovered oil, but was
abandoned after drilling into shale. Likewise, three wells (Nos. 2, 3, and 7) were drilled in the
Forks area, and again only noncommercial gas shows were reported. During this period, a number
of wells were drilled in the Grays Harbor Basin near Aberdeen; subcommercial gas and oil shows
were reported in many of these wells. (Wells drilled in the Grays Harbor Basin are not shown on
Plate 1.)

PHASE III

The third phase of exploration, carried out primarily by major oil companies, occurred
between 1945 and 1955. The Union Oil Company of Califomia concentrated its activity around
Ocean City, an area that was previously untested. Union conducted a seismic survey, and used
these data to choose several exploratory well locations.

Union spudded the first well in this area, the Bammhisel No. 1, on August 7, 1947, Oil
shows on the ditch occurred below 1,450 [i, and gas shows in cores (including cores that burned
when ignited or "flashed™) were ubiquitous below this depth. At 2657 fi, the drill-string was
dropped in the hole, and the well was abandoned. All of the shows were logged in the Montcsano
Formation.

By June of 1949, Union had drilled four more wells in the Ocean City area, the Clapp
No. 1, State No. 1, State No. 2, and the State No. 3. These wells had excellent shows of oil and
gas in the Hoh rock assemblage and/or the Ozette melange. The Clapp No. 1 logged oil and gas in
the ditch below 2,000 ft, and core samples recovered below 2,700 fi contained oil and flashed. No
tests were run, and the well was abandoned. Union moved the rig and drilled two wells near the
Copalis River north of the Ocean City area and then moved back to drill the State No, 1 about 3/4
mi south of the Clapp No. 1. Production tests of this well within the Hoh sequence between
3,630 and 3,885 ft recovered gas at 1.0 to 1.5 MMCEGD (million cubic f1 of gas per day) through
a 30/64-in. choke and at 300 psi flowing tubing pressure (FTP). This test also produced
approximately 65 barrels of 40° API gravity oil. The well was abandoned when tests of a
shallower interval recovered water.

Union skidded the rig back to a location only 200 ft from the Clapp No. 1 and proceeded
to drill the State No. 2. The first core was taken in the zone that yielded oil in the Clapp No. 1.
These cores had good indications of oil and gas, but an extended test between 3,710 and 3,772 fi
failed to produce. The rig was then skidded back w a location 200 ft from the State No. 1, and the
State No. 3 spudded. This well, drilted to 9,334 fi, is the deepest onshore well in the wesiemn
Olympic Peninsula. Cores were taken only in the Hoh/Ozette sequence, and many had indications
of oil and gas. Production tests of commingled Hoh/Qzene intervals between 3,670 to 4,400 and
4,663 to 4,676 ft were conducted from October 1949 to May 1950. These recovered approximately
1,000 barrels of oil. Because of these marginal resulis and the existing economic conditions,
Union judged the Ocean City area to be a non-commercial play and farmed out their lease interests
in the area to Thomas P. Hawksworth and Associates.

The fifth well in the Ocean City area, the State Ne. 4 (No. 58), was drilled by
Hawksworth, and it encountered significantly better oil and gas shows. During a one-month
production test, the State No. 4 flowed wet gas at rates of 500 to 2,000 MCFGPD with 1,200 psi
casing pressure, and as much as 35 BOPD (barrels of oil per day). However, this well was not put
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into production, apparently because of litigation involving the oil and gas leasing rights and
because the casing collapsed. Subsequently, the Union leases were passed among various operators
until acquisition by the Sunshine Mining Company in 1958,

PHASE IV

The fourth and most significant phase of oil and gas exploration in the western Olympic
Peninsula and the adjacent offshore occurred from 1957 to 1967. Further drilling at Ocean City
resulted in the sale of small quantities of crude oil and gas from two non-profitable wells. During
this phase, the State of Washington and the federal government conducted oil and gas lease sales of
offshore parcels that resulted in the drilling of four exploratory tests on the Washington continental
shelf.

In the summer of 1957, the Medina No. 1 (No. 56) was drilled by the Sunshine Mining
Company in the Ocean City area. This well was located on the beach behind a dike constructed to
keep waves from immdating the location. Drillstem tests recovered significant amounts of oil, and
the well was completed. Contracts with a shipping company and a Tacoma refinery established a
price of $2.71 per barrel of oil after freight costs. By the close of 1961, when the Medina No. 1
was shut-in, a reported 12,000 barrels of oil had been produced. The Humble Qil and Refining
Company purchased Sunshine's rights to the Medina No. 1 and abandoned the well in 1962 while
it was making a reported 5 BOPD.

Sunshine unitized leases around the Hawkesworth State No. 4 well during the late 1950s.
This well was recompleted as the Sampson Johns Unit No. 1. A gas pipeline running from the
well o Ocean Shores was constructed in 1960, and a total of 5.5 MMCFG were sold to the real
estate development at $0.40/MCF ($2,200 gross revenues). Gas deliveries to Qcean Shores were
terminated in December 1961. In 1969, Jack Taylor, owner of a local drilling firm, recompleted
the Sampson Johns Unit No. 1 and sold small volumes of gas 10 a local motel for a short period
of time.

By 1962, the Sunshine Mining Company had drilled or recompleted six other wells in the
Ocean City area, but it was unsuccessful in establishing profitable production. Sunshine drilled
the Medina No. 2 in the fall of 1957 and recovered cil and gas from drillstem tests in the
Montesano and Hoh sequences. However, the well was subcommercial and abandoned on
November 15, 1957, The Hogan 22-1, a well initially drilled during the 1950s, was acquired by
Sunshine in 1960 and recompleted. Sunshine tested gas at 238 MCFGPD with 45 psi FTP
through a 3-in. "choke" from perforations between 3,045 and 3,055 feet. This well was not be put
on production despite the fact that Sunshine had already finished the pipeline to Ocean Shores.

During the development of the Ocean City area, the Sunshine Mining Company and the
Humble Oil and Refining Company drilled three wells near the Moclips River (Nos. 39, 40, and
41). The Montesano and Quinault Formations are absent in these wells, and only minor shows
were logged in the Hoh and Ozette sequences.

During the period from 1960 to 1964, the State of Washington leased oil and gas mineral
rights on a number of offshore ("tidelands") parcels. In 1962, Union attempted to drill two wells
on their offshore State leases, but both were abandoned at shallow depths due to severe weather. In
1964, Union drilled the first significant offshore Washington wildcat, the Tidelands State No. 2
(No. 86}, to a depth of 5,073 ft, but no shows were encountered. All State tideland oil and gas
leases expired with no further exploratory drilling.

On October 1, 1964, a lease sale was conducted by the federal government for the
Washington and Oregon OCS. Of the 113 blocks offered, 101 blocks were leased in this sale.
Fifty-seven bids totaling $10,500,000 were received for Washington offshore tracts; the high bid
was $310 per acre (Webster, 1985). Three wells, the P-0150 (and the P-0150A redrill), P-0155,
and P-0141 (Nos. 84, 85, and 87), were drilled on the OCS by the Shell Oil Company and the Pan
American Oil Company. Qil shows were logged in the P-0155, and two drillstem tests in the P-
0150A redrill flowed gas at 10 and 26 MCFGPD, respectively. These wells were plugged and
abandoned, and the OCS lcases expired in 1969,

PHASE V

The fifth and last phase of exploration was limited to the western Olympic Peninsula and
occurred from 1969 to 1981. During 1969 and 1970, the Shell Oil Company conducted a seismic



10 | Palmer and Lingley

survey in the Ocean City area, and then drilled cight shallow stratigraphic Lest wells on the basis of
these data. The apparent purposc of this program was to evaluate Montesano sandstone member
reservoirs in this area. Sidewall and conventional cores from the Montesano commonly had cut
and fluorescence, but only one well produced gas on a drillstem test.

Indcpendent operators drilled a number of exploratory wells near the Jefferson il seep and
the town of Forks and in the area between the Moclips and Copalis Rivers. Again, a number of
these wells had o1l and gas shows, but none were considered for commercial development, The
most recent exploration well drilled on the wesiern Olympic Peninsula was the Sunburst No. 1
(No. 23). located southeast of the Jefferson oil seep. This well, drilled in 1981, tested a small
flow of gas, but was determined to be noncommercial. No further oil angd gas exploration activity
has occurred since this well was plugged and abandoned.



2
Regional Geology

The regional geology and stratigraphy of the continental margin and adjacent areas is
summarized on Figure 2-1 (modified from Snavely, 1987) and Figure 2-2. The following
discussion is based mainly on work by Carol Finn (USGS, 1988 written commun.), Henderson
and others (1957a-d), MacLeod and others (1977), McFarland (1983), Rau (1975, 1979, 1986), Rau

and McFarland (1982}, Snavely and others (1986}, Stewart {1970), Tabor (1975}, and Tabor and
Cady (1978a,b).
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Figure 2-2

Washington, and the Washington continental shelf.

Stratigraphic columns for the Olympic Peninsula, Grays Harbor Basin, coastal

The regional structure of the Olympic Peninsula and the continental margin is poorly
understood owing to a lack of high resolution geophysical data, the thick vegetative cover on
outcrops, and the inherent complexity of the geology. The following is a generalized description
of the regional geology as presently understood.
Sedimentary rocks on the Washington continental margin and Olympic Peninsula are
mainly composed of lower Eocene (?) to middle Miocene turbidite and melange sequences
informally named the Ozetie melange (Snavely and others, 1986) and Hoh rock assemblage (Rau,
1975). Middle Miocene and younger shelfal lithologies including the Montesano Formation, the
Quinault Formation, the Quillayute Formation, and undifferentiated upper Pliocene to Recent
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sediments overlie the Ozette and Hoh sequences. These shelfal rocks and sediments extend eastward
from the shelf edge to the coast and lap onto the westernmost Olympic Peninsula. All of these
grade westward into deformed, Miocene and younger slope and abyssal plain deposits including
those of the Nitinat and Astoria Fans.

All of these rocks are bounded on the north, east, and south by lower Eocene Crescent
Formation basaltic uplifts which formed by thrusting and constructional-volcanism (7) during the
early Eocene. Eocene to Recent basin-fill sequences (e.g., the Humptulips and Astoria Formations
and Twin Rivers Group) lie inboard from the Crescent basaltic uplifts. These uplifis created a
nearly continuous topographic barrier that appears to have isolated the Hoh and Ozette sequences,
which were deposited in a deep-water open-marine setting, from coeval basin-fill sequences to the
east (Rau, 1986; Snavely, 1987; Snavely and Wagner, 1982a; Tabor and Cady, 1978a). Westward
wansport of terrigenous sediments may have been blocked by this barrier. However, a gap in this
barrier may have existed on the northeastern Olympic Peninsula where Crescent basalts do not crop
out. (See Figure 2-1.) Alternatively, Ozeue and Hoh detritus may bhave been partially deposited in
a fan(s) off Oregon which subsequently was wanslated northward and deformed by imbricate
thrusting as these rocks abutted against Vancouver Island (Bates and others, 1981; Beck, 1984).

Mapping by Snavely and others (1986) and Snavely and Kvenvolden (1988) shows that
the Ozette and older rocks on the northwestern Olympic Peninsula are thrust-faulted by several
west-northwest trending systems. These are traceable for at least 100 mi along strike. The
northeasternmost of these systems, the Crescent thrust, underplates Eocene strata below Crescent
basalts which form the aforementioned topographic barrier in this area. Snavely and Kvenvolden
(198%) note that Eocene strata deposited in the Fuca-Tofino Basin thin southward and lap onio the
Crescent basalt in the hanging wall of the Crescent thrust. The southwesternmost fault, the
Clearwater fault thrusts Ozette over lower Miocene Hoh (see Snavely and Kvenvolden, 1988). A
magnetic data compilation by Carol Finn (USGS, 1987 written commun.) suggests to us that
additional fault systems which involve magnetic (volcanic 7) rocks may subcrop below Pleistocene
beds ncar Forks,

Many of these thrusts are cut by strike-slip faults (Figure 2-1). A strike-slip fault
juxtaposes Pliocene Quinault beds against Miocene Quinault at Duck Creek. In the Ocean City
area, a similar strike-slip fanlt cuts the middle to upper Miocene Montesano Formation (See
Chapter 6.) These faults can be traced offshore on seismic reflection profiles (Wagner and others,
1986; Chapters 3,7).

South of Lake Quinault, Eocene Humptulips Formation siltstones and Crescent
Formation basalts overlie Ozetie melange (and the Hoh rock assemblage 7) along the Big Creek
thrust, an extension of the Southern Fault Zone (Rau, 1986; Tabor and Cady, 1978a). Westi of the
Big Creek thrust, we infer, bul are unable to map, thrusts which juxtapose Ozetle over the Hoh
rock assembiage,

Hoh and Ozette structures at outcrop scale are chaotic. Thrusts, intense folding, broken
formations, and melange typical of accretionary margins are exposed along the Olympic beaches
(Rau, 1975, 1979; Snavely and Kvenvolden, 1988; Snavely, 1987; Stewart, 1970). High angle
reverse faults and minor normal faults having various orientalions are also common. Folding
ranges from open to isoclinal with near-vertical to overturned axial planes that have a wide range of
orientations. Exposed thrusts commonly have east-dipping planes (Rau, 1975, 1979, 1987).
Thick sections of very dark gray, siltstone and claystone containing turbidite clistostromes crop
out in strike-slip and thrust fault zones. Several of these zones are in excess of 1,000 feet in
apparent thickness. Rau and Grocock (1974) and Orange (1987) suggest that the very dark gray
siltstones and claystone along these fault planes are diapirs. These probable mud diapirs contain
blocks of Ozette and Hoh turbidites and volcanic rocks. Deformation of the Miocene to Pliocene
section is less intense; folding appears to be controlled by diapiric intrusion and strike-slip
faulting.
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Stratigraphy

The stratigraphy of the Washington continental margin has been thoroughly described in
various reports cited below. This discussion highlights the significance of upper Miocene strata
that we believe have the greatest potential to contain significant petrolenm accumulations.

The Washinglon continental shelf and adjacent portions of the Olympic Peninsulza contain
a sequence of middle Eocene to upper Miocenc deep-marine siliciclastic and minor volcanogenic
rocks overlying oceanic basement. All of these rocks are overlain by upper Miocene to Recent
deep-water or paralic sediments. The total sedimentary section may have a unit thickness in
coastal areas as great as 50,000 ft (Connard and others, 1984: Johnson and others, 1984),

Figures 2-1 and 2-2 illustrate the spatial and stratigraphic rclations on the Washington
continental margin and adjacent arcas. Table 3-1 gives tentative unit tops for wildcats drilled on
the continental shelf. These tops are based on analysis and correlation of wireline logs,
lithologies, mud logs, drilling reports, well histories (Shell 1966, 1967; Pan American, 1967;
Union, 1965), and a limited amount of public-record biostratigraphic information (Rau and
McFarland, 1982; Snavely and Wagner, 1982a; Snavely, 1987).

These rocks are described in Bigelow (1987), Grady (1985), Hom (1969}, Moore (1965),
Orange (1987), Rau (1967, 1970, 1973, 1975, 1979, 1980), Rau and Grocock (1974), Raw and
McFarland (1982}, Rector (1958), Snavely (1987), Snavely and Kvenvolden (1988), Snavely and
others (1986), Stewart (1970), Tabor (1975), Tabor and Cady (1978a), Weaver (1912), and Zieglar
and Cassell (1978).

CRYSTALLINE BASEMENT

Crystalline basement east and north of the Washington continental margin is composed of
lower Eocene Crescent Formation basalts. Offshore, Crescent basalts were probably penetrated in
the Prometheus H-68 wildcat in Canada (Snavely and Wells, 1984), The aforementioned thrusted
uplifts are the apparent western limit of Crescent basalts (Snavely and Wagner, 1982a). Although
the Crescent Formation is commonly considered economic basement, Eocene to Miocene
sedimentary strata underlie thrusted basalt in the Willapa Bay area (Rau and McFarland, 1982) and
in the western Grays Harbor Basin (Snavely and Wagner, 1982a; Cowan and Potter, 1986).

The nature of the basement is unknown in the area from the Crescent sections at Grays
Harbor northward to the Point of Arches, where Mesozoic crystalline rocks crop out, and westward
to the shelf edge. Nearshore, geophysical interpretations indicate that subducted Miocene seafloor
basalt is present at depths in excess of 50,000 feet (Johnson and others, 1984). The magnetic
lineation patterns around the Juan de Fuca spreading ridge (Drummond, 1981) suggest that the
oldest subducted basement under Washington may be approximately 70 Ma.

Near the Point of Arches, Snavely and others (1986) have mapped crystalline basement (7)
comprised of Jurassic gabbro and diorite that are faulted against pillow basalts and minor
sedimentary rocks of Cretaceous age. These rocks crop out as tectonic blocks mixed with Eocene
strata between the Calawah Fault and Ozette thrust.

Snavely (USGS, 1989, oral commun.) suggests that early-late Eocene basalt (post-
Crescent) may be present in the Shell P-075 well in Oregon and as tectonic blocks along Olympic
Peninsula beaches. If this interpretation is correct, prospective strata could underlie this early-late
Eocene volcanic sequence,

West of the shelf edge, crystalline basement probably consists of Miocene oceanic crust
as suggested by the position of the 4A magnetic lineation (Connard and others, 1984).

OZETTE MELANGE

The Ozette melange of Snavely and others (1986} as refined in Snavely and Kvenvolden
(1988) includes Eocene turbidites and volcanogenic rocks which crop out in the Olympic core and
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along the western margin of the OQlympic Peninsula. Farther south, on the northern margin of the
Grays Harbor Basin, coarse siliciclastic rocks of the Ozette melange (originally mapped as Hoh
rock assemblage by Rau, 1986} arc overthrust by Crescent basalt along the Big Creek thrust. The
basalt is, in turn, unconformably overlain by monotonous, deep-water, siltstones of the middle to
upper Eocene Humptulips Formation (Rau, 1986). The Humptulips was deposited on accreted
crust within the Grays Harbor Basin, whereas the Ozette was deposited on the contincntal margin
(Figure 2-1). As noted above, the Grays Harbor Basin appears to have been topographically
isolated from the continental margin between the middle Eocene and upper Miocene.

