
AN ABSTRACT OF THE THESIS OF

Steve Rene' Moothart for the degree of Master of Science in Geology presented on

December 7. 1992.

Title: Geology of the Middle and Upper Eocene Mcintosh Formation and Adjacent

Volcanic and Sedimentary Rock Units. Willapa Hills. Pacific County. Southwest

Washington.

Signature redacted for privacy.
Abstract approved:

Alan R. Niem.

The early to middle Eocene submarine basalts of the Crescent Formation form the

core and basement of the structurally uplifted Willapa Hills region of southwest

Washington. The formation consists of a thick sequence of predominantly subalkaline,

tholeiitic pillow basalts and breccias formed as oceanic crust and seamounts at a sea

floor spreading ridge or pull apart basin along the rifting continental margin of North

America. Radiometric (Ar40 - Ar39) dating of the pillow basalt indicates an age of

approximately 53 - 55 Ma for the formation. Foraminifera collected from mudstones

interbedded with the pillow basalts of the Crescent Formation in southwestern Pacific

County indicate a Ulatisian to lower Narizian (middle Eocene) age for the basalts and

suggest that they were erupted in lower-middle bathyal (1500 - 2000 m) water depths.

Locally associated with the pillow basalts are hyaloclastic basalt breccias and basaltic

sandstones.

Overlying, and interbedded with the basalts of the Crescent Formation is the

middle and upper Eocene Mcintosh Formation, which is composed of three members



(informal). Stratigraphically from the lowest, these members are: 1) Fork Creek

member; 2) Lebarn member, 3) McIntosh Volcanics member.

The Fork Creek member consists of a thick sequence of normally graded,

micaceous, coarse- to fine-grained, arkosic and lithic arkosic sandstones deposited by

sand-rich, high concentration turbidity currents in the deep marine-marginal basin. The

turbidites were fed by a fluvial system carrying granitic and metamorphic detritus

derived from erosion of Mesozoic crystalline rocks of the Okanagan Uplift region of

northeastern Washington and southeastern British Columbia, and possibly the Idaho

Batholith. Lithologically equivalent, shallow-marine and fluvial-deltaic sandstones

with quartz and chert pebbles include the middle Eocene Carbonado Formation of the

Puget Group and the upper portion of the type McIntosh Formation to the east.

Microprobe determination of composition of plagioclase microlites and phenocrysts in

volcanic fragments in the sandstones indicate a proximal volcanic source such as a pre

Western Cascade basaltic andesite (e.g. Northcraft Volcanics) or possibly Challis

Volcanics further east. Paleocurrent measurements suggest that dispersal of the

turbidity flows to the west southwest within the basin was controlled by the active

volcanic highs of the Crescent Formation. Lithofacies and foraminifers suggest that the

Fork Creek member represents a small lowstand fan deposited during a fall in relative

sea level either due to eustatic sea-level drop and / or tectonic uplift of the basin.

Numerous dikes and sill-like bodies of porphyritic basalt to gabbro intrude both

the pillow basalts of the Crescent Formation and micaceous arkosic sandstones of the

Fork Creek member. These intrusions are generally concentrated near the contact

between the two units and some appear to be fault controlled. Based upon major and

trace element compositions,the intrusions can be separated into two types. The first

type consists of subalkaline tholeiitic basalts and gabbros chemically equivalent to the

oceanic basalt of the Crescent Formation. Radiometric dating of one of these sills

which intrudes the upper portion of the Fork Creek member of the McIntosh formation



is 48.7 + 0.5 Ma. These intrusions likely represent late stage events associated with

waning activity of the Crescent basalts. The second group of intrusive rocks consists

of high Ti02 alkaline basalts similar in composition to the nearby subaerial basalt and

basaltic andesite flows of the middle (?) to upper Eocene Grays River Volcanics.

Radiometric dating of a trachybasalt dike from this group indicate an age of 41.4 + 0.7

Ma.

Magnetic polarity measurements indicate that most middle Eocene basalts of the

Crescent Formation formed at a time of normal magnetic polarity. Later intrusive

equivalents of the Crescent Formation and the Grays River Volcanics typically show

reversed magnetic polarities.

An abrupt transgressive event due to eustatic sea level rise and / or tectonic

subsidence within the basin is recognized by the deposition of the thick sequence of

deeper marine mudstones, siltstones, and minor distal, thin bedded, micaceous arkosic

turbidites of the middle to upper Eocene Lebam member of the McIntosh Formation.

This transgression is accompanied by a landward shift in the supply of arkosic sand-

rich sediments and a hiatus of deposition of arkosic sand in this portion of the basin.

The sea level transgression may be due to thermal subsidence of the basin at the

cessation of Crescent volcanism.

Massive to weakly bedded basaltic tuff and tuff breccia of the McIntosh

Volcanics member is locally interbedded with the deep-marine strata in the upper

portion of the Lebam member. This basaltic aquagene tuff may be associated with

similar tuffs within the Grays River Volcanics elsewhere.

Fine-grained, glauconitic sandstones of the basal portion of the latest Eocene to

Oligocene Lincoln Creek Formation conformably overlie deep-marine strata of the

Lebam member. The sandstone is generally massive, bioturbated, and contains

gastropods and articulated pelecypod fossils These sandstones were deposited during



a time of low sedimentation rates and represent progradation of shallow-marine sands

during a period of highstand in relative sea level.

Thin section and quantitative analyses by permeameter of the fine- to medium-

grained arkosic sandstones of the Fork Creek member indicate relatively good porosity.

However, the formation of authigenic pore-lining nontronite (smectitic) and / or chlorite

clay rim cement, zeolites, and sparry calcite during diagenesis has significantly reduced

permeability making these well-indurated turbidite strata of marginal reservoir quality.