Offshore, the Ozette was probably penetrated in the Tidelands State No. 2 and the Pan
American P-0141 well. Eocene claystones from 3,307 to 3,922 ft in the Tidelands State No. 2 are
interpreted by Rau and McFarland (1982) to be faulted over middle Miocene rocks. However, this
zone shows a possible wireline log correlation to claystones of the lower Montesano Formation
penetrated in the Shell P-0150 and P-0155 wildcats. It is possible that fauna in this section is
reworked (Bergen and Bird, 1972), The Ozette call in P-0141 is based on a marked increase in
vitrinite reflectance across a zone barren of a diagnostic fauna (Snavely and Kvenvolden, 1988).

The Ozetie melange in outcrop and onshore wells consists of siltstone, claystone, and
feldspathic to feldspatholithic sandstone (Figure 3-1) with minor altered basalt. Most of these
sandstones are moderately to poorly sorted and have clay volumes in excess of 15% as indicated by
wireling log interpretation, Ripup clasts of very dark gray shale are uniformly distributed
throughout much of the sandstone, and muscovile is common. Some Ozette sandstones appear
compositionally and texturally mature relative to coeval Puget Basin Eocene sandstones. Ozette
sandstones in outcrop range from fine lamellae to the "Cat Peak” sandstone which has a aggregate
thickness of 300 feet. The "Cat Peak" sandstone extends ncarly 20 mi along strike from the
Bogachiel River to the Queets Basin east of Mt. Olympus (Tabor, 1975). The inferred Ozette
scction in the offshore P-0141 well is comprised of feldspatholithic and lithic sandstones,
argillaceous and calcareous siltstone, fractured micacecus claystone, and claystone breccia (Pan
American, 1967). (See Figure 3-2, 3-3)) In the Tidelands State No. 2, the Eocene section
recognized by Rau and McFarland (1982) consists of homogenous sandy claystone and one thin bed
of siltstone (Figure 3-4).

In Ozeue melange outcrops, we observe Mutti Ricci-Lucchi (1978) facies C and D with
subsidiary facies G {mainly Bouma sequences with distal silts and muds).  In the P-(}141 wildcat,

QUARTZ

FELDSPAR LITHICS

QFL DIAGRAM FOR
WESTERN OLYMPIC PENINSULLA SANDSTONES

Figure 3-1 QFL plot for various sandstones from the western Qlympic Peninsula. QOzette, square;
Hoh, dots (Grady, 1985); Montesano, circles (Bigelow, 1987); Quinault, tiangles (Horm, 1969).
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SYMBOLS USED IN LITHOLOGIC COLUMNS
(After Swanson, 1981)

SILICICLASTIC ROCK TYPES
Clay

Silt Siltstone

N

Quartz sand Quartz sandstone

Lithic sand Lithic sandstone

-
-+

1

.
7

Feldspathic sand

Faldspathic sandstone

Arkosic sand = Arkosic sandstone
ST
Gravel Conglomerate

SECONDARY COMPONENTS

Giauconitic E] Feldspathic Very sandy
Argillaceous Dolomitic Sandy

Calcareous Micaceous
Carbonaceous !E] Pyritic

FOSBSILS

Slightly sandy

=ptptiEs
S

Silty

E Macrofossil fragments, undifferentiated

Foraminifera, undifferentiated

E’ Foraminifera, small benthonic

STRUCTURES

Fractures ‘0’ Breccia, tectonic
II’ Slickensides E Slightly burrowed

Figure 3-2 Symbols used on lithologic columns (from Swanson, 1981).

the section between 8,100 and total depth is interpreted to comprise mainly facies C and D. The
Union Tidelands State No, 2 Ozette section is finer grained, possibly facies G. These
interpretations suggest a middle fan association for Ozette strata.

Also included in the Ozette are very dark gray Eocene siltstones and claystones. These are
a characteristic "melange” lithology on the Olympic coast. The silistones and claystones, which
crop out 0.1 mi north of Point Grenville, contain numerous tectonic inclusions ranging from
pebbles to table-sized blocks of turbidites and altered basalt. These are interpreted as olistostromes
(Rau, 1973). These siltstoncs and claystones, and similar lithologies in the overlying Hoh rock
assemblage, apparently crop out only in: (1) thrusis such as Rau's Scott Creek melange zone
(1979), (2} along major northeast-trending strike-slip faults such as Stewart’s Clearwater River



Stratigraphy + 17
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See Figure 3-2 for explanation of lithologic symbols.

Figure 3-3 Geohistory and well summary for the P-0141 (most data from Pan American, 1967).

shear zone (1970), and, (3) in the core of the Cape Elizabeth diapir (Rau and Grocock, 1974;
Orange, 1987).

OLIGOCENE DEPOSITS

Oligocene deposits in the area are not well documented. While many faunal assemblages
recovered from these rocks are described as Oligocene to lowermost Miocene undifferentiated,
assemblages restricted to the Oligocene are rarely reported on the continental shelf or in the
Olympic Mountains (W, W. Rau, DGER, 1988, oral commun.). Bergen and Bird {1972} report an
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TIDELANDS STATE NO. 2
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See Figure 3-2 for explanation of lithologic symbols.

Figure 3-4 Geohistory and well summary for the Tidelands State No. 2 {most data from Union,
1965).

Oligocene fauna al Ocean City near the mouth of Grays Harbor. Figure 2-2 indicates an Oligocene
hiatus; an alternative hypothesis is that Oligocene deposition was continuous on the Washington
continental sheif but has not yet been documented.

HOH ROCK ASSEMBLAGE

The Hoh rock assemblage of uppermost Oligocene to middle Miocene (Rau, 1973, 1975;
Snavely and Kvenvolden, 1988) crops out from the Quillayute River south to the Big Creck
thrust. In the subsurface, Hoh rock assemblage lithologies and faunas have been recognized in all
offshore Washington wildcats. The easternmost exposure of the Hoh is near Lake Quinault
(Snavely, 1987). The Hoh is the time and lithologic equivalent of the Nye Mudsione and Astoria
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Formation in Oregon cast of the P-075 wildcat (Plate 1). The Hoh is also time equivalent to the
Asloria Formation in the Grays Harbor Basin (Rau, 1988, DGER, oral commun.). Rau has
observed a lithologic distinction between Hoh rocks and the Astoria where it crops out in the
Grays Harbor Basin. The Hoh and Astoria lithofacics are separated by the aforementioned
topographic barriers.

The Hoh rock assemblage includes lithologies similar to those of the Qzette melange.
Most onshore wildcats near Forks penetrated Hoh rock assemblage consisting of thick sequences of
siltstone, claystone, sandstone. Hoh outcrops between the Quillayute River and Point Grenville
and the Hoh section penetrated in the P-0141 (Figure 3-3) have higher ratios of sandstone to fine
siliciclastics than equivalent rocks south of Point Grenville (Rau, 1975, 1979; Pan American,
1967). The sandstones are grayish green and argillaceous and generally contain numerous very dark
gray, 0.1 to 0.25 in. prismatic shale ripup clasts.

Hoh turbidite outcrops are mainly Mutti Ricci-Lucchi (1978) facies C and D and
suberdinate facies G and E. Hoh sections penetrated in wildcat wells south of Point Grenville are
complexly deformed, but most of the rocks are claystones or siltstones which we assume to be
relict facies G. The Hoh north of Point Grenville has a middle fan association, whereas the
sections 10 the south are mainly distal fan or basin plain assoctations.

Very dark gray, siltstonc and claystone melanges containing tectonic inclusions of
turbidite lithologies are common in Hoh outcrops. These are essentially identical to those
described in the Ozette at Point Grenville and include the Ruby Beach smell muds of Snavely and
Kvenvolden (1988). These smell muds commonly seep oil at the surface. Minor tectonic blocks
of chloritized basall are present in many Hoh sections. Sheared and brecciated claystone penetrated
in nurnerous wildcats south of Point Grenville (Rau and McFarland, 1982, and Figures 3-4, 3-5,
and 3-6) indicates that melange is common in this area.

Farther north, prominent silistone-filled shear zones at Goodman Creek and Cape
Elizabeth give the false impression that siltstone melange is a dominant Hoh lithology in this
area. However, wells drilled near Forks and the P-0141 (Figure 3-3) have a uniformly interbedded
sequence of sandstone and finer clastics suggestive of wrbidite deposition. OQutcrops along
Olympic National Park beaches and near the Hoh River consist chiclly of coherent turbidite
secticns, which range from 0.5 to 4.5 miles along sirike (Rau, 1975, 1979).

MIOQCENE AND PLIQCENE STRATA

Miocene and Pliocene strata form a westward-thickening wedge of siliciclastic rocks and
sediments which were deposited across the entire continental margin. Biostratigraphic analysis of
the offshore wells (Rau, DGER, 1988, oral commun.} indicates that the section on the continental
shelf includes time-equivalents of the Montesano, Quinault, and Quillayutc Formations which crop
out at various localities along the coast or in the Grays Harbor Basin. The Miocene (o Pliocene
scction unconformably overlies the Ozette or Hoh in the study area (Figure 2-2). Upper Miocene
rocks probably overlie Miocene oceanic basalt under the abyssal plain and the rise,

Interpretation of seismic and well data suggests that a regional
unconformity/disconformity occurs at the top of the Montesano and cuts to varied depths within
the upper Miocene section (Figure 2-2). The limited seismic data set cannot be loop-tied and
therefore it cannot be determined whether this is a discrete unconformity or several separate
unconformities in offshore areas. However, Snavely and others (1982) report a regional
unconformity at the base of Pliocene strata on the Oregon continental shelf.

Biostratigraphic analysis is critical to correlalion and subdivision of the Miocene to
Pliocene section. However, the distribution of some foraminiferal genera appears to be controlled
by paleobathymetry. For example, Bergen and Bird (1972) report that most of the genera in the
lower Montesano fauna (early late Miocene) occur in similar praportions to those recovered from
core samples of the Recent seafloor off Washington at water depths of 4,300 feet. This Recent
assemblage includes Bulimina subacuminata, a species used to aid in recognition of the lower
Montesano in the subsurface. Bergen and Bird (1972) and Rau (1970; DGER, 1988, oral
commun.) suggest that in general, the Miocenc to Pliocene section was deposited in progressively
shallower water. However, interpretation of seismic data indicates that diapiric and strike-slip
structures grew intermittently during deposition of the Miocene and Pliocene section on the shelf.
Interpretation by "flattening” the seismic onlap sequence at the B horizon on USGS Line 76-12
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Figure 3-5 Geohistory and well summary for the P-0155 (most data from Shell, 1967).
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P-0150 and P-0150A
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Figure 3-6 Geohistory and well summary for the P-0150/150A (Shell, 1966). DST 1 plugged and
DST 2 recovered water (1.32 ohm/m @ 62°F). DSTs No. 3 and 4 recovered 10.5 and 26 MMCFGPD
at 4.091 and 3.052 psi IFBHP with 7,736 and 7,260 psi FSIBHP, respectively, on a 0.5 in. choke.
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(Platc 2) indicates that there was approximately 1,000 ft of paleobathymetric relief ncar the end of
Moniesano deposition in this area.

The Miocenc Lo Pliocene section generally thickens gradually westward across the shelf
and down the slope and rise. Scismic data indicale trat this section is approximately 7,000 ft thick
on the abyssal plain. Isopachous mapping based on scismic interpretation (Wagner and others,
1986) illustrates that deposition (and crosion) of Miocene and Pliocene strata on the shelf was
largely controlled by growth of local structure: the thickest sections are present in the moughs of
synclines.

Deposition of the upper Miocene 10 Pliocene seclion marks the end of intense
dcformation on the continental shelf. Melange and complex thrusting have not been recorded in
the Montcsano or younger sections.

MONTESANQ FORMATION

The Montesano Formation consists of a siliclastic section that crops out in the Grays
Harbor Basin and is present in most localities on the shelf. It was also penetrated in several wells
in the Ocean City and Copalis River areas. Bergen and Bird (1972) restrict all the Montesano
Formation in the Ocean City area to the Miocenc. The base of this formation in the southern
Grays Harbor Basin is intruded by the 12 Ma Pomona Member of the Saddle Mountains Basalts
(Walsh and others, 1987) indicating that the Montesano ranges from middle to late Miocene.

We have chosen 10 adopl the stratigraphic nomenclature of Bergen and Bird (1972) for the
Montesano section in the subsurface on the Washington continental shelf. They define three
informal members of the Monlesano Formation in the Ocean City area: (1) a lower claystone
member, (2} a middle sandstone member, and, (3) an upper siltstone member. Industry has named
a locally massive sandstone facies within the sandstone member the "Ocean City Sand”. These
threc members can be correlated in the Ocean City area and offshore west and north of Grays
Harbor using well logs, sidewall core descriptions (Plate 3), reflection seismic, and/or
biostratigraphic data. Recognition of the three members aids in understanding regional geology
and recognition of prospects.

Onshore, the Montesano crops out in the Grays Harbor Basin, and is time-equivalent to
Quinault beds in the lower part of the Duck Creek - Pratt Cliff area a fow miles north of Point
Grenville (Rau, 1970). This arca lies directly north of a major strike-slip fault that parallels the
Quinault River valley. All of these sections are younger than the claystone member (Bergen and
Bird, 1972),

The Montesano claystone member was penetrated in all of the offshore wells (Table 3-1).
The claystone member in the P-0155 and the Tidelands State No. 2 consists of dark gray, silty,
pyritic claystone (Figures 3-4, 3-5). In the P-0150, the claystone member is composed equally of
claystone and argillaceous, calcareous siltstone (Figure 3-6). Feldspatholithic sandstone beds in
the claystone member in the P-0141 (Figure 3-3) and some Ocean City arca wells are tentatively
interpreted as turbidites. Rau and McFarland (1982) report the first occurrence of the following
foraminifers in rocks correlated with the claystone member: Bolivina sinuata, Bulimina
subacuminata, Sphaeroiding bulloides, Bulimina rostrata, and Pullenia bulipides. These species
indicate a middle bathyal biofacies corresponding to water depths of 1,560 to 6,250 ft {Ingle,
1980). Paleobathymetric determinations by Bergen and Bird (1972) indicate that the claystone
member was deposited in water depths of 2,000 10 4,300 fect.

Deposition of the Montesano claystone member marks an important tectonostratigraphic
break on the Washington continental margin. Although hemipelagic claystones lithologically
similar o this member were deposited in the Hoh/Ozette section, the Montesano claystone
member differs in that it lacks melange-type or other chaotic deformation. A modern analogy of
the Montesano claystone member depositional-setting is shown on Line 76-18 (Plate 4). This
profile shows a preseni-day basin-plain at middle bathyal depths (+/- 2,500 It) west of shot point
(SP) 550 and below the shelf break, Sediments deposited here arc not being subjected to intense
accretionary thrusting or folding,

Deposition of the Montesano sandstonc member marks {wWo Impgoriant
tectonostraligraphic breaks: (13 inundation of the topographic barrier that formerly separated the
Grays Harbor Basin from the continental margin, and, (2) deveiopment of the present continental
shelf. Prior to deposition of the sandstone member, the Grays Harbor Basin was isolated from the
open ocean. In the upper Montesano, paralic lithofacies were deposited continuously across the
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aforementioned topographic barriers indicating that the western Grays Harbor Basin was entirely
filled with sediment by late Montesano time. The upper Montesano penetrated in offshore wells
consists of shallow marine lithofacies indicating that the present continental shelf formed at about
7 Ma. Bergen and Bird (1972) hypothesize that regional uplift was the primary mechanism for
development of the present continental shelf, and argue that rapid deposition of the Montesano
claystone cannot entirely account for the shoaling.

Eight wildcats drilled within a one-mile radius in the Ocean City area encountered the
massive "Ocean City Sand" facies (Plate 1). This massive sandstone facies consists mainly of
fine- to medium-grained, feldspatholithic sand with glauconite, mica, carbonaceous detritus, fossil
fragments, and a few thin pebbly layers. Sedimentary structures include cross-bedding and
bioturbation. The massive sandstone could be interpreted as a barrier bar, tidal bar, spit, or channel
sand deposit. South of these eight wells, the massive sandstone facies thins to a depositional zero
edge. North of these wells, a probable east-trending faultl truncates the massive sandstone. {These
relations are described in detail in Chapter 6,) The massive facies of the sandstone member was
also penetrated in the Shell P-0155 where it consists of 670 ft of argillaceous feldspatholithic sand
and gravel that contain glauconite and velcanic detritus. This unit is the only offshere equivalent
of the "Ocean City Sand” identified to date. The massive sandstone {acies is missing by erosion in
the Tidelands State No. 2 and missing by non-deposition or erosion in the P-150 and P-0141
wells. A model for the distribution of the massive facies of the Montesano sandstone member is
presented in Chapter 6.

The silistone member consists of fossiliferous and micaceous feldspathic silt with a few
beds of fine- to coarse-grained feldspatholithic sandstone. Tt is difficult to distinguish the silistone
member from the sandstone member in wells such as the P-0150 where the massive sandstone
facics is probably not present.

Bergen and Bird (1972) use foraminiferal paleoecology w0 show that the siltstone member
was deposited on the shelf in water-depths less than 500 feet. In siltstone member samples, they
found older bathyal faunas including Bulimina subacuminata, Valvulineria araucana, and
Plectofrondicularia californica mixed with the shallow-shelf foraminiferal assemblage. Bergen and
Bird speculate that mud diapirs rooted in the claystone member carried the older fauna to the
seafloor during deposition of the siltstone. As these diapirs were breached, the clder claystone
member fauna was redeposited in the siltstone member. However, the older fauna also includes
Vaivulineria araucana and Plectofrondicularia californica. These species are typical of lower-
bathyal Hoh faunas (Rau, DGER, 1988, oral commun.)} suggesting that the diapirs are rooted in
the Hoh rock assemblage rather than in the claystone member. Diffraction patterns and cross-
cutting relations observed on seismic profiles indicate that diapirs rooted in the Hoh or Ozette
sections are corynon on the continental margin. (See Chapter 7.)

The probable diapir near Cape Elizabeth and others mapped at the present seafloor crop
out along faulis that cut Pliocene scdiments {Rau and Grocock, 1974; Orange, 1987; Wagner and
others, 1986). Thick sequences of the very dark gray siltstone that crop out in the core of Cape
Elizabeth structure also crop out in broad strike-slip fault zones that cut the Hoh and Ozette farther
north on the Olympic Peninsula (Orange, 1987; Stewart, 1970).

QUINAULT FORMATION

The Quinault Formation includes uppermost Miocene rocks cropping out in the basal pan
of the section near Duck Creek and at the Raft River (Rau, 1970) and Pliocene rocks cropping in a
relatively narrow coastal belt essentially between Point Grenville and the Queets River (Rau,
1979). (See Figure 2-2.) The lower part of the Quinault is equivalent to parts of the upper
Montesano Formation (Raun, 1970). It may be partially or entirely equivalent to the Quillayute
Formation which crops out along the Quillayute River near Forks (Reclor, 1938).

Seismic profiles and biostratigraphic data from the offshore wells indicate that Pliocene
rocks and sediments all overlie an angular unconformity at the top of the Montesano. We use the
term "Quinault- equivalent” for the Pliocene rocks overlying this unconformity on the continental
shelf. This definition is consistent with nomenclature in the Qcean City area where Pliocene rocks
are only present above an angular unconformity (Bergen and Bird, 1972). The Quinault-equivalent
is present throughout the continental shelf except where diapiric intrusions and other uplifts have
breached the section (Wagner and others, 1986).
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Onshore, Quinault and Quillayute lithologies include siltstone, claystone and
conglomerate together with a thick, grey-green fine grained sandstone that crops out directly north
of Point Grenville (Rau, 1979, Horn, 1969). The QFL plot (Figure 3-1) shows that Quinault
sandstones have varied compositions but are richer in lithic detritus than the Hoh, Ozette, and
Montesano sandsiones.

Rau (1970) has shown that the Quinault had varied environments of deposition, including
an cuter continental shelf sequence at Duck Creek and Pratt Cliff, a bathyal section including fauna
redeposited from neritic conditions at south Tahelah, and a neritic/littoral sequence at Point Gren-
ville. Horn {1969) interprets the Point Grenville sequence having a deliaic environment.

UPPER PLIOCENE AND PLEISTOCENE GRAVELS

Upper Pliocene and Pleistocene gravels crop out continuously aiong the coast. These
gravels are correlative 10 terrace gravels described by Rau (1973, 1980) and to the deformed gravels
of Moore (1965). In the subsurface, these gravels have a distinctive high-resistivily induction log
signature (Chapter 4) and are present in every offshore well except the Tidelands State No. 2. In
this well the gravels are interpreted (o be absent due to Recent uplift and erosion (Figure 3-4).

SEISMIC STRATIGRAPHY

Seismic stratigraphic analysis may yicld a means of predicting the distribution of
reservoir sandstone facies within the Miocene and Pliocene sections. The following interpretation
of Line 76-12 (Plate 2) illustrates the utility of seismic stratigraphic analysis in the Miocene to
Pliocene section and serves as an introduction 10 the seismic horizons discussed elsewhere in the
text. Snavely and Wagner (1982a) also published an interpretation of Line 76-12. The following
interpretation varies from Snavely and Wagner's in that it concentrates on the post-middle Miocene
stratigraphy,

The positon of the P-0155 wildcat relative to Linc 76-12 is somewhat uncertain. For
this study, the well was positioned relative to the line by comparison of acoustical log events with
seismic stratigraphic packets and unconformities. The relations discussed below, however, are
independent of the location of P-0155 relative 10 Line 76-12. Time-depth curves (Figure 3-7) were
constructed using acoustic logs from the P-0155, Cygnet J-100, and Sunburst No. 1 wells. The
P-0135 time-depth curve was used 1o tie the acoustic log formation tops to Line 76-12 and to
flatten several horizons in order to confirm the interpretation given below.

Horizon "A" on Line 76-12 (Plate 2) reflects from the base of massive Pliocene or
Pleistocene deformed gravels (Figure 2-2, 3-5, and 3-7). The "A" horizon is generally at constant
time across inner continental shelf profiles; however, the "A” horizon appears o be folded and
truncated on one limb only of the fanlted anticline directly west of the P-0153 structure. This
interpretation requires careful scrutiny of the profile because multiples and/or the bubble pulse
obscure stratigraphically controlled events. The "A" horizon shows this relationship on several
anticlines elsewherc on the shelf. (Note that the events identified in this study cannot be loop tied
using the public-record seismic data set. None of the horizons is proven to be regionally extensive
or mutually correlative.)

The section between the "A” and "B" horizons corresponds to the Quinault-equivalent.
The section between "A” and "B" on the eastern limb of the faulted anticline directly west of the P-
0155 anticline thins eastward off structure and laps onto the "B" horizon. This section corresponds
10 a fill sequence in a valley or submarine canyon controlled by growth of the adjacent anticlines,
Sediments entering the valley/canyon from the northwest or southwest began to fill the valley
shortly after scouring was complete. This fill sequence inundated the valley/canyon between SP
185 and 386 and spilled over the crest of the P-0155 anticline at 440 milliseconds (msec) two-way-
traveltime (T.W.T.). As deposition continued, the valley/canyon continued to subside, but
sediment completely inundated this valley/canyon and filled the adjacent valley/canyon located east
of the P-0155 anticline between SP 420 and 533,
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Figure 3-7 Plot of two-way-traveltime vs. depth for the P-0155, Cygnet J-100, and Sunburst No. 1
wells. The time-depth plot is based on acoustic log data.

The "B" horizon reflects from the regional (?) angular unconformity/disconformity
marking the end of Montesano deposition. This unconformity cuts across several horizons on this
profile. The Montesano siltsione member is missing by erosion at the P-0155 anticline, but
farther west the siltstone appears to be preserved on the east limb of the aforementioned faulted
anticline (750 msec T.W.T. between SP 187 and 287). Other seismic profiles show that this
unconformity has markedly angularity in some synclinal valleys/canyons, suggesting that
submarine turbidity flows, or rivers were responsibie for much of the erosion. It also suggests the
potential for high-energy depositonal environments.

The "C" horizon corresponds to regionally continuous (?) reflectors within the Montesano
claystone member.

A discontinuous horizon labeled "D" corresponds approximately to the top of the Hoh
rock assemblage at the P-0155 well. Reprocessed profiles and good quality data acquired by the
Scripps Institute of Oceanography (Silver, 1972) have good coherency to 3.0 seconds T.W.T.,
suggesting that in places the position of the apparent acoustic basement is mainly a function of
data quality.
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TABLE 3-1

TENTATIVE UNIT TOPS IN WASHINGTON CONTINENTAL MARGIN WELLS!
(depth in feet from wireline log picks, reference Kelly bushing)

Unit Wilde 1

Shell Shell Union Pan Am

P-0150 P-0155 Tidelands-2 ~ P-0141
Sea floor? 237 233 53 290
Plio/Pleistocene gravels 237 233 missing 250
Pliocene portions of 721 (N 600 (1) missing 500
Quinault and equivalents
Monicsano 1,1283 1,530 53 <2,804 (0
Monitesano siltstone mbr M missing missing )]
Montesano sandstane mbr M 1,530 missing N
Montesano claystone mbr 1,786 2,200 53 2,804
Hoh rock assemblage 6,467 (7) 6,515 3,922 3,400
Ozette melange NP NP 3,307 (D 8,100% ()
Total Depth 13,1793 11,162 5,073 10,042

—

e

The writers are indebted 10 W. W. Rau for his assistance

in picking these unit tops but any errors are our sole responsibility.

t~

Water and total depths from Shell (1966, 1967),

Pan American (1967), and Union (1965).

b

Top Montesano picked on acoustic log.
Ozette in P-0141 after Snavely (1987).
Total depth only, taken from the P-0150A redrll logs.
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Reservoir Properties and Wireline Log Analysis

The reservoir propertics of the Ozetie melange, Hoh rock assemblage, Monigsano
Formation, and Quinault-equivalent sandstoncs have been assessed using core porosities and
permeabilities, wireline log interpretations, and petrography. Hoh rock assemblage and Ozette
melange sandstones appear to be marginal quality reservoirs. The Montesano Formation
sandstones have excellent reservoir properties and the highest likelihood of producing large
volumes of oil or gas if these occur on the Washingion continental margin, The Quinault
Formation and equivalent sandstones also have excellent rescrvoir properties.

HOH ROCK ASSEMBLAGE AND OZETTE MELANGE

Conventional core analyses using standard testing procedures were obtained from eight
onshore well completion reports on file at DGER. Two hundred forty-seven Hoh and Ozeite
porosity and permeability measurements from these wells and outcrop samples (Snavely and
others, 1977) are listed in Appendix B -- Porosity and Permeability Data, and summarized in
Figure 4-1. It must be noted that all but one of these outcrop samples are (rom Oregon
equivalents {?) of the Hoh/Ozette sequences (Snavely, 1989, USGS, oral commun.),

The Hoh rock assemblage and Ozette melange sandstones have similar reservoir properties
and can be considered cquivalent with regard to storage capacity and producibility. Most Hoh and
Ozelte sandstones have porosities less than 25% and pcrmeabilitics below 100 md. The Hoh rock
assemblage and Ozette melange sandstone reservoirs are likely 1o be marginal exploration targets
unless fracture permeability is present.

The Ozette/Hoh invasion profiles on induction logs in coastal and offshore wells are
distinctive. The top of this invaded interval can be correlated throughout the study arca. A
composite of induction, SP, bulk density, and natural gamma ray logs from the Milwaukee Land
1-1 west of Forks illustrates the sandy, interbedded nature of the Hoh/Ozelte section north of Point
Grenville (Plate 3). Increased resistivity and a moderate invasion between 4,230 and 4,310 ft and
between 4,610 and 4,670 ft, coupled with a small SP deflection in the lower sandstone, are
representative of the best Hoh/Ozette reservoirs. Inspection of the bulk density curve in these two
zones indicates that the upper zene is denser and presumably lcss porous. The ragged density
profile within these zones suggests the sandstones are interlaminated with finer clastics or have
varied cementation. Secondary mineral cements including laumontite, calcile, silica, and
authigenic clay are common in Hoh and Ozette sandstones. The low SP and lack of mudcake
together with shallow invasion is qualitative evidence for low permeability in these intervals, Hoh
and Ozette sandstones commonly contain potassium feldspar (Stewart, 1970), and consequently,
Vclay gamma ray determinations are unreliable,

In general, the Hoh/Ozette shales and claysiones show very low resistivities with little
invasion {e.g., 4,025 to 4,140 ft) and low density (2.30 to 2.35 gm,fcm3). The high natural
gamma response of shales relative to adjacent sandstones as shown on Plate 3 is unusual.

Figure 4-2 is a core porosity/depth plot for the Hoh rock assemblage and Ozeue melange;
the zero depth porosities are from outcrop samples (Snavely and others, 1977). Although porosity
diminishes with increasing depth of burial, some Hoh/Ozette sandstones with 20% or greater
poresity are preserved at depths of 3,000 1o 4,000 fi. These sandstones generally have 20 to 200
md permeability (Figure 4-1). Limited petrography on outcrop samples suggests that secondary
porosily resulting from favorable diagenesis occurs locally.

A histogram of sandstone bed thicknesses for the Hoh/Ozette is shown on Figure 4-3,
The apparent bed thicknesses were determined from log interpretation and are limited to those beds
which do not appear to have shale laminations or cemented layers. Invasion profiles, SP
developrent, and density or density/neutron porosities were used to delineate sandstone thicknesses
in 14 wells; sandstones having less than 15 fi drilled thickness are not included in this data set. A
few dip measurements from core samples were available, but in most cases steep dips were
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Figure 4-1 Plot of poresity vs. permeability for Hoh and Ozette rocks.
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SAND THICKNESS DISTRIBUTION--HOH/OZETTE ROTKS Figure 4-3  Histogram of sandstone
12 thickness for Hoh and Ozette rocks.
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assumed and an arbitrary correction factor was applied. Dipmeter logs from several wildcats show
only chaotic dips and were not useful in determining true thickness. Thick Hoh and Ozeute
sandstones are uncommon in the subsurface (Figure 4-3). Sandstone units typically range from 10
to 100 feat with a mean value of 34 feet. At Brown's Point, 20 mi north of Point Grenville, Rau
{DGER, 1988, unpublished mecasured section) reports a sequence of festooned sandstone units,
which average about 30 feet in unit thickness.

In outcrop, continuous Hoh/Ozctte beds range from hand-specimen scale 1o the 20-mile-
long Cat Peak sandstone {Tabor, 1975). Most Hoh and Ozette outcrops display intense folding and
faulting at all scales, which is typical of thrust belts. This structural complexity does not
necessarily condemn the play; structure that crops out adjacent to the giant Rickman Creck Gas
Field in the Idaho/Wyoming thrust belt is comparable, in terms of complexity, with the structure
along the Olympic coast. Coherent outcrops of turbidite sandstone on Olympic beaches are
separated by tectonic melange (Stewart, 1970; Rau, 1975, 1979). In several places along the
coast, house-size sandstone olistostromes are surrounded by very dark gray, impermeable
siltstones. The lateral continuity of subsurface Hoh/Ozette sandstone beds is not known.
Analysis of core samples on file at DGER suggests that the Tidelands State No. 2 may have
penetrated Hoh melange.

Wireline logs indicate that no significant reservoirs were penetrated in the Hoh/Ozette
sections of the four offshore wildcats. East of the coast, reservoir quality diminishes owing to
low-grade metamorphism of the section (Tabor and Cady, 1978a).

MONTESANO FORMATION

The core porosity/permeability relation for all Montesano Formation coarse clastics is
shown on Figure 4-4. This figure summarizes 71 analyses from six wells drilled in the Ocean
City arca (Appendix B). These data show that the Montesano Formation generally has porosities
greater than 20% and permeabilities ranging from 2 to 2,000 md. Figure 4-5 is a core
porosity/permeability plot for only the Montesano sandstone member. Porosities generally range
from 25 to 30%, and permeabilities range from 500 1o 2,000 md.

A composite of the induction-electric, SP, bulk density, and natural gamma logs recorded
in the Sampson Johns 2-15 is given on Plate 3. The Montesano Formation occurs from 940 feet
10 total depth In the well. The silistone member/Quinault-equivalent contact appears as a marked
curve deflection here and in all other Ocean City area wells, The silistone member in this well
consists of silty claystone with intercalations of siltstone and sandstone. These interbeds have
slightly higher resistivities and densities, moderate invasion, and negative SP deflections relative
to the silty claystones. The top of the sandstone member is at 1,480 feet. This member exhibits
high resistivity, greater than 40 millivolts negative SP, and a deep invasion profile. High
resistivities, low natural gamma response, and low densities in the Montesano sandstones enable
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Figure 4-4 Plot of porosity vs. permeability for samples of all samples of the Montesano
Formation,
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Figure 4.5 Plot of porosity vs. permeability for the sandstone member of the Montesano
Formation.
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SAND THICKNESS DISTRIBUTION--MONTESANO FORMATION Figure 4-6 Histogram of sandstone
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discrimination between sandstones and claystones in this well. However, such lithologic
determinations from wireline logs are rarely reliable in offshore wells. A number of high density
spikes are observed in the sandstone member in the Sampson Johns 2-15. Sidewall core data
indicate that these are tight, calcite-cemented sandstones.

The top of the claystone member is easily picked at 2,140 ft using the positive SP
deflection, the low resistivity, and the absence of an invasion profile. No sandstones interbeds are
observed in the Sampson Johns 2-15 claystone member.

The sandstone member was penetrated offshore in the Shell P-0155 wildcat between 1,530
and 2,200 ft. This zone has a featureless induction response and little apparent invasion. Analysis
of the bulk density, SP, natural gamma, and sidewall cores indicates that this unit is composed
mainly of massive sand and gravel with a few thin clay zones and cemented and/or conglomeratic
streaks that are resistive. Structural dip interpreted from reflection seismic data (Plate 2) indicates
that the wrue thickness of this sandstone is greater than 550 feet. It has 24 to 30% density
porosity, using the 2.70 gm/cm3 matrix density measurcd from core samples and confirmed by
Hinkle plots of coastal wireline logs. The Montesano sandstone member in the P-0155 is as thick
and porous as the Ocean City sand.

Sandstone beds in the Montesano penctrated in the P-0141 exhibit log responses similar
to thinner Monltesano sandstone units in the Ocean City area. A 144-foot-thick (uncorrected for
dip} sandstone with thin clay interbeds in the P-0141 has 21 to 27% density porosity.

Although all continental margin sandstones have similar compositions (Figure 3-1),
porosities and permeabilitics in the Montesano are far greater than those of the Ozette and Hoh.
Galloway (1974) showed that porosity decreases during burial due to authigenic clay and
laumontite cementation at depths below 5,000 ft in the Grays Harbor Basin. The geothermal
gradient in the Grays Harbor Basin and on the continental margin are both 1.5°F/100 ft (Blackwell,
1974). Interpretations of seismic reflection profiles and data from wells drilled in the Washingion
OCS indicate few areas offshore where Montesano or equivalent rocks are buried below 5,000 feet.
The Montesano scction in the offshore wells has never been deeply buried (Figures 3-3, 3-4, 3-5,
and 3-6).

Sandstone unit thickness histograms for 20 onshore wells which penetrated the
Montesano Formation are shown on Figure 4-6. Unit thicknesses were determined on the basis of
SP response, invasion, and density porosity in homogeneous sandstone units. Drilled thicknesses
were corrected using dipmeter logs or dips estimated from structural analysis. No minimum
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sandstone thickness cutoff was applied to this data sct. This figure shows a bimodal distribution
in sandstone thickness in the Montesano Formation; massive Montesano sandstone member
thicknesses (321 10 640 ft) disrupt the overall trend of decreasing frequency with increasing bed
thickness, The mean thickness determined from this data set is 40 feet.

The sandstone bed thickness histogram, coupled with the favorable porosity and
permeability data, demonstrate that Montesano Formation sandstones could be excellent reservoirs.

QUINAULT-EQUIVALENT

A plot of porosity and permeability data measured from nine Point Grenville outcrop
samples of the Quinault Formation (Horn, 1969) is shown on Figure 4-7. Thesc limited data
suggest that some Quinault sandstones have characteristics similar to those of the Montesano
Formation and are excellent reservoirs. Quinault-equivalent sandstones and conglomerates
commonly have no SP or invasion profile despite visible sidewall core porosity. These responses
arc apparently due to matching mud filtrate and formation water resistivitics in the Quinault-
equivalent section. The Sampson Johns 2-15 composite log (Plate 3) shows the base of the
Quinault Formation at 940 feet.