However, diagenetic effects such as dissolution of lithic framework grains and feldspar

is observed and may enhance the porosity and permeability of the sandstones in the

subsurface and subsequently improve the reservoir quality locally.

Hydrocarbon source rock potential of mudstones within the Fork Creek and

Lebam members indicate that these strata are generally organically lean and gas-prone

(type III kerogen) with little or no potential for formation of liquid hydrocarbons.

Mudstones are typically thermally immature (e.g. Ro < .494%), although, heating by

proximal basaltic intrusions in the area is observed to result in local thermal maturation

of some sedimentary strata into the oil window and beyond.

Northwest-trending, high-angle, right lateral, oblique-slip faults are the dominant

structural feature in the area. A subordinate set of northeast-trending faults appears to

be truncated by the northwest-trending faults, and could represent an earlier episode of

faulting or could possibly be en echelon and conjugate structures.

The structural pattern is similar to that mapped in the Mist gas field of northwest

Oregon. Northwest-trending faults commonly juxtapose arkosic sandstones of the

Fork Creek member against volcanics of the Crescent Formation and large intrusive

units or against the siltstone- and mudstone-rich overlying Lebam member. These

faults could form structural traps for hydrocarbons if present in the subsurface to the

north and east. Other possible traps include stratigraphic pinch outs and channeling of

the arkosic sand-rich turbidites of the Fork Creek member within deep marine



mudstones or onlap of these reservoir sands against volcanic highs within the basin.

The thick fine-grained strata of the overlying Lebam member and the glauconitic

sandstone of the Lincoln Creek Formation could act as a seal for the 'reservoir

sandstones" of the Fork Creek member.
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GEOLOGY OF THE MIDDLE AND UPPER EOCENE McINTOSH FORMATION

AND ADJACENT VOLCANIC AND SEDIMENTARY ROCK UNITS, WILLAPA

HILLS, PACIFIC COUNTY, SOUTHWEST WASHINGTON

INTRODUCTION

During the early to middle Eocene (58-49 Ma) oceanic crust and seamounts,

either formed at an oceanic spreading ridge or in situ due to rifting of the continental

margin, were accreted to the western margin of North America as a result of

convergence between the Farallon and Kula oceanic plates and the North American

plate (Duncan 1982; Wells et al., 1984). This accreted seamount terrane includes the

Crescent Formation of Washington State, Metchosin Volcanics on Vancouver Island,

and the Siletz River and Roseburg Volcanics in Oregon. These oceanic basalts

constitute most of the basement rock in the Coast Range of Washington and Oregon.

Rapid subsidence of this accreted seamount terrane during late middle Eocene created a

640 km long forearc or marginal basin that extended from the Mesozoic Klamath

Mountains of southwest Oregon to southern Vancouver Island (Niem and Niem,

1984). This allowed thick sequences of middle and upper Eocene siliciclastic

sediments to accumulate in the basin. Interest in the geologic history and lithological

characteristics of these sedimentary strata has greatly increased since the discovery, in

1979, of commercial quantities of natural gas near the town of Mist in the upper Eocene

Cowlitz Formation of northwestern Oregon (Bruer, 1980). In southwest Washington,

the slightly older, middle Eocene, McIntosh Formation beneath the Cowlitz Formation

contains a thick sequence of arkosic sandstones that may also act as hydrocarbon

reservoirs in the subsurface. The provenance, depositional environments, lithofacies,

and biofacies of these sandstones have previously been virtually unstudied.
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In western Oregon, the middle Eocene sandstones and mudstones were derived

from erosion of the Mesozoic Kiarnath Mountains of southwest Oregon and the Idaho

Batholith (Heller and Ryberg, 1983). In southwest Washington and the Olympic

Mountains, the middle to upper Eocene strata are thought to have been derived from

erosion of the Okanagon uplift, the North Cascades, and br the Idaho Batholith

(Buckovic, 1979; Heller et al, 1987, 1992). These Eocene siliciclastic strata are

exposed along the northern margin of the Wilapa Hills in the Coast Range in southwest

Washington. The Wilapa Hills are a broad, eastward-plunging, extensively faulted,

anticlinal uplift that forms the southwestern margin of the Centralia-Chehalis structural

basin. This basin is filled with several thousand feet of Tertiary sedimentary strata and

volcanics, including the McIntosh Formation (Henriksen, 1956; Wells, 1981). The

core of the Willapa Hills uplift consists of early and middle Eocene basalts of the

Crescent Formation (Wells, 1981; This study)

Some controversy exists over the contact between the McIntosh Formation and

the basement basa.lts of the Crescent Formation. Wells (1981) stated that the coarse-

grained basaltic and micaceous, arkosic sandstones of the McIntosh are interbedded

with pillow basalts of the Crescent Formation. If this is the case, it suggests that the

submarine basalts were forming as oceanic islands and seamounts near the continental

margin contemporaneous with deposition of the continentally derived McIntosh

micaceous arkoses. Snavely (1987) on the other hand, suggested that the McIntosh

Formation unconformably overlies a siltstone and sandstone unit (Sandstone at Meglar)

that interfingers with pillow basalts in the upper part of the Crescent Formation (now

referred to as the basalts of Fort Columbia; Wells, 1989). This could imply that these

searnounts formed off the continental margin and were accreted prior to deposition of

the McIntosh sediments.