In general, the Quinault-equivalent section on the continental shelf is not buried to depths
greater than 2,000 £t and is normally pressured. Implications of this observation are discussed in
Chapter 7.

POROSITY-PERMEABILITY DATA

QUINAULT FORMATION —--ALL SAMPLES
10000

1000

100

10

AIR PERMEABILITY (millidarcies)

1.0
05

0.2 |

0.1
0.0 10.0 20.0 300 400

POROSITY (%)

Figure 4-7 Plot of porosity vs. permeability for the Quinault Formation.
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Petroleum Source Rocks, Maturation, and Migration

The petroleum geochemistry of the Washington continental margin is described
thoroughly in Kvenvolden and others (1988a,b), Snavely and Kvenvolden (1988), and Snavely
(1987). Grady (1985) provides additional data on the Hoh rock assemblage. Additional detailed
geochemical analyses briefly summarized in this section are available from EXLOG, Inc.,
Houston, Texas (Brown and Ruth Laboratories, Inc., 1982a-¢).

Figures 5-1 through 5-3 summarize some geochemical characteristics of the time-
stratigraphic units in the study area. The data sct used in these figures is not considered
statistically representative because of areally and stratigraphically inconsistent sampling.
Furthermore, some samples were contaminated by oil-based drilling mud, severe caving, and/for
weathering. Nonetheless, the overall homogeneity of gecchemical characteristics coupled with the
wide geographic sampling range suggests that the tentative conclusions presented in this chapter
are valid.

The total organic carbon contents (TOC) of all time stratigraphic intervals (Figure 5-1)
are fair 10 good relative to most petroleum source rocks {Peters, 1986). The Montesano and
Quinault-equivalent rocks average 1.12% TOC.

Pyrolysis data indicate that the Hoh and Ozette have fair 1o good bitumen (51} levels.
However, the data set includes some ditch samples which were immersed in oil-based drilling mud,
and many outcrop and offshore well samples which are thought to contain migrated oil. Al time-
stratigraphic intervais have poor kerogen levels (S2), yet most of the samples for which data are
available have low to moderate levels of thermal mataration (Figures 3-3, 3-4, 3-5, 3-6, 5-2, 5-3).
Only a few isolated outcrop samples have hydrogen indices in excess of 200 (Snavely and
Kvenvolden, 1988). Many Hoh and Ozette samples have oxygen indices less than 25, but, again,
low levels of thermal maturation are prevalent,

Van Krevelen diagrams (Figure 5-2) indicate that for samples analyzed o date, Type 111
and IV kerogens predominate in the Hoh/Ozetle sections, and only immature Type III and IV
kerogens are present in the Montesano. Hoh/Ozette samples having low oxygen indices could have
followed an oil- prone Type II or gas-prone Type Il maturation path, However, most of these are
immature to moderately mature, and therefore we infer that many samples with low oxygen indices
followed the Type [1I maturation path,

In conclusion, no oil-prone source rocks have been identified to date on the Washington
continental margin, and few, if any, have been identified in arcas adjacent to the Olympic
Pentnsula. The gas-generative potential of these areas is fair (Peters, 1984). These conclusions
are in rcasonable agreement with those of Snavely and Kvenvolden (1988).

SHOWS

Bona-fide shows of live oil are common on the western Olympic Peningula, in the Ocean
City area, and in the Shell P-0155 well (Appendix A). On the Olympic beaches, ubiquitous, very
dark gray siltstones (smell muds) actively seep oil as waves erode the coast. Oil shows from smell
muds and surface seeps are encountered more commonly on the western Olympic Peninsula than in
many oil-productive terranes elsewhere, Qur analysis of well histories on file at the DGER and of
data from McFarland (1983) indicates that 23 wells in the Qcean City area and 13 wells drilled near
Forks had significant oil shows. These areas are 60 mi apart. One stripper well, the Medina No.
1, produced oil at rates of less than 10 BOPD from 1958 to 1962 (Sunshine Mining, 1962),

Significant gas shows not associated with oil are less common. The Shell P-0150 tested
10 and 26 MCFGPD, respectively, from two zones in the Hoh rock assemblage. In the Ocean
City area, the Oscar No. 1 tested 339 MCFGPD from the Montesano sandstone member. The
Sampson Johns Unit No. 1 sold a small volume of gas produced from the Hoh rock assemblage to
the Ocean City Development Company in the carly 1960s (Chapter 1).
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Figure 5-3 Plot of Ro vs. hydrogen indices for the Hoh and Ozette sequence. Some data provided by
EXLOG, Inc., 1989.

GEOCHEMISTRY OF OQIL AND G AS SAMPLES

Snavely and Kvenvolden (1988) and Kvenvolden and others (1988a,b) describe and
interpret ol and gas samples collected from seeps and wells on the Olympic coast. They conclude
that the gases are primarily thermogenic and that the oils all have a cogenetic relation despite the
distance separating sampling localities.

The following oil samples, archived at the Division of Geology and Earth Resources,
were analyzed (Appendix C - Geochemical Analyses of Oil Samples from the State No.1 and Lacy
No.1 Wells):

(1) The State No. 1 drilled in the SW quarter of scc. 15, TI8N, R12W, of the Ocean City
area. The sample was collected at the beginning of a swab run on March 21, 1948, and
"archived” in a whiskey bottle.

(2) The Lacy No. 1 drilled by the Hoh River Oil Co. in the NW quarter of sec. 11, T26N,
R13W, in the Forks arca. The sample was collected in 1946 from the open casing and
stored in an air-tight bote.

Both sets of analyses show that the oils are paraffinic, have a wide alkane distribution,
and probably had a terrigenous, resin-derived source (Type 1T kerogen). Tritempane and sterane ratios
suggest that these oils have a cogenetic relation.

Both (he Lacy No. 1 and the State No. 1 oils contain 17-alpha(H) bisnorlupane and 18-
alpha{H) cleanane, terpanes considered by Kvenvolden and others (1988a) to give a distinctive
signature to oils of the western Olympic Peninsula, Additionally, they found 17-alpha(H)
bisnorlupane and 18-alpha(H) oleanane in extracts from a few Ozette outcrop samples ncar Shi Shi
Beach northwest of Forks. The presence of these two compounds suggests to Snavely and
Kvenvolden that the Ozette could be the source of western Olympic Peninsula oils.
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TABLE 5-1

ANALYSES OF GAS RECOVERED DURING DRILLSTEM TESTS OF COASTAL WELLS
Values in volumetric % or mol %; the Medina No. 2 and Grays Harbor 35-1 analyses are from the
Montesano Formation, all other data are from Hoh or Ozette sections

Well Name! Methane Propane N-Butane N-Pentane

Ethane lsobutane Isopentane

Sunburst
No. 12 97.32 1.40 0.51 0.09 0.13 0.05 0.03

(No. 23)

Lacy
No. 22-13 97.12 1.60 0.56 0.08 0.15 0.05 0.03

{No. 26)

M.A. Baker
No. 1-303 89.23 5.11 2.44 0.43 0.64 (.17 0.10

(No. 43

No. 23 85.21 5.11 4.86  0.93 1.53 0.15  0.15

No. 13 84.47 8.46 4.12 0.15 1.23 0.27 0.1

No. 4% 92.32 4.76 2.27 0.44 0.62 0.19 0.15

Sampson-
Johns Unit 92.3 3.8 1.1 0.3 6.5 03 0.0

No. 13
(No. 38)

Grays Harbor
No. 15.13 97.7 trace trace 0.0 0.0 0.0 ¢.0

(No. 52)

Well numbers in parentheses are keyed to Plate 1 and Appendix A

Energy Laboratories, P.O. Box 593, Billings, MT

Yapuncich, Sanderson & Brown Laboratories, 13 N. 32nd St., Billings, MT
Gas Research and Engineering Service, 3119 Kinsie St., Los Angeles, CA
U.S. Bureau of Mines

L.
2.
3.
4.
5.

Table 5-1 gives typical gas compositions from drillstem tests of coastal wells. The gases
have high wetness ratios, indicating that these are not biogenic. This observation supports the
isotopic studies of Kvenvolden and others (1988b). Total mud-gas curves for the OCS wells are
shown on Figures 3-3, 3-5, and 3-6. These curves aid in picking the top of the Hoh rock
assemblage.
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MATURATION

Geohistory analyses of the offshore Washington wildcats are given in Figures 3-3, 3-4, 3-
5,and 3-6. These were constructed using the technique of Van Hinte (1978). Biostratigraphic data
and correlations of biostratigraphic data to absolutc ages on these figures are from Rau and
McFarland (1982}, Rau (1970; DGER, 1988, oral commun.}, Bergen and Bird (1972), and Walsh
and others (1987). We used the paleobathymetry of W, W, Rau (1988, DGER oral commun.) for
the Hoh and Ozctte sections and of Bergen and Bird (1972) for the Miocene and younger sections.
Compaction corrections were applicd to thick claysione sections, but these corrections arc
cquivocal owing to over-pressure, thrusting, posl-depositional brecciation, and solution (D.
Orange, University of California, Santa Cruz, 1988, oral commun.) which affccied these rocks.
Unconformities in the P-0155 were modeled from Line 76-12 (Plate 2) together with the
time/depth curves (Figure 3-7). Indicated rates of deposition were compared with modern analogues
(Von Huene and Kulm, 1978) as an additional check on the geohistory models.

The peculiar shape of the flagged horizons results from:

(1} Rapid uplift and erosion (?) of the Hoh/Ozette at the end of the middie Miocene. An
alternative to the erosion hypothesis is uplift of the Hoh/QOzetic section to depths below
wave-base accompanied by slow deposition or non- deposition. However, a marked
angular unconformity at the op Hoh/Ozette is everywhere present onshore.

(2) Continuous deposition of the Montesano claystone member synchronous with rapid, late
Miocene uplift (Bergen and Bird, 1972).

Waples/Lopatin (Waples, 1981) time-temperature indices (TTI) were calculated as a first
approximation of the levels of thermal maturity in each wildcat. The 1.5°F/100 ft (27°C/km)
geothermal gradient observed in three necarshore gradient bores (Blackwell, 1974) was used in these
calculations. This gradient matches gradients in offshorc wells derived by comrecting wireline log
temperatures using Horner plots of estimated lag-time and time-since-circulation versus logged
temperature.

The greatest TTI in the continental shelf wildcats is 12 in the P- 0150A at 13,179 fi
RKB. These low maturation levels are supported by present-day subsurface temperatures, which
indicate that the 212°F (100°C) isotherm is at an approximate depth of 12,150 feet. In the
Tidelands State No. 2, there is good agreement between TTIs and thermal alteration indices (TAID,
vitrinile reflectance (Ro), and Tmax pyrolysis values, (Brown and Ruth, 1982b). In the P- 0141
wildcat, TAI, Tmax, and Ro data indicate the section is submature to at least 8,100 feet, (Brown
and Ruth, 1982a). Below this depth, Ro data indicate markedly increased maturation, which
Snavely and Kvenvolden (1988) ascribe to underplating of strata comelative with the Ozette,
beneath the Hoh.

Thesc data suggest to us that wildcats on the continental margin generally would have to
be drilled 10 10,000 ft or more in order (o penetrate thermally mature source rocks juxtaposed
againgt reservoirs. Hoh/Ozette reservoir quality diminishes with depth (Figure 4-2).

Despite these low levels of maturation, bona-fide oils shows were logged in the P-0155
well between 8,000 to 9,000 ft RKB.  More than 13,000 barrels of oil were recovered from four
Ocean City area wells (McFarland, 1983) where bottom-hole temperatares arc less than 160°F. We
conclude that oil shows observed in the P-155 and in most onshore Olympic Peninsula wells
result from migration into the horizons in which these were recorded.

Oil seeps and wells having oil shows are commonly adjacent to strike-slip or thrust
faults. Therefore, we agree with the conclusions of Snavely and Kvenvolden (1988) that oil is
actively migrating along faults planes at the present time. Thrusting of tight, oil-saturated rocks
from depths at which maturation occurred to the shallower horizons in which shows have been
recorded may be a possible migration mechanism.

That numerous oil shows occur in a terrane devoid of demonstrable oil-prone source
rocks, much less organically rich source rocks, is a paradox. One simple solution suggested by
Snavely and Kvenvolden (1988) is that enriched oil-prone Ozette source rocks are present, but have
not been sampled, in thrust slices under the westemmost Olympic core and western Grays Harbor
Basin. Higher thermal gradients and/or greater depths of burial generated oil in these thrust slices.
Thrust faults, strike-slip faults, and/or unconformities provide migration paths.

We conclude that the potential for charging traps on the continental margin with oil
migrating out of rocks equivalent 10 the Hoh/Ozette sections is good.
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Analysis of Ocean City Exploratory Wells

Ocean City area wildcals that encountered the massive facics of the Montesano sandstone
member and encouraging oil and gas shows created an "oil boom” during the 1950s. Although the
boom lizzled, data from these wells suggest that an analogous play for Mentesano sandstone
member reservoirs may exist offshore. Plates 5 through 8 show the known distribution of the
Montesano sandstone member at Ocean City.  Mapping the distribution of the massive sandstone
facies or its equivalents clsewhere is a key to successful exploration on the Washington continental
margin. The following discussion describes the detailed geology of this important stratigraphic
interval and suggests a means of predicting sandstone distribution,

PRE-UPPER MIOCENE GEQOLOGY OF THE OCEAN CITY AREA

A generalized lithostratigraphic sequence penetrated in Ocean City wells is shown in
Figure 6-1. This figure is based on paleontological data from Bergen and Bird (1972) and Rau and
McFarland (1982) and lithologic and wircline log data from the Ocean City wells. A crucial
feature of this lithostratigraphic sequence is the repetition of the Hoh rock assemblage beneath the
Ozette melange.

The Hoh and Ozette sections penetrated in the Ocean City area are mainly fine siliciclastic
rocks with minor thin-bedded sandstone. Thesc contain bathyal foraminifers (Rau and McFarland,
1982). The Hoh and Ozette in this area were probably deposited in basin plain and/or distal fan
environments. Deformation subsequently created numerous shear zones and claystone breccias.
Slickensides are ubiquitous in core samples from these intervals,

Thrust faulting and thrust-generated folding appear to be the dominant structurcs below
the middle Miocene unconformity near Ocean City. The Tidelands State No. 2, the Rayonier No.
1A, and the State No. 3 drilled sections of Ozette overlying younger Hoh sequences (Rau and
McFarland, 1982). The Minard No. 1 and the Smith No. { are interpreted by Snavely and Wagner
{1982a) 10 have penetrated Crescent basalts overlying younger Hoh or Ozelte sequences. While the
nature of these inverted sections is unknown, repetition of seclion observed in Hoh and Ozette
outcrops results mainly from thrusting (Rau, 1979; Snavely and Kvenvolden, 1988). Cowan and
Potter (1986) show a thick sequence of Hoh and/or Ozette underplating (or overthrast by) the
western Grays Harbor Basin for a distance of more than 15 miles. Structure in the pre-Montesano
section may be analogous to deformation occurring at the present abyssal plain/continental risc
contact. Both cast- and wesl-dipping thrusts appear to be present on USGS seismic profiles
crossing the western edge of the rise (McClellan and Snavely, 1988; Cowan and Potler, 1986). In
places, west-dipping thrust planes may be cut by cast-dipping thrusts.

Figure 6-2 is a schematic cross section extending through the Ocean City area to the
Grays Harbor Basin. Various structural models can explain the relation of Hoh and Ozette rocks
shown in this cross section. Alternatively, the upper Hoh section penetrated in Ocean City wells
could be in depositional contact with the underlying Ozette sequence. Auxiliary faulting related to
the underthrusting of Hoh rocks could have caused the shear zones, slickensides, and other ectenic
features obscrved in these wells.

GEOLOGY OF THE UPPER MIOCENE TO RECENT
SECTION AT OCEAN CITY

Plate 5 is a map showing the percentage of sandstone to finer clastics in the Montesano
Formation. The map was constructed by measuring the cumulative thickness of all Montesano
Formation sandstone beds logged in cach well and dividing this value by the total thickness of the
Montesano Formation logged in the well. Plate 6 is a true-scale, north-to-south cross section of
the Occan City arca which complements those of Bergen and Bird (1972). This cross-section
incorporates all available wireline log data, core descriptions, and paleontologic data. Dipmeter
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GENERALIZED LITHOSTRATIGRAPHIC SEQUENCE
PENETRATED IN OCEAN CITY AREA WELLS
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Figure 6-1 Generalized lithoswratigraphic penetrated in Ocean City wells.
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data corrgborate the correlation of the Montesano members, the attitudes of strata, and the
positions of unconformities, The first occurrences of important foraminifers, Bolivina sinuata,
Bulimina subacuminata, Bulimina rostrata, and Rotalia garvevensis confirm the interpretation (Rau
and McFarland, 1982; Bergen and Bird, 1972). Plate 7 is a map of apparent thicknesses (isochore)
of the sandstone member drawn on the basis of wireline log correlations.

The 200-ft contour on Platc 7 delineates the approximate outline of the massive facies of
the Montesano sandstone member (the "Ocean City Sand"). The eastern and southern limits of the
massive sandsione facies are interpreted as depositional zero edges. The western zero edge between
Ocean City and the Tidelands Sute No. 2 offshore is probably erostonal.

Stratigraphic and structural relations indicate that the northern limit of the massive
sandstone facies is controlled by a northeast-rending fault. A marked change from the massive
facies of the sandstone member (the Ocean City Sand) 1o a silty facies of the sandstone member
occurs in the central part of the mapped area between the Sampson Johns 2-15 and State No. 1
wells (Plate 6). The siltstone and claystone members also display lithofacies variations between
the Oscar No. 1 and the State No. 1. Both of these wells penetrated relatively complete seclions
(Plate 6). The contours outlining the highest percentages of coarse clastic lithologies generally
trend northeast across the Ocean City area (Plate 5). Plate 5 includes sandstone beds within the
claystone and silistone members; if only the sandstone member were depicted, this northeastward
rend would be more pronounced. Similar northeastward-trending contours are present on Plate 7.

Lithologic correlations indicate that dips north of the Sampsen Johns 2-15 are near-
horizontal, whereas dipmeter dips from the Sampson Johns 2-15 south are approximately 40° to
the southeast.

The sandstone member is thickest in the Sampson Johns 1-15 and in the Oscar No. 1; in
both it has a true thickness of more than 600 fi (Plate 6). The sandstone thins abruptly north of
the Sampson Johns 2-15 well. This abrupt thinning over a distance of 1,250 ft cannot be
cxplained by sandstone depositional morphology alone; the thickness variation of the sandstone
member across this fault or unconformity is too abrupt to have resulted from stratigraphic thinning
at the margin of a channel, bar, or other prismatic sand depositional unit. A high-angle fault or
cliff- unconformity is the best explanation of this phenomenon. However, biostratigraphic data
suggest that no significant unconformity is present in this section. The linear strike of this
thinning trend (Plate 7) indicates that this area is probably cut by a northeast-trending fault as
shown on Plate 6.

This probable fault is interpreted to have siganificant sirike-slip displacement, The fault
also displays some down-to-the-north displacement; the vlaystone member is thickest, and the top-
Montesano unconformity removed less section north of the fault (Plate 6), However, the massive
sandsione is preserved only on the upthrown (southern) block., Preservation of section on the
upthrown block of a steep fault is characteristic of strike-slip displacement. Strike-slip faults
parallel to this probable fault are common in the Qlympic Peninsula (Figure 2-1), (Also sec
Snavely and Kvenvolden, 1988; Rau 1979, 1986; Stewart, 1970.) Seismic data acquired on the
shelf show faults which appear to have strike-slip displacement. {See Chapters 3 and 7.} It is
likely that this fault is an onshore extension of a fault exposed on the scafloor southwest of Ocean
City (Wagner, 1986). This cross section cannot be geometrically balanced nor can the positions
of the first occurrences of Bulimina subacuminata and B. rostrata be accommodated using a thrust
fault model.

This probable fault is not shown culling the unconformity at the top of the Monlesano
on Plate 6, but offset of this horizon cannot be dismissed without additional well or seismic
control. The cross-cutting relations shown on Plate 6 mdicate that movement on this probable
fault occurred during the late Miocene and may have continued through the Pliocene.

The northern limit of the massive sandstone facies at Ocean City is apparently controlled
by the probable fault: the fault could have offset the massive sandstone laterally, or the fault could
havc established a paleotopographic setting suitable for sand accumulation. Sand could have
accumulated: (1) in a valley/submarine canyon -- this accumulation model implies that the
vatley/submarine canyon has moved laterally along the faull to a position where it appears to be
on the upthrown block, or, (2) on a topographicaily high arca created by the fault where barrier bar
or similar marine sand deposition occurred.
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A STRIKE-SLIP FAULT MODEL FOR DISTRIBUTION OF THE
MONTESANO SANDSTONE MEMBER, MASSIVE SANDSTONE FACIES

Regional geology suggests that equivalents of thc massive sandstone facies could be
present elsewhere on the continental margin. Westward- directed river drainages were eslablished
subsequent to the uplift of the Olympic Mountains at about 17 Ma and prior to deposition of the
Montesano Formation (Tabor, 1972, 1975). Strike-slip faulting controls the location of present-
day and Pleistocene river drainages (Tabor and Cady, 1978a) on the western Olympic Peninsula and
may have controlied these drainages during the late Miocene and Pliocene. Such rivers are known
1o have deposited at least (wo Montesano deltaic systems in the Grays Harbor Basin (Bigclow,
1987). A massive Quinault deltaic sandstone (Hom, 1969) crops out at the mouth of the Quinault
River near the trace of a strike-slip fault which controls the location of river valley. We speculate
that thick Miocene to Pliocene sandstones may be present along the offshore extensions of these
and other strike-slip faults,

Sand issuing from the Olympic Mountains was probably carried westward and deposited
on the continental margin. Most coarse detritus would have been deposited in the vicinity of the
present coastline. However, turbidity flows could have croded canyons and carried detritus past the
narrow, late Miocene shelf and into the Montesano claysione member bathyal environment. This
could have resulted in deposition of turbidite sequences such as those interpreted in the P-0141
well,

PETROLEUM GEOLOGY OF THE OCEAN CITY AREA

Results of drilling in the Ocean City area indicate that reservoirs in the Hoh and Ozette
sections are not of sufficient quality to support commercial petroleum production on the
Washington OCS. In contrast, sandstones of the Montesano Formation have excellent reservoir
characteristics.  Good shows in this section indicate Lhat peirolcum has migrated through the
upper Miocene section,

Structure on the unconformity at the top of the Montesano Formation is shown on Plate
8. A structural culmination is present in sections 14 and 15, T18N, R12W WM. The Sampson
Johns 2-15 and France No. 1 wells are nearest to the crest of this culmination and to the faulted
crest of the Montesano sandstone member homocline. These structural relations indicate that a
trap is present al Ocean City.

No significant hydrocarbons were recovered in the Qcean City wells which tested the
sandstone member because: (1) significant migration of petroleum inio the sandstone member did
not occur, and/or, (2) an adequate seal above the massive sandstone was not present. However,
indications that at least minor migration through the massive sandstone facies has occurred include
cut ang fluorescence in cores from the Oscar No, 1 and Sampson Johns 2-15 wells and small
amounts of gas recovered from a drillstem test in the Oscar No. 1. This gas appears to be trapped
by a localized tight streak at the top of the massive sandsione rather than by structure. The
homoclinal culmination at the massive sandstonc facies horizon was removed by erosion.
Consequently, the breached top of the massive sandstonc facies reservoir appears to be in contact
with porous Quinault beds between the Sampson Johns 2-15 and State No. 1 (Plate 6).

Further evidence that petrolcum migrated into Montesano sandstones is provided by
drilstem tests in the Grays Harbor 1-35 drilled 2 mi northeast of Ocean City and the Medina No. 2
(Plate 6). The Grays Harbor 1-35 recovered gas at a rate of 1.33 MMCFGD on a 28/64-in. choke
with a final flow pressure of 338 psi from a sandstone bed within the claystone member. In a test
of the Media No. 2 from 3,087 to 3,118 {t, 5 barrels of 46.9° API oil and 780 MCFGPD were
recovered from a zone of fractured claystone within the claystone member. It is possible that this
zone is a splay from the probable fault shown in Plate 6.
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Petroleum Plays on the Washington OCS

Data and interpretations presented in Chapters 4 and 6 indicate that the primary reservoir
play on the Washingion continental shelf is for sandstones in the Montesano Formation. Hch
rock assemblage and Ozette melange sandstone rescrvoirs are considered secondary targets due to
their poor permeability and high risk of lateral discontinuity. Quinault-equivalent and Quaternary
reservoirs are not considered important exploration objectives because of shallow burial and a lack
of adequale seals above these reservoirs. Normal (to subnormal 7) pressure gradients in thesc
younger rocks probably preclude accumulation of large shallow gas reserves on the shelf. While
all source rocks identified to date in the study area are gas prone, ubiquitous oil shows indicate that
future explorationists will key on the oil potential of the Washington OCS. However, the
potential for making gas discoverics using direct detection (bright spot) analysis may also provide
incentive for exploration,

Seven public-record reflection scismic data scts were interpreted in order to identify
potenual structural or combined structural and stratigraphic traps on the continental margin. These
scismic lines are oo widely spaced to prove structural closure, but this data set is sufficiently
complete to give a first approximation of the potential for trap devclopment.

PRIMARY PETROLEUM PLAYS

We have recognized four plays on the Washington OCS and State territorial waters.
While there may be numerous "exotic” structural and/or purely stratigraphic plays, it is unlikely
that these could be defined with existing technology, much less promoted and drilled. Table 7- 1
summarizes the four primary plays, which are listed in order of decreasing favor.

GEOPHYSICAL DATA

Seismic reflection data acquired by the USGS during the 1976, 1977, and 1980 cruises of
the RV §. P. Lee provided the majority of the coverage on the continental shelf (McCiellan and
Snavely, 1987, 1988; Mann and Snavely, 1984). Singie channel seismic data acquired by the
Scripps Institution of Oceanography as Leg 9A of the Seven Tow Expedition also provided data
usable for mapping deep structure (Silver, 1972). Single channel seismic data obtained by the
Department of Oceanography, University of Washington, provided some information on Pliocene
and Pleistocene stratigraphy and shallow (less than 250 msec T.W.T.) structure including seafloor-
breaching diapirs. These data were acquired during Cruises 13 and 24 of the RV Thomas G.
Thompson and Cruise 10 of the RV Oceaneer (Bennett et al., 1969a.b; Bennett and Henry, 1969).

Locations of the USGS and Scripps seismic profiles are compiled on Plate 9. The
Scripps data are located using a GMT time, rather than a shot potnt reference, The 1976, 1977,
and 1980 USGS seismic lines are denoted respectively as 76-XX, 77-XX, and 80-XX (where XX is
the specific line number). Likewise, the Scripps seismic lines are denoted as 7-XX. Paper stretch
and different map projections presented problems during the compilation of Plate 9. The locations
of the various survey lines are not exact: the shot poinis shown on Piate 9 are accurate 10 2 mi +/-
only.

The quality of the data varies greatly within and among the various surveys. For the
USGS data, quality varies because of subsurface geologic conditions, differences in recording
parameiers, processing systems, and weather during acquisition. The 1980 USGS cruise used a
short (600 m) streamer with only 12 channels due to severe weather conditions. Data quality on
profiles from this cruise differs greatly from that of data recorded during previous cruises. The
Scripps seismic data were collected in real time on an analog chart recorder, and consequently they
suffer from varied pen quality. Nonetheless, Scripps data quality is second only to the reprocessed
USGS multichannel data. None of the seismic data were acquired in a conventional grid,
Consequently, these data are more useful for regional tectonic studies than for prospect delineation,
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#
TABLE 7-1

PETROLEUM PLAYS ON THE WASHINGTON CONTINENTAL MARGIN

PLAY TYPE 1 - Moniesano sandstonc member, massive facies, or equivalents within strike-slip
or diapiric anticlines

Reservoir/quality: Montesano sandstone mb, massive facies/excellent

Stacked reservoirs(?): unlikely

Trap type/probability of closure anticlinal/good

Number of anticlines identified: 13+

Source rocks/quality: Ozette/good nearshore, unknown farther west

Maturation: mature below 10,000 fu

Migration: vertical along strike-slip faults or diapirs is probable

Seal/quality: Miocene/Pliccene claysiones/varied

Prospects definable(?): with difficulty due to the discontinuous nature of sand
facies

Potential reserves: 250 MMBO +/-

PLAY TYPE 2 - Other Montesano Formation sandstones within strike-slip or diapiric anticlines

Reservoir/quality: claystone or siltstone mb sandstonesfaverage
Stacked reservoirs(?): possible

Trap type/marginal probability of closure:  anticlinal/good

Number of anticlines identified: 13+

Source tocksfquality: Qzette/good nearshore, unknown farther west
Maturation: mature below 10,000 ft

Migration: vertical along strike-slip faults or diapirs is probable
Seal/quality: Miocene/Pliocene claystonesfvaried

Prospects definable(?): Structural closure likely

Potential reserves: small unless reservoirs are stacked

PLAY TYPE 3 - Montesano sandstone member, laterally sealed by diapirs

Reservoir/quality: Montesane Fm. sandstones/average to excellent
Stacked reservoirs(?): possible

Trap type/marginal probability of closure:  updip truncation/possible

Number of diapirs identified: 6 +/-

Source rocks/quality: QOzette/good nearshore, unknown farther west
Maturation: mature below 10,000 fi

Migration: vertical along diapirs or faults

Seal/quatity Miocene/Pliocene claystones and diapirs/varied
Prospects definable (?): depends on locating sandstone facies and truncations
Potential reserves small unless reservoirs are stacked

PLAY TYPE 4 - Hoh/Ozette sandstones in anticlines or in buried paleotopographic culminations

Reservoir/quality: Hoh/Ozette sandstones in coherent blocks/poor
Stacked reservoirs: likely

Trap type/probability of closure: faulted anticlines, topography at unconformities/poor
Number of potential traps identified: none

Source: Ozette/good nearshore, unknown farther west
Maturation: mature below 10,000 feet is probable

Migration: juxtaposition of source & reservoir or along faults
Seal/quality: Hoh/Ozette/Montesano claystones/good

Prospects definable(?): not with existing public-record seismic data

Potential reserves small



46 | Palmer and Lingley

In addition, vertical and horizontal scales used in ploiting the profiles are inconsistent, and as noted
above, navigation is equivocal. Consequently, it was not possible to tie the various survey lines
reliably. )

The University of Washington single channel data are of limited utility because these
penetrate to only 250 msec and because seafloor multiples and bubble pulse effects preclude
correlation of the shallow and deep penetrating seismic data sets.

OFFSHORE SEISMIC INTERPRETATION

A number of geologic features relevant to the petroleum potential of the Washington
OCS are identified on the following interpretations of USGS and Scripps reflection seismic
profiles. These include: (1) strike-slip faulting, (2) a possible upper Miocene submarine canyon,
(3) a seismic bright spot possibly caused by gas accumulation at shallow depth, (4) diapiric and
strike-slip anticlines, and, (5) truncation of strata against diapirs. Horizon identification is based
solely on tenuous character correlations, except for those lines that tie the three OCS wildcats. We
were unable to obtain a seismic profile across the Tidelands State No. 2 location. Acoustic log
data obtained from the P-0155 and Cygnet J-100 are used o convert seismic traveltime to depth
(Figure 3-7).

The four horizons shown on these profiles are described in Chapter 3. Briefly, the "A”
horizon corresponds to the base of the Pliocene and Pleistocene gravels; the "B" horizon generally
corresponds to the unconformity/disconformity at the top of the Montesano Formation; the "C"
horizon is composed of continuous (?) intra-Montesano claystone member reflectors; and, the "D"
horizon is an intra-Hoh rock assemblage/Ozeite melange phantom reflector.

The locations of some structural culminations, diapirs, and a few strike-slip (7) faults as
interpreted from the deep penetration seismic data are shown on Plate 10. The main pumpose of
this mapping exercise is to demonstrate the frequency of anticlinal folds insofar as possible using
public-record data.

It is essential to note that four-way closure cannot be demonsirated much less proven for
any antictines depicted on Plate 10 because of a lack of gridded seismic data and because of the
large distances between adjacent profiles.

Profiles of anticlines depicted on Plate 10 arc measured from synclinal trough to synclinal
trough (across the apparent T.W.T. "spill point”) along continuous reflectors or phantoms, These
anticlinal rollovers are generally measured in a time window from 700 msec to 1,200 msec
T.W.T., which corresponds to the approximate level of prospective Montesano sandstone member
intervals. For example, the mapped length of the anticlinal culmination directly west of the P-
0155 well on Line 76-12 was determined from the troughs of adjacent synclines at horizon "C"
(Plate 2). The profile of this anticline shown on Plate 10 extends from SP 375 to 430.

The orientations and extents of diapirs and anticlines on Plate 10 cannot be determined
with the existing data set. It appears that there may be a comelation between the orientations of
fold hinges and those of elongate, northwest-trending submarine ridges near the contact of the
abyssal plain and the continental rise. However, attempts to correlate bathymetry with seismic
structure on the shelf were unsuccessful. Anticlines that bend upper Miocene and younger sirata
are sufficiently controlled to indicate that some fold hinges on the shelf are oriented sub-
perpendicular to the coastline (19:07 to 20:17, and 7:07 to 7:33 GMT on Line 7-10 and at the
intersection of Lines 76-12 and 7-11), Anticlines at the intersections of Lines 76-11 with 7-11 and
Lines 76-12 with 7-11 appear to enclose about 9,000 acres each.

Diapirs plotted on Plate 10 are mainly those present between 700 msec T.W.T. and the
seafloor. Seafloor multiples and bubble pulse effects generally preclude identification of diapirs
which are breached al the seafloor. The diapirs shown on Plate 10 have insignificant anticlinal
rollover except for those that have a diapir symbol within an anticline symbol. In these instances,
anticlinal rollover is significanily longer than the subtended diapir. (See Line 76-14, Plate 4, and
Plate 10.) These combination diapiric/anticlinal structures have potential for extensive closure
against the margins of the diapir (Play Type 3).

Some of the onshore strike-slip faults mapped by Snavely and Kvenvolden (1988) are
shown on Plate 10. Offshore extensions of these faults interpreted from seismic data are also
shown on this plate. The interpretation of strike-slip displacement is based on criteria described in
Chapter 3, Seismic Stratigraphy.
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Plate 10 shows approximately 30 anticlinal rollovers ranging in size from 2 to 8 mi in
profile. Wagner and others (1986) map anticlines at the surface longer than 50 mi using these
seismic data and seafloor geology. We are unable to map these anticlines at the Montesano
horizons shown on Plate 10 because the jump-tics that are necessary to correlate between adjacent
lines are equivocal. The rollovers are associated primarily with strike-slip faulung {e.g., Lines 76-
12 and 80-8; Plates 2, 12) and diapiric intrusion (e.g., Lines 76-14 and 80-8; Plates 4, 12). The
abundance of mapped anticlinal rollovers and diapirs shown on Plate 10 is chiefly a function of the
data base; undoubtedly, numerous folds, faults, and diapirs occur offshore that we are unable to
identify. For example, the abundance of structures decreases northward from the Willapa Bay -
Grays Harbor area in proportion to diminishing data quality and increasing line spacing. The
USGS and Scripps Institute did not record data within 10 mi of the coastline. Consequently, deep
penetration setsmic data are unavailable for the federally controlled OCS and the Washington State
territorial waters within this 10 mi strip.

Line 76-11 (Plate 11) shows the approximate position of the Shell P-0130. This well
penetraled a normal section from the Montesano claystone through the Hoh rock assemblage,
which is composed mainly of sheared claystone breccia (Shell, 1966), The interpretation of
diapiric intrusion below the P-0150 anticlinal apex is equivocal. The diffraction patierns on this
line could result from thrusts and/or topography on the Hoh unconformity. Two subtle anticlines
directly west of this structure share a common "spill point” at horizon "C" and are mapped as such
on Platc 10. Roliover on these subtle antichines diminishes directly above horizon "B". The
section between horizons "B" and "C" is probably equivalent to parts of the Montesano sandstone
and claystone members.