PURPOSE OF INVESTIGATION

The objectives of this thesis investigation are:

to refine the litho-stratigraphy of the McIntosh Formation, by determining the

paleocurrent dispersal patterns and provenances, and by mapping sedimentary

facies;

to determine the environments of deposition of the McIntosh Formation and

investigate their relationship to the underlying early to middle Eocene oceanic

basalts of the Crescent Formation;

to produce a detailed geologic map, at a scale of 1:24,000, of the 36 square mile

study area;

to evaluate the oil and gas potential of the McIntosh Formation in terms of source

rock, reservoir quality, and potential structural and stratigraphic traps.

LOCATION AND ACCESSIBILITY

The 36 square mile study area (T12N, R7W) is located on the northeast flank of

the Willapa Hills, in the Coast Range of southern Pacific County, Washington State

(Figure 1). Access to the area is provided by State Highway 6, which passes east-west

through the town of Lebam on the northern edge of the study area. Internal access to

the area is provided by an extensive network of Weyerhaeuser logging roads, while

creeks and streams provide foot access. This area was selected for study because what

appears to be the most complete exposed section of middle to upper Eocene marine

strata of the McIntosh Formation is exposed along Fork Creek, south of the town of

Lebam.

3
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Much of the map area consists of low relief, forested hills, although in the

southern portion of the township slopes are much steeper (Figure 2). Maximum relief

in the study area is 2,600 feet (200 to 2,800 ft. elevation). Although some extensive

clear cut areas are present, road cuts, quarries, and creek beds provide the best

exposures. Some of the better outcrop locations are shown as sample localities and

stratigraphic section on Plate 1.

PREVIOUS WORK

The type locality of the McIntosh Formation is located approximately 40 miles

northeast of the study area, near the town of Tenino, Washington. Parke Snavely Jr.,

and co-workers of the U.S. Geological Survey mapped and defined the McIntosh

Formation in this area during the early to mid 1950's while investigating coal deposits

in the Centralia-Chehalis coal district. Prior to this time, part of the strata which is

today mapped as McIntosh Formation was included in the younger Eocene coal-bearing

rocks of the Puget Group, or mapped as undifferentiated Eocene and Oligocene strata.

Weaver (1937) mapped the Mcintosh Formation and the overlying coal-bearing rocks

as the Cowlitz Formation of late Eocene age. Snavely and others (1951, 1958)

described the McIntosh Formation as mainly offshore marine siltstone and claystone

with nearshore sequences of arkosic and basaltic sandstone in the lower and upper

parts. Thirty five miles southeast of the type locality, near the town of Morton, beds

equivalent in age to the McIntosh consist chiefly of siltstone interbedded with massive

arkosic sandstone and coal beds.

Near the town of Tenino, a 250-ft unit of massive arkosic sandstone exposed in

the upper part of the McIntosh Formation has been quarried and used locally as

building-stone. Test holes drilled near the type locality, have penetrated up to 4,000 ft

5
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of siltstone, sandstone, and volcanic rocks that have been included in the McIntosh

Formation (Snavely et aL, 1958).

Wagner (1967) and Wells (1981), both with the U.S. Geological Survey,

mapped the Eocene volcanic and sedimentary rocks in the Willapa Hills area which was

published as open file maps at a scale of 1:62,500. Wagner (1967) defined the

McIntosh Formation as consisting of a lower and upper member. The lower member

consisted of rythmically-bedded to massive arkosic sandstones and the upper member

consisted mostly of massive to thinly laminated siltstone and tuffaceous mudstone.

Wells (1981) described, to the east of this study area, the lower member of the

McIntosh Formation as massive to thin-bedded, very fine to coarse-grained basaltic

sandstone, with subordinate arkosic sandstone and laminated tuffaceous siltstone. The

sandstones typically have graded bedding. The upper member of the McIntosh

Formation consists of massive to thinly laminated, tuffaceous siltstone, with minor silty

sandstone, and arkosic sandstones. Basaltic conglomerates and slump breccias occur

locally in the upper member.

Buckovic (1979) proposed a model, where during the middle to late Eocene,

sedimentation in western Washington was largely controlled by a Mississippi-type

deltaic system. The Puget Group represents a large fluvial-deltaic system in which

sediments were derived from a granitic highland and transported across a broad

continental platform and deposited in a widespread coastal plain and adjacent marine

embayment. In this model, Buckovic interpreted the lower portion of the McIntosh

Formation (Snavely et al.,1958), composed of tuffaceous, offshore-marine siltstones

and mudstones, as prodelta deposits. He interpreted the thick, massive to cross-

bedded, unfossiliferous arkosic sandstones in the upper portion of the formation, as

shallow to marginal marine delta-front and distributary mouth bar deposits. Middle to

late Eocene benthonic Foraminifera in the offshore mudstone facies suggest deposition

at neritic to lower bathyal water depths (Buckovic, 1979). The Mcintosh Formation of
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southwest Washington is thought to be stratigraphically correlative with the Yanihill

Formation of the central Oregon Coast Range, the Aidwell Formation of the northwest

Olympic Peninsula of Washington, as well as the arkosic nonmarine to marginal marine

strata of the Puget Group (Armentrout et al., 1983; Snavely, 1987)

METHODS OF INVESTIGATION

Field Methods

Field work was started in the fall of 1990 and completed during the fall and

winter of 199 1/1992. Mapping was accomplished using 1986 provisional U. S.

Geological Survey 7 1/2-minute (1: 24,000) topographic maps of the Lebam, Sweigler

Creek, Blaney Creek, and Pluvius quadrangles assembled onto a base map.

Weyerhaeuser Timber Company also supplied logging road maps and 1987 aerial

photographs of the area (1:12,000). These proved to be invaluable for navigating the

myriad of logging roads in the study area. In addition, lineations interpreted on high

altitude and low altitude aerial photographs were plotted and field checked as possible

structural trends.

Field work consisted of geologic mapping, describing and sampling sedimentary

and volcanic rock units. An outcrop map was prepared and updated each day during

the mapping. Attitudes of rock units and structural features were measured with a

Brunton compass. Measurement of representative stratigraphic sections was done

using a Jacobs Staff and Abney level. Approximately 280 samples were collected for

further laboratory study. All sample locations referred to in the text are presented in

Appendix I. Sedimentary and igneous samples were collected for a variety of

purposes, including petrography, identification of molluscan fossils and microfossils,

source rock and reservoir potential (porosity and permeability), determination of



magnetic polarity, geochemistry, and dating of igneous rocks. Microprobe analyses

were performed in order to determine chemical composition of minerals for correlation

of rock types. Many samples were sent to specialists for more precise identification,

analysis or technical services.

Laboratoiy Procedures

Laboratory work included:

modal analysis and petrography of 26 sedimentary and 17 igneous thin sections.

Thin sections of sedimentary rocks were prepared by Frank Padilla of USA

Petrographics, Brea, California. Igneous thin sections were prepared by Lon

Suskin of University of Oregon, Department of Geological Sciences, Eugene

Oregon. Composition of all samples was visually estimated and representative

samples were selected for point counting using a Zeiss mechanical stage and

counter with a Nikon petrographic microscope. Feldspar staining techniques were

used to aid in mineral identification, and impregnation of sandstone samples with

blue epoxy resin helped in visually estimating porosity. Results were plotted on

Folk's (1974) sandstone (QFL) diagram and Dickinson and Suczek's (1979)

ternary diagrams to determine classification and plate tectonic setting; respectively.

major and trace element geochemistry of 18 igneous samples using X-ray

fluorescence (XRF) by Dr. Peter Hooper at Washington State University, Pullman,

Washington (Appendix II). A Rigaku 3370 Automated sequential X-Ray

Spectrometer was used for analysis. Preparation of the samples involved crushing

the fresh rock to < 1cm chips and manually selecting and cleaning the least altered

fragments for analysis.

58 mudstone and siltstone samples were split and sent to Dan McKeel of Waldport,

Oregon, a private micropaleontology consultant, for species identification, age
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determination, and paleoecological information of Foraminifera (Appendix III).

Ellen Moore, Courtesy Research Associate of geology at Oregon State University,

identified molluscan fossils collected from 6 localities. These are listed in Appendix

Iv.

electron microprobe analysis using a Cameca SX5O was performed on 8 sandstone

samples and 7 igneous samples to determine feldspar compositions for correlation

and provenance study. Polished sections were prepared from billets by Lori Suskin

at the University of Oregon, Department of Geological Sciences, Eugene Oregon.

radiomen-ic dating of 4 igneous samples was done by Dr. Robert Duncan, Bill

Gallahan, and Chris Sinton, College of Oceanography Oregon State University,

Corvallis, Oregon. Dating was done by Ar - Ar39 incremental heating method.

Data and procedures for the preparation of the samples are outlined in Appendix X.

determination of magnetic polarity (e.g. normal and reversed) of 23 oriented

volcanic and intrusive samples using a portable fluxgate magnetometer (Appendix

V).

scanning electron microscopy (SEM) of 4 outcrop samples with Al Soeldner

(Department of Botony, Oregon State University), using an AMRAY 100A SN A-

10 with attached Energy Dispersive X-ray analysis (EDX) This was used to

determine morphology and qualitative elemental abundances of clay minerals and

zeolites for study of the diagenesis and paragenetic sequence of the samples.



REGIONAL STRATIGRAPHY AND GEOLOGIC HISTORY OF THE
SOUTHERN WASHINGTON COAST RANGE.

A regional stratigraphic correlation chart for western Washington and northwest

Oregon is shown in figure 3. The core of the Washington-Oregon Coast Range is

composed of lower to middle Eocene volcanic rocks. Rock units include, the Crescent

Formation in Washington along with the correlative Roseburg Formation volcanics and

Siletz River Volcanics in Oregon, and Metchosin Volcanics on southern Vancouver

Island (Wells et al., 1983; Snavely, 1987). These basement volcanics are tholeiitic,

submarine pillow basalts and breccias with minor interbedded basaltic sedimentary

rocks grading upward into subaerial basalts. In Oregon, the Siletz River Volcanics

consist of two chemically distinct units. The lower unit, of Paleocene to early Eocene

age, is composed of low-K20 tholeiitic pillow lavas. The major element chemistry of

this unit is similar to oceanic crust formed at mid-ocean ridges (Snavely et al., 1968;

Duncan, 1982; Snavely, 1987). The Metchosin Volcanics on Vancouver Island overlie

sheeted dikes and gabbros (Massey, 1986). The presence of this ophiolitic sequence

suggests that these volcanics formed as normal ocean crust. The upper unit of the

Siletz River Volcanics is early to middle Eocene and consists of submarine and

subaerial alkalic basalts, alkali-enriched tholeiites, and volcanic breccias similar to those

of the Hawaiian Islands (Snavely et a!, 1968). Based on analysis of rare earth elements

(REE), Glassley (1974) demonstrated that the basalts in the lower member of the

Crescent Formation on the Olympic Peninsula in Washington are chemically equivalent

to mid-ocean ridge tholeiites. The pillow basalts and more massive to columnar flows

of the upper unit are similar in composition to oceanic island basalts. In places, arkosic

sandstone, diorite conglomerate, and felsic tuff breccia are interbedded with the basalt

flows. These interbeds are believed to be derived from a continental source (Wells et

al., 1984; Snavely, 1987).

11



Figure 3. Regional stratigraphic correlation chart for southwest Washington and

northwest Oregon; N.C.V = Northcraft Volcanics; G. V. = Goble

Volcanics; G. R. V. = Grays River Volcanics; C.M. B. = Cole Mountain

Basalt; M. V. = McIntosh Volcanics member.

12



Age
(Ma)

Epoch
Benthic
Foraminifera
Stages

Northwest Oregon
Niem and Niem, 1985
Mumford, 1988

Willapa Hills
Wells, 1981

This Study

Centralia / Chehalis
Snavely et al., 1958- Gnat in.. U. Astoria Rn.? Monteuno Fm. N.. Ma e

5) Frendunan Springs m. C.LB. Frenchman Springs mbr. C.R.B

15_
- -Relizian Columbia River Basalt undiff.

U
. Ii

20_ .

LAstoriaFm.? Astoria Fm.?
>.,

Cl)

:
25_

5) 0

30_ N
Smuggler Couc fm. Lincoln Creek Fm. Lincoln Creek Fm.

35 Refugian Pittubu g Blair Fm.

Keasey
asaltic 58 Basaltic asFm. (II

40_
V. Skktnnck Fm.

da*ølIlI
G R V

Lebamrnbr. Cowlitz Fm.

Mcintosh Fm.
Foit Creek mbr. McIntosh Fm. N.C.V.

45- z Tillamook VoIc. Mcintosh Fm

U U - Basaltic
5llFm.

50- :
Siletz River Volcanica ,_rescentRn Crescent Fm.5- - Base not exposed Base not exposed Base not exposed

Pentutian

Bulitian
/



14

Numerous paleomagnetic surveys have been conducted in Oregon and

Washington. The rocks sampled in the Coast Range are primarily Paleocene to Eocene

basalts and the Oligocene and Miocene volcanic units that overlie them (Wells, 1984).

The general trend shown by these studies is that the Eocene basement of the Oregon

Coast Range has rotated 5O07O0 clockwise since the Tertiary, while the basement of the

Washington Coast Range has undergone 20°-40°of clockwise tectonic rotation

(Simpson and Cox, 1977; Wells and Coe, 1985). Rotations decrease in the younger

rocks, with the Miocene Columbia River basalts showing only 15° of clockwise

rotation (Wells et al., 1984). Paleomagnetic data from western Oregon and

Washington show no appreciable flattening of inclinations. This indicates that although

these rocks may have undergone extensive clockwise rotation, no significant northward

translation has taken place (Beck, 1980; Wells, 1984).

Several models have been proposed for the origin of the Oregon-Washington

oceanic basalt basement. Snavely (1968) proposed that the Coast Range basalts of the

Siletz River Volcanics originated as seamounts erupted onto oceanic crust, which were

subsequently accreted by a subduction complex to western North America. This model

was pursued by Simpson and Cox (1977), who suggested that hot spot interaction with

the Kula-Farallon spreading ridge produced the seamounts. Duncan (1982), based on

K-Ar dating, showed a symmethc age distribution in the oceanic basalts of the Oregon

and Washington Coast Range and Olympic Mountains, with the youngest rocks (-49

Ma) in the central Coast Range, and the oldest (57-62 Ma) at the northern and southern

ends of the Coast Range. These data, in conjunction with rare earth and major element

geochemistry supported the idea that oceanic islands were formed at a spreading ridge

on the Kula-Farallon plate centered over or near the Yellowstone hot spot. Oblique

subduction, in early middle Eocene time, of this oceanic plate under the North

American plate led to the subsequent accretion of this seamount chain to the continental

margin. Based on paleomagnetic data, Duncan further proposed that as this terrane
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encountered the continental margin, its southern end collided first, and the entire terrane

rotated east, about a southern pivot. After accretion the subduction zone would have

shifted to its current position outbound of the oceanic island terrane.

An alternative to this model is proposed by Wells et al. (1984) and Snavely

(1987). In this model, the oceanic basalts were erupted in Situ during a period of

continental-margin rifting and extension. Rifting along the continental margin of

western North America was in response to a period of rapid, strongly oblique,

northeast motion of the Kula-Farallon oceanic plate. This model has several advantages

(Wells et al., 1984): 1) the continental setting accounts for the presence of terrestrially

derived interbedded sediments; 2) the presence of the Yellowstone hot spot allows for

large quantities of magma as well as the distinctive chemistry of the basalts; 3) freedom

for the northward migration of terranes west of the rift basin, with only a small (350

km) northward translation of the Eocene oceanic basalts as deduced from paleomagnetic

studies (Beck, 1984); 4) it is not necessary for a westward shift in the location of the

subduction zone after accretion of the oceanic basalts.

One possible problem with the continental-margin rift model was noted by Wells

et al. (1984). In the Roseburg area (southern Coast Range, Oregon ), the oceanic

basalt basement rocks have undergone extensive shearing and isoclinal folding along

with some imbricate thrusting. Wells et al. (1984) suggested that a strong orthogonal

component of Farallon-North American convergence could have accreted the newly

formed marginal rift to the edge of the continent at this location, simultaneously causing

the deformation.

Wells and Heller (1988) considered several different rotation mechanisms for the

Coast Range basement rocks. They concluded that middle Miocene Basin-Range

extension, along with dextral shear due to oblique subduction and strong coupling

between the subducting oceanic plate and North America, were responsible for the

rotation. They attribute little or no rotation to the accretion event itself.
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a) b)

Figure 4. a) Duncan (1982) model showing oceanic island chain forming as a result of

a hot spot situated beneath the Kula-Farallon spreading ridge, with

subsequent accretion and westward shift in the subduction zone. b) model

showing oceanic crust and islands formed in situ in a rift basin along the

continental margin of North America. From Snavely (1987).
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During the late middle Eocene, rapid subsidence of the accreted seamount and

oceanic basalt terrane created a 640 km long forearc or marginal basin that extended

north from the Klamath Mountains of Oregon to the North Cascades of Washington

and to Vancouver Island (Niem and Niem, 1984). During this time, thick sequences of

middle to late Eocene siiciclastic sediments accumulated in the basin. In western

Oregon, these deposits include thick arkosic to lithic micaceous sand-rich middle

Eocene deltaic and turbidite fan and/or ramp sequences (Tyee, Flournoy Formations).

These sedimentary strata were derived from the continental margin and Idaho Batholith

sources to the east and southeast (Snavely, 1987; Heller and Ryberg, 1983). In the

north-central portion of the Oregon Coast Range, bathyal mudstone of the middle and

upper Eocene Yamhill Formation unconformably overlaps the Tyee Formation to rest

upon basalt of the Siletz River Volcanics (Wells et al., 1983). Farther to the northwest

and northeast the Yamhill Formation intertongues with overlying pillow lavas and

breccia of the middle and late Eocene Tillamook Volcanics. In southwest Washington,

the McIntosh Formation as defined by Snavely et al. (1951), is correlative in age to the

Yamhill and Hamlet formations in northwest Oregon (Snavely, 1987; Niem and Niem,

1985; Figure 3).

Interrniuent post-accretion "forearc't volcanism during plate reorganization and

periods of extension in the middle to late Eocene formed the tholeiitic to alkalic

Tillamook, Grays River Basalts (GRB), Cole Mountain Basalts (CMB), and the

Cascade-derived Goble Volcanics (GV) (Phillips et al., 1989). The Tillamook and

Grays River Basalts are both high-titanium and high FeO basalts geochemically distinct

from the basement Siletz-Crescent oceanic basalts. In northwest Oregon, the Tillamook

Volcanics unconformably underlie the basal conglomerates to outer shelf mudstones

and siltstones of the middle to late Eocene Hamlet Formation and deltaic arkosic

sandstone of the Cowlitz Formation (Safley, 1989; Berkman, 1990). In southwest

Washington, the chemically equivalent Grays River Basalts overlie and possibly
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interfinger with the shallow-marine sandstones of the Cowlitz Formation (Wells, 1981;

Niem, pers. corn., 1992). This creates a stratigraphic problem in that if the rocks

mapped as Cowlitz Formation in Oregon and Washington are equivalent, then the

chemically and petrographically similar Tillamook and Grays River Volcanics must be

separate events in time.

The middle to upper Eocene Goble Volcanics of northwest Oregon and southwest

Washington consist of up to 914 meters of alkalic and tholeiitic subaerial basalt flows,

pillow lavas, breccias, and minor interbedded basalt conglomerates, mudstones and

sandstones (Henriksen, 1956; Wells, 1981; Safley, 1989). The Goble Volcanics and

their Coast Range equivalents, the Cole Mountain Basalts, are easily distinguished from

Grays River or Crescent Formation on Si02 content alone. Compared to Grays River,

Goble has higher Si02, Al203, and Na20 contents and lower Ti02 values (Phillips et

al., 1989; Rarey, 1985)

In the vicinity of the towns of Centralia and Chehalis, Washington, the Cowlitz

Formation, as defined by Weaver (1937), has been separated into the McIntosh

Formation and overlying Skookumchuck Formation (Snavely et al., 1958; Armentrout,

1977). The Mcintosh Formation in the type area consists mainly of offshore marine

siltstone and claystone with nearshore to fluvial arkosic and lithic sandstone in the

lower and upper portions (Snavely, 1951; Johnson pers. comm. 1992). The siltstones

and claystones have abundant foraminifers and indicate a late Eocene Narizian age

(Rau, 1958). Overlying and interbedded with the McIntosh Formation are the

Northcraft Volcanics. The Northcraft Volcanics are primarily subaerial flows of

pyroxene-rich basaltic andesites and andesites (Snavely et al., 1958). Geochemical

data suggest that the Northcraft Volcanics have continental magmatic arc affinities and

may be associated with early activity of the western Cascade arc (Phillips et al., 1989).

The Skookumchuck Formation overlies the McIntosh and Northcraft formations with a

local angular unconformity (Snavely et al., 1958). The Skookumchuck is typified by
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interbedded shallow-marine and continental facies, with locally abundant coal beds

(Snavely, 1951; Armentrout, 1987). To the west, the underlying McIntosh Formation

siltstones grade upward into Skookumchuck siltstones (Armentrout, 1987). The

Skookumchuck Formation is conformably overlain by the Lincoln Creek Formation.

Depositional environments of the Lincoln Creek Formation vary from east to west. The

eastern-most exposures of the formation are strand-line and continental deposits

(Snavely et aL, 1958). These rocks grade westward into glauconitic and basaltic

sandstone and grade upward to fine-grained tuffaceous sandstones and siltstones

indicative of offshore shelf or possibly upper slope environments (Wells, 1981;

Armentrout, 1987).

In this study area, along the northeast flank of the Willapa Hills

(T12N R7W), the Lincoln Creek Formation forms the top of the stratigraphic section

(Figure 3). The Willapa Hills form the southwestern margin of the Centralia-Chehalis

basin. This basin is filled with several thousand feet of Tertiary sedimentary strata and

volcanics. The basement rocks and core of the Willapa Hills are oceanic tholeiitic

basalts of the Crescent Formation. These early to middle Eocene, oceanic basalts are

generally pillowed with local, massive to columnar jointed portions that may represent

the slower cooling interiors of submarine flows or possibly filled lava tubes.

Interbedded with these basalts are thinly laminated, deep-marine siltstones. Local

basaltic breccias and hyaloclastite deposits are interbedded with the pillow basalts

(Wells, 1981; this study). In the upper portion of the Crescent Formation,

continentally derived, fine-grained arkosic sandstones of the lower portion (Fork Creek

member, this study) of the McIntosh Formation are interbedded with the pillow basalts

(Wells, 1981; This study).

This study has concluded that the deep-marine, sand-rich turbidites and mudstone

and siltstones of the McIntosh Formation exposed in this area of the Willapa Hills are

of a distinctly different facies than the marginal marine to fluvial facies described in the
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type locality (Snavely, 1951; Johnson pers. comm., 1992). In addition, a comparison

of the generalized stratigraphic section of the McIntosh Formation mapped by Wells

(1981) and a generalized stratigraphic section of the formation mapped in this thesis

area indicates that based on lithology and sedimentary facies, the lower and upper

members of Pease and Hoover (1957) and Wells (1981) do not appear to be equivalent

to the lower and upper members (the Fork Creek and Lebam members; this study)

mapped by Wagner (1967) (Figure 5). For these reasons, the McIntosh Formation in

the thesis area is divided into 3 distinct lithological members. These members are

hereby informally named: the Fork Creek member, the Lebam member, and the

McIntosh Volcanics member. These members are generally correlative to the lower,

upper and volcanic members described by Wagner (1967).

The Fork Creek member exposed in the thesis area is more sand-rich than the

lower Mcintosh of Wells (1981; 1992, pers comm.) and likely represents a different

deep water depositional facies. Possible lithostratigraphic correlations between the

formation mapped in the thesis area and that mapped to the east (Pease and Hoover,

1957; Wells, 1981) are that the Fork Creek member is equivelent to the much thinner,

shallow marine? well indurated, arkosic sandstone in the lower member of Wells

(1981) or the thicker, shallow marine, friable, cross-bedded, pebbly arkosic sandstone

unit mapped in the lower portion of his upper member (unit Tmus) (Figure 5).

Using the same member names for units that are lithologically and depositionally

different leads to confusion when attempting to make reagional correlations. The

decision to rename the lower and upper members of the McIntosh Formation as mapped

by Wagner (1967) is done in hope that it will aid future facies interpretations of the

McIntosh Formation in southwest Washington.

The Fork Creek member (lower Narizian) of the McIntosh Formation consists

primarily of rhythmically bedded, fine- to medium-grained, micaceous, arkosic

sandstone and carbonaceous siltstone. Sandstones commonly show normal graded
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bedding. Locally, basaltic sandstone beds are common (Wagner, 1967; Wells, 1981;

this study). Gabbroic sills intrude both the upper portion of the Crescent Formation

and the Fork Creek member of the McIntosh Formation. These sills are generally

massive to blocky or columnar jointed, fine to coarsely ciystalline basalt and gabbro

(Wells, 1981). The sills are generally concentrated near the contact between the pillow

basalts of the Crescent Formation and the overlying arkosic sandstone. Geochemistry

of these sills show that they are chemically very similar to the basalts of the Crescent

Formation and may represent late stage activity of that eruptive complex (Phillips et aL,

1989; This study).

Wagner (1967) described the upper member (Lebam member) of the McIntosh

Formation as a laminated sequence of light to medium grey siltstone and fine-grained

arkosic sandstone grading upwards to tuffaceous siltstone. Foraminifera give an age of

middle to late Eocene (lower to upper Narizian) for these strata (Rau, 1958; Wagner,

1967; this study) To the east of the thesis area, Wells (1981) mapped shallow-marine

(?), micaceous arkosic sandstone bodies in the lower portion of this member. He

further states that the upper portion of this member is equivalent to the upper part of the

Stillwater Creek member of the Cowlitz Formation as originally described by

Henriksen (1956). Wells (1981) has mapped very fine- to coarse-grained, micaceous,

arkosic sandstone of the Cowlitz Formation, overlying and pinching out against the

upper member of the McIntosh Formation.

Finelycrystalline basaltic dikes intruding the Crescent Formation and both the

Fork Creek and Lebam members of the McIntosh Formation were sampled for

geochemical analysis (this study). Geochemically, these finely crystalline dikes are

quite similar to the high-titanium submarine to subaerial basalts of the Tillamook and

Grays River volcanics (Phillips et al., 1989)

Overlying the McIntosh and Cowlitz formations with local unconformity is the

Oligocene Lincoln Creek Formation. In the study area, the Lincoln Creek Formation
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consists of tuffaceous siltstone and very fme lithic arkosic sandstone which is generally

massive to thick-bedded, bioturbated and fossiliferous (Wells, 1981). The lower

sandstone beds are generally glauconitic (Wagner, 1967; Wells, 1981). Foraminifera

indicate a latest Eocene to early Oligocene age (Refugian) for the base of the Lincoln

Creek, through the latest Oligocene (Zemoman) for the top of the formation (Wagner,

1967; Snavely, 1958). The Lincoln Creek Formation is overlain by the early to middle

Miocene Astoria Formation.

The Astoria (?) Formation in southwest Washington is a carbonaceous fine-

grained sandstone, typically with a glauconitic sandstone at the base of the formation

(Armentrout,1977). In the area of older structural volcanic highs, the Astoria

Formation onlaps the Lincoln Creek Formation with angular unconformity. In the

deeper portions of the marginal basin on the Oregon continental shelf, seismic reflection

profiles and drill-hole data suggest that sedimentation was virtually continuous

(Armentrout, 1977; Snavely, 1987). Near-shore Astoria (?) deltaic sandstone, coal,

and siltstone deposits grade westward to mostly bathyal siltstone beds in the deep

marginal basin off the Oregon Coast (Cooper, 1981)

Intruding and unconformably overlying Eocene to middle Miocene sedimentary

strata of northwestern Oregon and southern Washington are middle Miocene basalts of

the Columbia River Basalt Group. These basalt flows (the Grande Ronde, Frenchman

Springs, and Pomona basalts) followed the Columbia River valley westward through a

100 km wide gap in the Cascade Range and advanced into the Willamette Valley and

coastal marine embayments (Newport, Tillamook, Astoria, and Grays Harbor)

(Snavely and Wagner, 1963). Though still controversial, basaltic lavas, breccias, and

associated dikes and sills located in these marine embayments and extending onto the

inner shelf, may be partly invasive extensions of flows erupted far to the east on the

Columbia Plateau (Beeson et al., 1979; Berkman, 1990; Wells and Niem, 1987; Niem

et al, in press).
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In southwest Washington, a late Miocene to early Pliocene sequence of fluvial,

lacustrine, brackish-water, and shallow-marine deposits overlap the Astoria Formation

and Columbia River Basalts to rest with angular unconformity upon the Lincoln Creek

Formation (Snavely et al., 1958; Armentrout, 1977). The nonmarine deposits are

unnamed (Snavely et al., 1958) whereas the marine units are mapped as either

Montesano Formation or upper Astoria (?) Formation (Pease and Hoover, 1957).



VOLCANIC ROCK UNITS

CRESCENT FORMATION

Nomenclature and Distribution

The Crescent Formation was named by Arnold (1906) for a 365 m thick

sequence of basalt with interbedded greenish basaltic tuff and tuffaceous sandstone in

the vicinity of Crescent Bay and Freshwater Bay on the north coast of the Olympic

Peninsula, Washington State. Later investigation by Brown and others, (1960)

revealed that the rocks exposed at the type locality are part of a much thicker volcanic

sequence that is well exposed to the south, in the vicinity of Crescent Lake. At this

location, more than 3000 m of pillow basalt, massive basalt, tuff breccia, and

interbedded sedimentaiy rocks are exposed. Fauna collected from the sedimentary

rocks in the Crescent Formation in this area indicate an early to middle Eocene age

(Cady, 1975). Since then, the Crescent Formation has been mapped to include a

minimum of 15 km of oceanic basalts and interbedded marine strata exposed in a

horseshoe shaped pattern around the core of the Olympic Mountains and as basement

uplifts in the Coast Range of southwest Washington. These basement highs include the

Black Hills west of Olympia, and also the Doty Hills, and Willapa Hills to the south

(Figure 1, 6).

On the Olympic Peninsula, three mappable units are recognized within the

Crescent Formation (Cady et al., 1972; Tabor et al., 1972; Glassley, 1974). The

upper basalt member consists mainly of columnar to massive flows with some pillow

basalts formed at the base of flows. A few basalt flows have thin (<10 cm thick)

paleosol profiles developed on top of them (Cady et al., 1972; Tabor et al., 1972).

The presence of paleosols indicate that these flows were subaerial. The underlying
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Figure 6. Map of Oregon and Washington coast showing distribution of Paleocene to

middle Eocene oceanic basalt of the Metchosin Volcanics, Crescent

Formation, Tillamook Volcanics, Siletz River Volcanics, and the Roseburg

Basalts. Modified from Duncan, (1982).
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middle unit consists of very dense, closely packed pillow basalts, massive basalts,

volcanogenic interpillow breccias, and hyaloclastites (Glassley, 1974). Underlying and

interfingering with this unit are marine shales and continentally derived turbidite

sandstones. Clasts of continental origin found in the volcanic rocks of the Eocene

Crescent Formation suggests proximity to the the North American continent at the time

of extrusion, 50-55 my ago (Cady, 1975). Subducted beneath the Crescent Formation

are Eocene to Miocene marine sedimentary melange and broken formation that form the

core of the Olympic Mountains (Glassley, 1974; Tabor et al., 1970).

Based on age and lithology, Brown and others (1960), propose that the Crescent

Formation is correlative with the Metchosin Volcanics of Vancouver Island, the Siletz

River Volcanics of Oregon, and the Roseburg Volcanics in the southern Oregon Coast

Range. Snavely (1968) showed that a comparison of the average chemical composition

of the tholeiitic basalts of the Siletz River Volcanics with those of the Crescent

Formation in southwest Washington indicates a regional uniformity in composition of

lower to middle Eocene basalts in the Coast Range of Oregon and Washington (Figure

6).

The oceanic basalts of the Crescent Formation are well exposed in the southern

half of the study area (Plate 1), as northwest-southeast trending basement highs. The

resistant nature of the rock unit creates mountonous terrain highly dissected by very

steep sided canyons such as those along Ellis Creek and the Naselle River (Plate 1).

This oceanic crust represents the economic basement in the area with a minimum

thickness of at least 1,050 m based on calculations from outcrop distribution and

structural dip. The steep relief, in conjunction with an abundance of logging roads and

rock quarries, results in good exposures of basalt lithologies and of fault and

depositional contacts with the overlying strata. The Crescent Formation is best exposed

along Ellis Creek and logging road E 2500 (Sec 34 and 35 T12N, R7W) as well as

logging road E 1500 and E 1700 in Sec. 31 T12N, R7W.



Contact Relations

The basal contact of the