Faulting and uplift on the west-central part of Line 76-11 are interpreted 10 result from
strike-slip fanlting. East of the fault, horizon "A" and "B" are uplifted and truncated at the
seafloor, whereas west of the fault horizons "A" and "B" are flat-lying. This interpretation requires
careful scrutiny of the profile because multiples and/or the bubble pulse obscure stratigraphically
controlled events. This probable strike-slip structure is similar to faulted anticlines observed on
Line 76- 12 (Chapter 3, Seismic Stratigraphy; Plate 2} and Scripps Line 7-3, The structurcs
interpreted on Lines 76-11 and 7-3 appear to be a single strike- slip fault which continues eastward
into the Grays Harbor estuary (Plate 10) and offsets magnetic contours (Finn, USGS, 1988,
written commun,; Henderson and others, 1958a-d). The sense of offset observed on magnetic
contours is right lateral. Many strike-slip faults elsewherc along the coast (Snavely and
Kvenvolden, 1988) are mapped as having right-lateral offset.

Line 76-10 (Plate 11) is a north-trending profile located approximately 10 mi west of
Willapa Bay. The stratigraphic package between horizons "B" and "C" consists of a sequence of
continmously parallel, moderate frequency reflectors from SP 1 to 36(0. Between SP 360 and 600,
these reflectors become discontinuous and have lower frequency content. The total time interval
between "B" and "C" (or between "A" and "C” where "B" is missing north of SP 455) increases by
addition of section at the base of the interval. The sequence from SP 328 to the fault near SP 600
and between 1.3 and 2.3 seconds T.W.T. appears to have filled a topographic depression interpreted
as a submarine canyon. The continuous and parallel reflectors above the fill sequence reprasent
deposition of siltstones and claystones in a quiescent basinal setting. These continuous reflectors
abruptly terminate at the canyon depression where channel scour-and-fill sequences exhibit little
lateral or vertical continuity. Other possible canyon-fill sequences are interpreted at the north and
south ends of the profile.

Line 80-8 (Plate 12) is a north-trending profile located approximately 20 mi west of the
mouth of the Hoh River. The high-amplitude reflector at 300 msec T.W.T. between SP 1516 and
1583 is interpreted as an acoustic bright spot possibly indicating the presence of shallow gas.
This reftector cuts apparent bedding, is bound by anticlinal closure, and exhibits phase reversal, all
of which can be characteristic of gas-water interfaces. The symmetrical anticline between SP 1520
and 1590 may be due (o diapiric intrusion at depth, This possible diapir can be outlined on the
seismic profile by tracing disrupted reflectors between 1.5 and 2.5 seconds T.W.T. A similar
bright spot occurs at 300 msec T.W.T between SP 1685 and 1740 where it is limited by a fault.

Line 76-14 (Plate 4) is an east-trending profile located approximately 12 mi offshore of
the mouth of the Moclips River. A large anticline lies between SP 40 and 220 and represents Play
Types 1 and 2 (Table 7-1). A diapiric intrusion is interpreted between SP 168 and 112 on the
basis of diffractions below 1.5 seconds T.W.T. A complexly anticlinorium below horizon "C"
appears to result from intermittent growth of this probable diapir. The section above the "B"
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horizon comesponds to the thickest Quinault-equivalent sequence observed on the Washington
shelf. Numerous local unconformities on the west flank of the anticlinorium between "A" and "C"
may be channels, foresets, and/or stumps,

Line 76-17 (Plate 12) wends north and lies approximately 12 mi west of the mouth of the
Queets River. Three diapiric intrusions are depicted on this profile. Figure 7-1 is a segment of
Line 14 of Oceaneer Cruise 10 located approximately 1 mi cast of SP 337 on Line 76-17. Figure
7-1 shows tight folding associated with diapiric intrusion, angd truncation of tilted reflectors by an
unconformity. This unconformity is correlated to horizon "A" on Line 76-17. Thick sequences of
coherent reflectors below horizon "C" on Line 76-17 separate the three diapirs, Each of these
layered scquences is lerminated updip against the central diapir (Play Type 3).



8

Possible Petroleum Reserves on the Washington
Continental Margin

A comparison of previous assessments of the petroleum potential of the combined
Washington and QOregon continental margins is given in Table 8-1. These studies conclude that
potential exists for petroleum accumulation on the Washington continental margin. The
following discussion outlines possible rescrves for hypothetical individual accumulations on the
Washington OCS. These interpretations indicate that the Washington continental margin could
contain a significant petrolevm resource. The potential, unrisked recoverable oil reserves for a
single trap can be expressed as follows:

Recoverable Oil = A x T x N/GP x FTS x Phi x (1- Sw) x RF x 7.758
(in barrels) Bo
where:
A = area of the trap in acre/ft T = thickness of the reservoir in fi
N/GP = net to gross pay ratio FTS = ratio of oil-fill in trap to reservoir thickness
Phi = average porosity Sw = average waler saturation
RF = recovery factor 7,758 = barrels per acre/ft

Bo = formation velume factor

The critical variable in this equation, as applied to the Washington OCS, is the area of
the trap because this variable can vary greatly. As noted above, structural closurc on the shelf
cannot be proven with the public-record seismic data set. Spill point profiles of anticlines at intra-
Mentesano Formation horizons range from 0.5 to 7 miles (Chapter 7). Wagner and others (1986)
map several anticlinal hinges longer than 20 miles on the shelf and slope using seismic data and
seafloor geology, but do not indicate four-way closure on these structures.

A crude estimate of possible trap size can be determined for two anticlines on the shelf
where seismic lines intersect over the apparent culminations. Anticlines at the intersections of
Line 76-11 with 7-11 and Line 76-12 with 7-11 appear to enclose about 9,000 acres each.

This estimate of the area of these two possible traps together with variables that are
quantified in this report (reservoir thicknesses and average porosity) were used to determine a first
approximation of the potential reserves that might be contained in Play Types 1, 2, and 4 (Table
7-1). The other variables in the volumetric equation were estimated by comparison with producing
oil fields that have geology similar to that of the Washington OCS. Substituting the average
reservoir properties for the Hoh/Ozette sequences given in Chapter 4, Phi = 0.15 and T = 34 ft, and
assuming A = 9,000 acres, N/GP = (.75, FTS = (.5, Sw = 0.4, RF = 0.15, and Bo = 1.25 in the
volumetric equation gives about 10 million barrels of recaverable oil. However, no structures
have been mapped at these horizons and Hoh/Qzette reservoirs are likely to be discontinuous.
Furthermore, the average porosity estimate from Chapter 4 is probably greater than the effective
porosity due to large clay volumes in these Hoh/Ozette sandstones. Therefore, 10 million barrels
of potential recoverable oil is likely to be very optimistic and risked Hoh/Ozetle reserves would be
a fraction of this number,

A first approximation of potential reserves in an average Montesano Formation sandstone
(¢.g. the turbidite sandstone reservoirs in the P-0141) using Phi = 0.20 and T = 40 ft together with
the assumptions given above (except for RF = 0.2) is about 20 million barrels recoverable oil.

A first approximation of potential reserves in a Montesano sandstone member massive-
facies or equivalent reservoirs using the above assumptions except for N/GP = 1.0, Phi = 0.25 and
T = 300 ft are about 250 million barrels of recoverable oil. Risked reserves using this analysis
would be a fraction of this value because this sandstone is known (o be developed only at Ocean
City and in the P-0155. There is only a small probability that this sandstone occurs elsewhere on
the OCS in a sealed structural irap.
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TABLE 8-1

COMPARISON OF PETROLEUM POTENTIAL ASSESSMENTS OF THE WASHINGTON
CONTINENTAL MARGIN

Braistin and others (1977)

"a favorable geologic environment, including sources rocks, reservoir rocks, and structure,
is an incentive to future petroleum exploration,”

Scot (1982)

Mean, unrisked, recoverable reserves from a Monte Carlo simulation for Washington and
Oregon are:

240 million barrels of oil and
600 billion cubic ft of gas

Cooke (1985)
Mean, unrisked, recoverable reserves from a probablistic simulation (PRESTO) are:

180 million barrels of oil and
3.260 billion cubic fi of gas

Snavely (1987)

"Potential exploration targets exist where Eocene and/or Oligo-Miocene melanges are
underplated beneath the Eocene oceanic basalt.”

Dunkel (1988)

“geologic conditions that favor hydrocarbon generation, accumulation, and entrapment
have existed along the Washington and Oregon continental shelf and that appreciable
hydrocarbon resources may be present”.

Palmer and Lingley (1989) — This Report
Volumelric estimates suggest that an individua! accumulation could contain:

10 million barrels of recoverable oil in average
Hoeh/Ozette reservoirs

20 million barrels of recoverable oil in average
Montesano reservoirs

250 million barrels of oil in Montesano massive
sandstone facies (Ocean City Sand) reservoirs

e e—— = ——
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APPENDIX A — WELL INFORMATION
(All depths in fi. RKB)

Location Well Name,
No. on API No., Spud Date,
Plate State Permit No. Total Depth  Shows
1 Bloedel-Ruddock 12/16/63 No shows,
No. 1 4,403'
009-00045
188
2 Bloedel-Ruddock 6/25/37 Gas shows at 2,268', 4,204', 3,210-6210";
009-00010 6.210' tested gas TSTM @ 3000°; gas used for rig
CM-10 boilers. Gas analysis on file @ DGER.
3 Rosalie No. 1 1932 - Tr gas, oil shows "colors".
009-00009 2,188
CM-9 1937 rednll-
2,035
4 Forks No. 2 1924 Gas and oil shows; "shale grease” common.
009-00004 2,035
CM-4
5 Washington (Old) 1912 0Oil in bailers and stained sandstone. Gas kick
009.00001 2,035 with gas and mud over derrick.
CM-1
6 Forks Ne, 1 5/3/19 Numerous gas & oil shows; gas pressure greater
009.00002 2,250 than mud gradient.
CM-2
7 Olympic No. 1 1932 Tr gas.
009-00008 2,940
CM-8 (2.898'7)
8 Soleduck No. 1 3/21/73 Tr gas; "bubbling mud” at 774'; 18" high flame
009.00048 1,550 from 8-5/8" casing; oil stained sandstones from
287 904-960",
9 Town of Forks 7/15/55 Briefly tested 10 MCFGPD after zone was perfed
No. 1 1,12¢¢ and dynamited. Died in 85 minutes.
(09-00039
10 Sniffer-Forks No. 1 8/29/73 No shows.
009-00049 3,095
290
11 Rayonier No. 1 10/14/48 Below 1,147, cores flashed {bumed); gas shows
009-00036 2,350 below 1,370
CM-15
12 Milwaukee Land 1-1 1/14/66 No data available.
031-00024 6,880
209
13 Pyramid-Shearing  9/3/79 No data available.
No. 1 4,925

031-00027
333
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Location Well Name
No. on API No., Spud Date,
Plate State Permit No. Total Depth  Shows
14 Hoh Head 1 1902 Gas reported at various depths; oil reported on
031-00002 901" driller's log from 691-901".
12
15 Hoh Head No. 2 1914 Good gas shows at 960" and 1,110". OGil at 960"
031-00003 986’ and a1 1,120° (7).
I3 1919 redrill
1,120
16 Sims No. 1, 7/28/31 Good oil shows 770°-790' and at 865" also
Gilkey No. 1 2,069, 2,06%" to TD gas reported.
031-00004 2,155’
I-4
17 Gilkey No. 2 1933 Good oil shows at 768" and 865°.
021-00005 866"
iX
18 Kipling No. 1, 44536 Good oil shows between 287-314'. Produced
Gilkey No. 3 316’ several bbl oil per week. Oil analysis on file
031-00012 1937 @ DGER.
J-11 808"
19 Kipling No. 2 1936 No shows.
031-00013 656
75X
20 Consolidated No. 2, 1937 Good ovil shows in cuttings.
Gilkey No. 5 1,070
031-00015
71X
21 Churchill No. 1, /29437 Tr gas.
031-00016 1,600 +/-
78X
22 Lacy No. 1 1934 Qil reported from sanstone near surface
031-00011 803
74X
23 Sunburst No. 1 6/24/81 DST produced gas; gas analysis on file @ DGER
031-00028 7.500°
3z6
24 Barlow No. 1 1/12/64 Qil droplets in mud at 2,240'. Gas bubbles in
031-00023 5018 mud tank at 4,005
189, 189A
25 Woodis No. 1 6/25/63 No shows.
031-00022 460
180
26 Lacy 22-1 12/18/74 Gas bubbles in core 4,979-5,000' and 5,341-
031-00026 5,722 5,358 DST recovered tr gas 4,952-5,000',
299 Gas analysis on file @ DGER.
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Location Well Name,
No. on API No., Spud Dae,
Plate State Permit No. Total Depth  Shows
27 Milwaukee Land Co. 6/28/48 Tests thru perfs @ 4,700-4,800" and 1,950-
No. 1 5,600 2,150 no rec.
031-0020
J-20
28 C.C. Cook - 7/23/47 No shows.
Quinault No, 2 3,010
031-00019
J-19
29 C.C. Cook - 5/2/47 Gas bubbles and oil "colors” on cores 829-835',
Quinalt No. ? 1,412 1,126-1,132', 1,400-1,412
031-00018
30 Quinault No. 1 1913 Results unknown; drilled 100' § of Garfield
027-00003 60 gas mound.
GH-3
31 Quinault No, 2 10/1914 "Strong" gas reported.
027-00004 820
GH4
32 Northwestern No, 1 7/12/19 No shows.
027.00005 639
GH-28
33 Northwestern No, 2 1/19/20 Tr oil; small amount of gas 2,687-3,805".
027-00006 3,805°
GH-5
34 Washington State  12/5/20 Tr oil and pas 1,537-1,6%0" &.3,375-3.460'.
No. 1 4,130
027-00007
GH-6
35 Polson No. 1 10/4/47 “Faint odor” on core 940-965' and 1,009-
027-00036 2,108 1,034,
GH-36
36 Carlisle Estate 8/16/59 DST shows 3,400-3,500"; also noted in
No.1 3,59¢’ Sunshine-Medina annual report. Production rest
027-00091 on 12/22/59 made 23 bbl oil in & hours.
141
37 Carlisle No, 1-23 3121174 Swabbed oil cut, gassy mud; 1 gallon yellow oil
027-00124 4,100 at 3,797,
292
l8 Brett Cardmal 10/28/65 DST and core analysis rec r gas and oil. No
027-00106 3,972 other well data.

208
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Laocation Well Name,
No. on API No., Spud Date,
Plate State Permit No. Total Depth  Shows
39 Rayonier No. 1 6/16/60 Used Medina No. 1 oil 10 displace water on
027-00106 1,22¢¢ 8/8/60. Recovered 5.2 barrels of "new” oi}
145 24/64" choke on 10/8/60. Good gas show at
and 3.800F. Excellent oil and gas show in mud at
5710 Good oil show in pit at 6,000,
Rayonier No. 1-A Ti14/60 Production tests rec strong gas blow after shutin
027-00094 6,500 12/6/60. 12/8-9/60, may have recovered 25
145A bbl of new? oil. Test 12/4/60 50 MCFGPD -+/-
10/31/60 rec 34 bbl "formation” oil. 11/1/60
standing well "full of oil".
40 Everett Trust 8/5/61 Shows in core similar 10 #41 below.
Neo. B-1 4,18¢
027-00101
161
41 Ollar State No. 1 6/14/61 5% o1l saturation from core analysis; petrol
3,000 odor and light blue flourescence 2,170-2,190,
Core shows, pale yellow/brown stain, pale
yellow fluor and pale yellow/white/lt brown cut
3,207-3,225" and 3,226-3,239". Cores at
3,239.3,249" and 3,722-3,742' as above with
gas bubbles. DSTs 3,088-4,165", no rec.
42 Abel No. 1 7117447 No shows.
027-00034 1,818
GH-34
43 M.A. Baker 10/11/73 Core 3,381-3,403", gold fluor, retorted 29° API
No. 1-30 4,200 oilfwel gas; Core 2,142-2,166 dull yellow fluor;
027-00123 blue-white cut.
291
44 McCleave No. 1-33  6/3/70 Pale yellow/green cut fluer on SWS at 1,150
027-00115 1,344 Core 1,323-1,344' pale straw cut after 12 hours.
258
45 Lamb No. 1 10/31/47 Gas odor in cores below 296' in Hoh rock
027-00037 2,379 assemblage.
GH-37
46 Parker No. 1 7416747 Tr gas in 8 cores below 1,230
027-00032 1,931
GH-32
47 Grays Harbor 6/11/70 Volcanics in core - 1,885-1,895" (olivine
County No. 1-15 2,032 basalt). Tr cut & fluor in core at 2,010-2,032'
027-00111 (Hoh breccia); yellow-green fluor in SWS at
252 1,815-1,993".
48 Grays Harbor 7/15/54 Used diesel mud; odor in core @ [,511-1,526".
County No. 1 3,453

027-000355
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Location Well Name,
No. on APl No., Spud Date,
Plate State Permit No. Total Depth  Shows
49 Trambitas 5722170 Green fluor; straw/amber cut; siraw/amber, cut &
No. 1-28 3,120 green fluor & odor in SWS at 2,796' and core
027-00118 from 3,091-3,111".
263
50 Grays Harbor Co. 11/27/74 No shews.
No. 36-] 2,647
027-00128
298
51 Grays Harbor Co.  7/23/70 Gasoline odor from SWS below 2,371'. DST
No. 1-35 2,528 1,870-2,050, flowed 1.33 MMCFGPD at final
027-00121 flowing pressure of 338 psi on 28/64" choke.
266 Gas analysis on file @ DGER.
52 Grays Harbor Co. 4/19/74 Gas kick @ 2,495 after swabbing 4-6' flare
No. 35-1 2,495 (5/1714). After perf (5/5/74) from 2,098-
027-00125 2,112%; gas bubbles in mud. Perfs @ less than
294 2,000 (11/1/74) tested 11.6 MCFGPD on
13/64" choke at 80 psi FTP.
53 Clapp No. 1 913747 (Gas bubbles on cores 1,511-1,521". 1,760-
027-00035 3,997 1,770' and 2,696-2,719. Kerosene odor on
GH-35 cores 2,025-2,041" and 2,969-2,71%. Cores
flashed 3,321-3,339', 3,746-3,757" and 3,992-
3,730¢'. "Colors on ditch” above 1,000'. Good
colors from 2,460-2470. Excellent oil and
gas shows 3,650-3,730' and 3,992-3,997".
54 State No. 2 11/18/48 Gas flowed @ 250 psi while attempting to
027-00041 3,805' P&A; Swabs 12/17/48 rec water with oil scum
GH-41 and gas; "Colors” on ditch 3,595-3,600°. Cores
flashed 3,600-3,629", 3,674-3,805",
55 Medina No. 2 9/27/57 DST 3,010-3,041"; rec 5-7 bbl oil/hr, 47°
027-00088 5,125 API; Core @ 3,328-3,344' had odor, yellow
131 fluor, no cut. DST @ 4162-4187 recovered
220" of 37° API oil. [Oil and gas analysis on
file @ DGER)
56 Medina No. 1 6/19/37 Well initially flowed 178 bbl oil in 23 hr.
027-00087 4,140 Stabilized at less than 10 BOPD. Produced oil
126, 126A for 4 years. Qil and gas analysis on file @
DGER.
57 Barnhisel No. 1 8/7/47 Good gas shows in core below 1,850 "colors”
027.00033 2,657 in cores below 300", Some cores flashed, others
GH-33 bubble,
58 State No. 4 6/15/51 Gas and oil analysis on file @ DGER. Tested
027-00043 3,711 gas from two zones. Tested 85 BOPD.
GH43
and

Sampson Johns Unit 1/6/59

027-00090

4,522

Well renamed and completed. Produced and sold
6.5 MMCFG. 0Oil and gas analyses on file @
DGER.
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Location Well Name,
No. on API No., Spud Date,
Plate State Permit No. Total Depth  Shows
59 State No. 1 11/24/47 Diich "colors™ below 1,500, Some odor in
027-00038 6,278 core and on rig floor; gas bubbies and colors in
GH-38 ditch. Sheared core with gas bubbles from
2.355-2,361". Core flashed. Cut color in core
below 3,698 as in State 3. Swabbed 40 BO on
3/23/48 but rapid drop in pressure. 3/24/48
swabbed 10 bbl; 3/26/48 swabbed 20 bbl oil.
60 State No. 3 2/16/49 Cores from 3,782-4,531", oil saturated, gas
027-00042 9.344" bubbles, flashed, Other cores had vaned oil &
GH-42 gas shows; Core at 7,880-7,890" in “very
permeable” sandstone. Initial swab rec 5 BO
plugged at 5,070 after rec 10 BO w/gas on each
Tun; tetal rec: 35 BO; other tests produced a
total of 100 BO. Oil analysis on file @ DGER.
61 Sampson Johns 4423/70 Pale siraw cut and yellow green fluor in SWS§
No. 2-15 2,390 from 1,250-1,441' and 2,012-2,022".
027-00117
260
62 Oscar No. 1-A 10/13/60 5-15% residual oil in core analysis at 1,955-
027-00096 4,137 1,979, but diesel used in mud.
149
63 Sampson Johns 3119470 No shows.
No. 1-15 2,195
027-00113
255
64 Oscar No. 1 8/14/60 8/24/60 stopped mud pumps, hole unloaded gas,
C27-00095 5,280 mud, and brackish water. DST at 3,687-3,780°
146 failed, DST at 4,333-4,340'; flowed gas @ 2400
psi FSIP.
65 Beach No. 1 3118/61 DST rec gas (27 flare); Tr fluor & gas bubbles in
027-00098 s core,
154
66 Swanson No. 22-1  4/12/57 DST (?) rec 10 BO.
027-00086 4,381
124,124A
67 Hogan No. 22-1 1/14/53 No informatijon.
027-00044 4,918
GH-44
and
Hogan No. 1 2/1/61 Rework of Hogan 22-1. Some residual oil in
027-00099 4918 core analysis. Absolute open flow of 238
156 MCFGPD.
68 Grays Harbor 4/8/70 Blue/white and light yellow cut fluor on SWS
Ne. 1-11 3,240 below 3,058%; pale straw.
027-00110

251
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Location Wall Name,
No. on API No.,, Spud Date,
Plate State Permit No., Total Depth  Shows
69 Hogan Ne. 1-13 3/5170 No shows, some cut mineral fluor.
027-00106 2,922
248
70 France No. 1 12/10/60 No shows.
027-00097 3.240°
150
71 Hogan No. 1-8 27106470 No shows.
027-00107 1,395
247
72 Ocean City Land 6/19/10 Distillate odor, some bright green fluor; "sharp
Co. et al No. 1-14 4,268 distillate odor”; milky green cut fluor, pale
027-00120 straw cut on SWS below 3,509,
265
73 Luse No. 1-23 B/6/70 No shows in SWS. Minor mud gas shows.
027-00122 3,602
267
74 Minard No. 1-34 516570 Yellow/green cut fluor from 3,471-3 483" core.
027-00016 4,600 Pale yellow/green cut fluor from 3,420-4,555°
259 from SWS.
75 Minard No. 1 1/21/58 No shows.
027-00089 5,038
132
76 Smith No. 1] 4/19/48 Core 1.044-2,053" showed colors and
049-00003 4,927 “evidence” of gas. Shows gas on core at 1,828-
PF-3 1,852'; 1,951-1,966', 2,977-3,134". Tr gas at
pits; Cores flashed for 3 to 5 minutes 3,305-
3.319', 3,536-3,54%", 3,856-3,683', 4,105-
4,108' and 4,323-4,332".
77 Oysterville State 2/21/55 Blue white cut and yellow fluor from SW§
No. 1 4,035 2.810-2,83(r, 2,799-2,805". Similar results
049-00043 from core a1 3,877
63
78 Weyerhauser 6/2/59 No shows ()
No. 7-11 5,988
049.00043
139
79 Long Beach No. 2 4/14/54 No shows.
049.00007 670"
8
30 Long Beach No. 1 6/30/53 No shows.
049-00004 2,103
PF-4
81 McGowan Na. 1 2/19/729 No shows.
049-00002 4,385

PE-2
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Location Well Name,
No. on API No., Spud Date,
Plate State Permit No. Total Depth  Shows

82 P-072-1 10/28/65 Gas cut mud from 5,121 to TD. Cut colors and
56-097-20001 5,219 fluor on core and SWS below 2,042,
(Oregon)

83 P-075-1 6/10/66 No shows,

56-099-20002 10,160
{Oregon)

34 P-0150-1 3/24/66 Cut fluor on SWS below 6,960'. Two DST's
56-099-20001 8,699’ produced 10 and 26 MCFGPD, at 9,408-9,423
and and 9,381-9,403", respectively.

P-0150-1A 4/17/66
56-099-20001001 13,179

85 P-0155-1 TI11/67 Cut and fluor on core and SWS below 6,547
56-099-20002 11,162

26 Tidelands State 7117164 No shows.

No. 2 5,073'
027-00104
169

87 P014t1 5723167 No shows.
56-098-20001 10,368"

88 Cygnet J-100 1/26/69 No shows.
No API number, 8,070
(Canada)

89 Prometheus H-68 6/11/67 No shows.
No API number. 7.662'

(Canada)



APPENDIX B — POROSITY AND PERMEABILITY DATA

WELL NOKE FORWATION  DEFTH POROSITY  AlR WELL NAME FORMATION  [EPYH PORDSITY  AlR
FERM FER
(FT. BBy (% (mg!} iFi, REB: (%} i
Kavonier | Hah 113 7.4 ,l farnnizel 1 Montesaro 2041 24,5 25.0
Ravopier ! Nsh A3 22,3 BRI barphisel ! Hontesano WS 87 3.7
Ravaniar | hab JELN 8.7 d.1 barnhisel | Montesano L840 9 4.5
Ravanier | Hah 14588 7.8 0.1 State | Montesano 1610 29,0 13
Ravomier | Hoh 184 1.5 il Btate | Hontesing 162y 4.4 IR
Kavanier | Hoh JTITE S Y i@, 1 Gtate | Montesanc a3 231 530
Lacy 22-1 Hok 4986 3 Ul Ftate 1 Hoh/Qzette 3904 (1.7 1.8
Lacy 22-% Hot 4984 4.4 0.3 State | HoheGzette 6269  Z5.0 1120
Lacy z2-% Hah 4484 8.1 0.1 Ebate 3 Hoh/Ozette 432 2.4 1.0
Lacy 27-1 Hoh §985  17.7 .3 State I Hoh/Ozette 4326 8.9 1.4
Lacy 27-t Hoh 4987 1z.8 0,1 State 3 HahiQzette 4329 13,3 G.0
Laey 22-1 Heh 4988 114 .3 Ctate I Hoh/Ozette 4335 (3. 1.0
Lacy 22-1 Hoh §§9F  Zi.h 0.4 State 3 HohsQzette 4339 (7.0 T74B.C
Laly Zi~i Hok 3991 [B.6 4,1 Ctate 3 Hoh/lzette 4345 12,7 460
Lacy 22-1 Heh §99% 7.4 ¢.1 State 2 Hah/Ozette 4350 Ll.1 3.0
Lacy 2¢-1 Hon 597 127 0,1 State 3 Hoh/Gzette 4355  [7.5 23359
Lacy 22-1 Hoh 4598 §.9 ¢l State 3 Hoh/Gzette 43%% (9.3 Z435.¢
Lacy 22-1 Hat, 39 14,3 £t State 3 Hoh/Ozette 4332 1.0 523.4
Lacy 22-1 Hoh 34 143 t.5 tate 3 Hoh/Dzetta 4343 5.3 1.9
Lagy 22-1 Hoh a7 15,9 0 Gtate & roh/lzette 4032 Tl 4,5
Lacy 22-1 feah ERG I L W .l State 3 Hoh/Dzette 4059 9.4 i)
Lacy 2i-1 fioh 333 157 .4 State 3 Hoh/Ozette 4044 9.4 |
Lacy 22-1 Hoh 9333 le.g b State 3 Hoh/Ozette 4075  13.4 0.1
Lacy 22-1 Hah 335 1583 ¢.3 State ! Hoh/Ozette A0BI 16,6 1.9
Lacy 22-1 Hok 338 (8.2 2.3 State I Hoh/O:ette  A0B4 15,5 3.9
Lacy iz-1 Heh 306 17,9 0.z State 3 Hoh/Ozette 5087 14.7 t]
Lacy 22-% Hah 5338 137 v.3 tate I Hoh/Ozette 6091 14,7 i.2
Barnhisel 1 Kontesano 1948 27.4 2.4 Gtate 3 Hoh/Gzette 409 13.2 g7
Barnnisel i Mantesano 1302 22.5 5.7 State 3 Hoh/Qzette 40%8 15,8 LG
Barnhisel ! Hontesano 1733 3.8 2.0 State 2 Hoh/drette 4099 15,4 i1
Barnhisel ! Mentesano i938 4.4 4.1 State 3 Hoh/Dzette &10% 15,5 4.1
Barnhisel | Nontesano 1561 24,0 Ul State 3 Hoh/Dzette 418E 15,9 0.1
Barnhisel } Montesano 1954 25,3 1.4 §-ate I Hoh/Ozette 6114 15,7 17,0
Earnhizel | Montesane  1%47  Z1.0 9.7 Ctate 1 Heh/Orette 4417 12,3 AL.D
Barnhisel } fontesanc 1366 5.8 2.5 State 3 Hoh/Dzette 8121 16.3 1.k
Barchisel | Montesans §72 5.9 1.¢ Ctate 3 Hoh/Bzette 5122 14.¢ Y-
Barnhise} |1 Mantesanc 197 248.3 12.0 Srate 3 Hoh/Ozette G128 15§, 8.4
Barnhise} i Montasans 1980 31.3 8,1 1ate 3 Hoh/0zette &134 10.9 3l
Barnhisel 1 Hontasang 902 I 9.4 State 1 Hoh/dzette 6143 15.¢ v
Barnhisel 1 Hontesane 2016 21,8 3B.O State 3 Hoh/Dzette 153 14,7 2.0
Barnhisel | Hontesana 1993 24.8 2.4 State 3 Hoh/Ozette &1B3  11.D o1
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APPENDIX B — POROSITY AND PERMEABILITY DATA (CONT'D)

WELL NAME FORMATION  DEPTH  POROSITY AR
FERM

FY, RERY i) {nd}

State 3 Hoh/Qzette 5185 7.4 g1
State 3 Hoh/Dzette  41B3 5.2 1
State 3 Hohrfzette 6192 13,6 10.4
State 1 Hoh/Uzette 4195 2.4 2.3
State 3 Haoh/Gzette 6198 e 0.1
State 3 Hohf(zette 425 .7 a. &
State 3 Hohigzette 4241 & S}
State 2 Hoh/Czette 6242 B.4 N
State 3 HehiGzette 424 8.5 0.l
State 3 Hoh/Dzette 4247 8.7 64
State 3 Hoh/Ozette 275 7.4 43
State 1 Hoh/0zette 4313 12,4 1.2
State 3 Hah/Dzette 8319 1%.9 1.4
Gtate 3 Hoh/Qzette 6331 4.9 6.4
State I Hoh/Ozette 4358 (1.3 0.
State 3 Hoh/Ozette {440 g9 0.1
State 3 Hoh/lzette 4445 14,9 Hy
State 3 Hoh/lzette 5447 11,3 b1
State 3 Hoh/0zette 4458 1,2 0.4
State 3 Hoh/Dzette 6328 153.3 |
State 3 Hoh/fDzatte 7723 13,1 4,6
State 3 Hoh/flizette  772% 13.6 o1
State 3 Hoh/Qzette 7727 13.0 4.1
State 1 Hoh/Dzette 7730 15,0 9.1
State 3 Hoh/Ozette 7739 9.2 2.4
State 3 Hoh/Ozette 7801 7.2 0l
State 3 Hoh/Qzette 7803 9.4 g1
State 3 Hoh/Gzette  7B0R B.b g1
State I Hoh/Gzette 7812 B.8 4.1
State 1 Hoh/Dzette 7817 7.8 4l
Gtate Hoh/Grette 7822 8.5 0.1
State 3 Hoh/0Ozette 7B27 8.2 1.4
tate 3 Hoh/Ozette 7830 2.5 0.6

State 1 Hoh/Dzette 7832 8.2 ¢.4
Gtate 3 Hoh/lizette 7834 8.2 0.1
State I Hgh/dzette 7819 8.8 1.l
State 3 Hoh/Ozette 7841 1537 4.2
State 3 Hoh/Ozette 7846 L |
tate 3 Hoh/Ozette 7830 7.3 4.l

State 3 Hon/Dzette 7841 9.4 G.1
Gtate I Honflzette 7870 11.2 0.1

AELL MANE FORMAYION  DEPTH  PGROSETY AlR
PERNM

iFT. REKB)  (§y Tadi

State I Hoh/Ozette 7673 11.7 2.1
State 3 Hoh/lzette 7876 1.3 .1
State 3 Hoh/Qzette 7874 20,7 1.3
State 3 Heh/Qzette 7862 i 0.1
State 3 Hoh/Gzette 7464 12.2 7.1
State I Hoh:{zette 7888 14,3 5.7
State 3 Hoh/dzette 7904 17,5 u,d
State 3 Hon/Gzette 7911 H 2.5
State 3 Hor/Gzette 7913 i1,4 9.0
State 3 Hoh/Czette 7923 18.5 0.1
State 3 Hoh/Ozette 798 15,2 4,1
Gtate I Hoh/Dzette 7938 .6 0.l
Etate 3 Hoh/Ozette 7919 137 4.1
Etate Hoh/Uzette  7%3¢ 13,1 9.1
State 1 Hot/Ozette 7953 3.4 3.8
ftate 3 Hoh/Uzette 7955 1.4 0.4
State I Hoh/Dzette  §728t 4.4 .1
Ciate 3 Hoh/Czette 5282 13.% gal
Nedina 2 Hontesang 1329 30,1 1.5
Medina 2 Montesang 1335 43.8 7.0
Medina ? Montesann 334l 4.5 3.0
Medira 2 Montesane 3343 32.8 3.3
kedina 2 Hoh/lzette 4143 20.8 0.9
Medina 2 Hoh/llzette 4164 9.5 3
Hedins 2 Hoh/Ozette 4145 13.2 2.0
Medina ¢ Hoh/Qzette 4ihs 6.8 1t.0
Medina 2 Hoh/Dzette 4147 13.9 7.9
Kedina 2 Hoh/lzette 4158 21,4  68.9
Heding 2 Hah/Gzette 4149 7.y 3.0
Hedina 2 Hoh/Qzette 4170 ig.é4 2.0
Nedina 27 Hoh/Ozette 417) 28.5 3510
Nedina 2 Hoh/Dzette 4172 17,4 44,0
Meding 2 Hok/Ozette 4182 0.0 O.%
Oscar 1-4 Mentesano 1955 30.5 1100.4
Oscar i-A Montesano 1934 2%.9 7353.0
Oscar §-4 Montesano 19587 9.1 2239
Uscar L-A Montesanc 1934 28.4 793¢
Oscar 1-4 Hontesano 1939 7.9 16820.0
Jscar 1-4 Mortesano {780 29,0 18¢%,0
dscar [-A Montesano 1941 26.2 1360,0
Uscar I-@ Kontesanc 1962 246.% 1200.9
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APPENDIX B — POROSITY AND PERMEABILITY DATA (CONT'D)

WELL NAME FORMATION  DEFTH  POROSITY  AIR
FERA

(FT. RERI {4 lad:

Hogan 1 Hoh/Dzette 4245 6.3 1.3
Hogan | noh/lzette 4245 7.8 L
Oilar State ! Ozette 21590 i7.2 t.?
Dilar State | uzette 2492 4.8 3.3
G1lar State 1 Dzette 2193 13.3 .3
Otiar State | izette 194 16.2 4.7
Ollar State | Dzette 2198 15.¢ 0.4
Gltar Btate i fzette 2199 16.4 1.4
Gilar State ! Jzetie 2204 16.4 &0
0llar btate | Uzette 293 1.9 4,1
filar State i Jzette KV H i4.4 §.8
Oilar State ! frette 1244 15,3 3.7
Ollar State | Qzette 3249 il 4.7
Bllar State | fizette 372 b0 115.9
Gllar State 1 uzette uan 27,7 21%.7
Brett Cardinal iette k2 K3} 2u.1 3.%
Brett {ardinai Gzntte 3§37 .4 4.0
Brett Cordinal Gzette 3439 27.4 .0
Brett Cardinal Uzetie 1443 6.8 20,0
Brett Cardinal fzette 3409 8.3 9.0
Brett Cardinai Uzette 3463 4.0 4.d
Brett Cardinal Ozette 3476 5.7 4.0
Brett Lardinal bzette 3485 0.6 100.¢
Brett Cardinal Dzette 3458 P TR S M
firett Cardinal D:ette 3571 23,7 420
Brett Cardinal dzette 1673 24,8 33.0
Brett Cardinal fzette 3674 23,1 a0
Brett Cardinal Ozette 577 19,6 6.4
Brett Cardinal fzette 3680 19.% 0.8
Brett Cardinal Ozette 3683 6.7 1930
Brett Cardinal 17]-144- 1bBs 15.4 .1
Brett Cardinal Dzette 3591 8.2 230
Hrett Cardinal Gzette 3698 6.5 5.1
Brett Cardinal Dzette 305 39,3 150
Brett Cardinal (zette 3709 25.0 48,0
M.A. Baker 1-30 Ozette 2143 18,3 17,0
#.A, Baker 1-30  (zette 2445 %3 &l
M.A. Baker 1-30 Qzette 2144 5.6 3.4
M.A. Baker 1-3¢  Ozette 2147 16.7 7
M.A. Baker 1-30  Gzette 2148 14,3 2.4
M.A. Baker 1-3&¢  Dzette 2149 17,3 200.0
M.h. Baker 1-30 {zette 2157 32,5 1030

dELL NANE FORMATION  DEFTH  PORCSITY  AIR
FERN

{FT, RER) it {odi

Hogan 1 Heh/Grette 4245 8.5 1.3
Hogan i Hofi/0zette 4243 17.9 I8
iHlar State ! (zette 219G 17.8 .9
Gllar State ! Grette 2192 14,8 5.3
itlar State § izette 2193 133 &3
idlar State ! Dzette 2194 8.2 0.7
Jilar State I (zette 2198 1.9 .4
Gilar State !t Dzette 21599 6.4 1.4
Jliar State Dzette 22¢1 it.4 L. 8
Ullar State t Dzette 2203 10 4.1
Giiar State ! Gzette Ji44 6.4 4.5
{illar State | {zetie 1244 15,5 3.7
Gilar State | Drette 1245 .0 247
Giiar State 1 fzetie Ry .4 110.Y
{1113~ State | Jzette na 27,7 U7
Brett Cardinal dzette 3431 6.1 3.9
Brett Cardinal Jzette 1437 .6 29,0
Brett Cardinal Qzette 3439 27.4 330
Brett Cardinal Bzette 3443 4.8 .0
tirett Cardinal (zette 1439 2.3 550
Erett Cardinal Ozette 3863 4.1 4.1
Brett Carcinal Ozette 475 3.7 4.0
Erett Cardinal Ozette J4E5 3.6 §00.0
Brett Cardinal Dzette 3498 FET Y S
frett Cardinal Dzette 161 23,3 4.0
Erett Cardinal (zette 373 24,8 3.0
Brett Cardinal Drette 3614 230 180
Erett Cardinal lizette 3677 £9.4 4.4
Erett Cardinal Jzette 3689 i%.9 G,b
Brett Cardinal zette 3683 28.7 195.0
Erett Lardinal Bzette 3686 15.4 Gl
Brett Cardinal Dzette 389 8.8 23.0
krett Cardimal Jrette 698 6.5 3.1
Erett fardinal fzette I70s 30.3 115.0
Erett Cardinal Dzette 09 23,0 44,0
#.A, Baker 1-30 Drette FAL K 6.3 1.0
K.A. Baker {-30 Ozette 2145 15.3 0.1
®.A. Baker 1-30 Ozette 2146 1.6 3.4
E.A, Baker }-30 Ozette 2147 16.2 1.7
KR, Baker 1-30  Drette 2148 103 2.4
K.A. Baker {-30 Dzette 2189 17.3 200.0
M.A. Baker 1-30  Qzette 2152 32,3 103.0




APPENDIX B — POROSITY AND PERMEABILITY DATA (CONT'D)

MELL WAME FORMATION  DEPTH POROSITY AR
PERN

{FT. REEY {3} ingi
Hern, 195% Buinault { 6.6 15,2
Horn, 1989 Buinauit i 2.3 1565.0
Horn, 196% Guinault ¢ 28,3 843
Horn, 1949 Buirault i Ja.f 18470
Horn, 1949 Guinault { I3.6 1BES.O
Horn, 1369 Buinauit G SR Y3 W
Horn, 194% Auinault & 3.3 T44L0
Horn, 1949 Buinauit g 36.4 2295,0
tiorn, 154% duinault i 35,3 1733.0
Sravely et al. Hoh ¥ 4.4 0.
Snavely et al. Hoh o w.e
Snaveiv et al. Hoh i 18.2 234.0
snavely et al.  Hoh t 4.7 4
Spavely et al. koh 4 4.3 144
Bnavely et al. Qzette b B.a L.t
Snavely et al, Grette ¥ .4 &7
Snavely et al.  Ozette G 7.4 0.2
Sravely et al. Gzette 0 8.7 i.4
Snavelv et al Dzette 0 8.7 0.9
Snavely et &l. Czette i b.b 2.3
Snavely et al. Dzette ] .2 0.4
Snavely et al,  Urette & 3.1 W
Snavely et al.  Oette @ i8,9 146
Snavely et al. fzette 0 15,4 4,3
Smavely et al. Ozette { .8 7.0
Snavely et al. {rette 0 la.b 1.8
Sravely et al. Dzette ¢ 8.3 Al
Snevelv et al. Qzetie i 4.8 .2
Gnavelv et al. Qzette ¢ le.l 3.3
Snavely et al. Dzette & 18.5 1.3
Cnavely et al. Ozette f 16.4 2.3
Snavely et al. (zette ¢ 26,9 1.4
Enavely et al. lzetie ¢ 10.4 .4

Appendix B + 71

KELL NAME FORMATION  DEPTH  PORGSITY  4IR
FERYM

T T imgi

M.A. Baker 1-30  Orette 2182 13.7 il
H.A. Baker {-30 (zette 2195 20.7 4509
H.A. Baker 1-32  Qrette 2156 1534 g.58
N.R, Baker 1-30 Ozette 2157 1.3 MLe
K.A. Baker 1-3¢  Gzette 2138 14,7 0.2
M.A, Baker 1-30  Ozette 2459 13,7 1.é
M.A, Baker 1-30 Gzette Z1hi 12.5 Gl
M.A. Baker 1-30 Ozette Zlal 16,3 0.2
N.5. Baker {-3G ODzette 2laz 4.7 5890
M.8. Baker I-30 Drette 2183 4.0 800
K.A, Bsker 1-30  {Qrette 2164 18.3 1.¢
M.4. Baker 1-30 (Czette Z1h5 2.7 T
H.A. Baker 1-3i  Ozptie 2942 4.9 33
H.A, Baker 1-30 Dzotte 2944 L9 170
H.4, Baker 1-30  Ozette 2970 4.1 170
M.A. Baker 1-30  {Qzetie 2974 15,5 4.7
M4, Baker 1-30 Dzette 2975 18.¢ 1.8
M.A, Baker -3 {zette 2974 13.5 i
M.A, Baker i-30 Czette 977 i2.7 Gad
N, A, Baker 1-30  (rette 2978 i4.8 1.
M.k, Baker 1-3% Gzette 97% 13.3 .4
M.A, Baker 1-3¢  fzette 296G .0 o
B A, Baker 1-30 (Qzelte 2931 £3.3 1.9
H.A. Baker 1-30 Dzette 2982 16,2 0.b
¥.4. Baker 1-3¢ Qzette 2983 1.7 .5
N.A, Baker 1-30  Ozette 2984 1.9 .1
N.A, Baker 1-3G  Qzette J3EE 20,4 3.7
M.A, Baker -1  Ozette 3389 2.4 4L
&, Baker 1-30  Jzette 3390 26,9 &80
W.A. Baker ]-30 Czette 3341 o3 iBh, 0
t.A, taker 1-30  QOzette 3352, 22,9 140
M.4. Baker 1-30 [Dzette 3393 .4 30,0
M.A, Baker [-30 Ozptte 3397 253 A




APPENDIX C — GEOCHEMICAL ANALYSES OF OIL SAMPLES FROM THE LACY
NO 1 AND STATE NO 1 WELLS

The text, figures, and tables given in this appendix summarize the results of geochemical
analyscs of oil samples from the Lacy No. ! and State No. 1 wells (Nos. 22 and 59, respectively,
Plate 1}). These analyses were performed for the Washington State Department of Natural
Resources, Division of Geology and Earth Resources by the Global Geochemistry Corporation,
6919 Eton Avenue, Canoga Park, CA, in November, 1988, The Laccy-1 and Union-1 wells
mentioned in this appendix refer to the Lacy No. 1 and State No. 1, respectively.

SUMMARY AND CONCLUSIONS

A total of two oil samples from the Union-1 and Lacey-1 wells havebeen geochemically
investigated. Following conclusions have been reached:

= Both oil samples analyzed are relatively rich in alkanes.

+ Both oils show a wide alkane distribution, with oil samples from the Union-1 well
being relatively richer in waxy n-alkanes above Cos.

= Triterpane (m/z 191) and sterane (m/z 217) disuibutions of both oils display very
similar pattern, making a generic relationship highly possible.

« Relatively high pristane/phytane ratio and high abundances of oleanane and diterpenoid
"fichielite” (C1gH14) are possibly indicative of generation from a terrigenous source (land plant
organic matter) deposited in an oxic environment.

= To support above conclusion, we recommend carbon isotope analyses to be performed
on saturate and aromatic fractions of these oils.

INTRODUCTION

Two light oil samples from the State No. 1 and Lacey No. 1 wells drilled in Grays
Harbor County and Jefferson County, respectively (WSDNR letters of October 12, 1988 and
October 20, 1988) were submitted for liquid (column) and gas chromatography and aliphatic
biomarker gas chromatography- mass spectrometry (GC-MS) analyses. The results arc presented
in Tables C1- C3 and shown in Figures C1-C10.

RESULTS AND DISCUSSION

Column chromatography results indicate that the Union-1 and Lacey-loil samples are rich
in saturated hydrocarbons (78.8% and 79.8%.respectively) characteristic of oils paraffinic types.

Alkane gas chromatogram of the Union-1 oil sample (Figure 1) shows awide distribution
with n-alkanes in the n-C8 to n-C33 range. This oilsample is fairly rich in waxy n-alkanes above
C25, with a slight odd-over-even predominance. The oil sample from the Lacey-1 well shows a
narrow alkane distribution pattern with a maximum at n-C11 (Figure 2). Pristane {Pr) ts strongly
abundant in both oil samples and is dominant over phytane (Ph) with a Pr/Ph ratios in the 2.82-
547 range (Table 1) typical of oils generated mainly from a terrestrially derived kerogen deposited
in an oxic environment.

The saturated fractions of the oil samples were analyzed by GC-MS using Multiple Ion
Detection Mode (MID). The GC-MS analysis is based on the distribution patterns of
characteristic fragments (m/z 191 and m/z 217) formed by trilerpanes and steranes respectively.
The identified triterpane and sierane isomers are presented in Tables 5 and 6 whercas the
biomarkerparameters calculated are summarized in Tables 2 and 3.

Triterpane (my/z 191) distributions of both oil samples (Figures 3-6) display very similar
patterns, showing 17a(H)-hopanes in the C;7-C34 range, and a fair proportion of tricyclic
terpanes. Both oil samples are rich in 18a(H) oleanane and the diterpane "fichtelite” (C19H34).
Presence of oleanane and fichtelite in these oil samples indicates that they have been generated
from a resin derived (terrigenous) kerogen. To support this conclusion we recommend carbon
isotope analyses to be performed on the saturate and aromatic fractions of these oils.

Biomarker maturity parameters (i.e. 1,2, 3, 4 in Table 2 and A, B, E, F and J in Table 3)
suggest that both oils analyzed are generated at high maturity level with the oil from the Lacey-1
being slightly more mature.
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Terpane Distribution

'+ 22R-Pentahamohupane

LACEY NQ.1

100

90

T
o
=)

T
(]
o

2
P

I T
< =]
f3) ‘2]

JUNLOWY BAT}E[IY

30 ~

20 +
10
0...

225 -Pentohomohopane
228 -Tetrahormaohapane
228 ~Telrahoemohopane
22R-Trishomohopane
2258 -Trishomohapane
Bishomomuoretune
22R-Bishomohepaone
225 - Bishemehopune
Homomoreiane
Cammacerene

2R - Homohopane

225 -Homohopune
Moretane

Hopane

18a-0Oleanane
Normaretane
Norhopone

17a-23-Norhopane
17z ~Hisnorhopane
17a—fBisneriupane
178 —Trisnorhopane
17e-Trisnorhopane
18a-Trisnornechopane
30 Tricyclic §2
O30 Tricyclic §#l
CR9 Trieycelic §2
C29 Tricyclic #1
C28 Treyelic §2
C28 Tricyelic #1
Ce?-Tetracyclic
C26-TFetracyclic
CE25-Tetracyclic
C26—Tricyclic #2
C26=Tricyclic 1
24 =Tetracyclic
CRS~Tricyclic

C24=Tricyclic

CRA3—Tricyclic

22— Tricyclic

€21 -Tricyclic

C20-Tricyclic

Global Geochemistry Corporation



Ferpane Distribution
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22R -Pentchamohapane
2RS —Pentahomohopane
22R - Tetrahomohapane
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24— Tricyelic
Ca3—-Tricyclic
C22-Tricyelic
021 =Pricyclic
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Global Geochemistry Corporotion



80 / Palmer and Lingley

1L Tk 2013k grias 87:ee aateg gr 13z
HYIS #pE 9821 9871 ool 906 233
e N ) Y U S Iﬂ
.,_7:7 A
[ A j\.sq Wy
3EET 16521 l..?c .
218
T
_ 1 6 i
€Z6
— (W]
. | Ce6 =
3218 ; st o
— -1
[n] —_ ot
m ] +
i = e b65 5
514 S &4 = m mrmm ~ 212
oell
¥3Z1 e & 501
[ ] o
S g8z -
e a3
= N
®
g
*331¢2 rear L9 a1
£ 7920398 9 L9l ‘D Y NUND 8'k @ N TT3AYT 20920 9 fa0NUN

95El 01 993 SHYds

NIW 85 0T0H NIW/JZ J8Z€ £L J9ST 3 7SONOJ

HKNTI0D WAg 1-30 (1-0£T%) I I-3LYLS-TI0 NOIHN 137dWYS
28 5e819 179 Ba:6I:1{ 88,2201

T# 53312 fH18g HEYJ0LWUONHD SSUM OIK



Appendix C | 81

Towr-

WL

99:0p AL 97 €€ 06:6€ CIEET
NEDS 20E ] gaz1 2911 @081 806 893
U O N U S [ g g
vmmﬂ/\/g
1oeT Y >__ \ T_JE '
_ L_ ] Ay g M ,_.__.., )a
| .J f vZ8 |
i é .J,:z
d 776
B2TT . ] G S
= = ¢!
_ . g 255 -
| ) - o 255 .
3339 ¥ 5631 1| S o 768 i
aET 212 5 N 21
= ¥
8 2 vCe
-t
3z
© 38
e -
©R7 a0t
[
E H
- m
o +
g
771
L
"$3b1 acar L3021
%97 N 1AM 9 S DT 9 9 OGNEND 9Tk 9 M TIIT 209271 D FI2NYY
NIK 92 Q0H NIK/2Z 3828 0L 3995 f*50802
NT0J 193 1-90 (I-#ETE) 1Y [ON AP IS
4 99319 19 00:80:€1 88/27-91
9GED 0L D33 5hYIS T4 39319 140 WENIOLELIONHD SSHl 31U



82 ! Paimer and Lingley

O30t

20Raaal29si

205abbl28s¢

20R(abb+bua)lR8st

205aaalzZ9st

20RgaaC28st

20SabbC2Bst
20R{abb+baalCEst
+C29at20R diast
205anaC28st
C29ab205 diast

C29ba20R diast

LACEY NO A1

20RaaaC27st

20Sabb{27st

+C2Bab20R diast
20RabbC27 st

Sterane Distribution

+0206a205 diast

{20Saga+20Rbaa)}C27st
+C28ab208 diast

CeBhal0R diast

£28ba203 diast

C27ab20R diast

C27abR0S diast

C27bal0R diast

C27ba20S diast

f
o
oo

100 ~
90 A

F
o
-

1 ] 1
o] o) (@]
i uy =

JIUNOUWY Iallelay

T
]
b

f T !
o o ]
o —

Globol Geochemnistry Corporation



Sterane Distribution

URION STATE NO O

Appendix C 1 83

1C305¢E

Z0Raaalafst

205abbl20st

20R{abb+baa)CE9s!

208aaal295¢

20Raael20st

205abbl28st

208(abb+baa)C28s5¢

+{29ab6208 dias!

————————e— 0.5 0000205

e (2000205 diast

£23bal0R diast

20RaanlZ7sl

205ebbC27 54

+(28ab20R diast
20R0bbl27 5t

+OR9ha2(5 diase
{205aaa+20Rbaa)lR st

+C28ab205 diast
C28bal0R diast

C2RLal0S diast

———— 0 ab20R diast
———— 27 ab20S digst

£othald0R diast

C2The2085 diast

100 7

90

f
-
8]

f
o
~

T f
O o o
0o el <

JUNOUly 3allelay

r
=)
=

i I 1
o o s}
(Y] —

Globa! Geochemistry Corporation



e ot i dil
Lo BUILUING
URI, NARRAGANSETT BAY CAMPUS
NARRAGANSETT, Rl 02382

RECEIVE D
NATION AL GEA GR ANT DF.POSHGR'I.

DATE:



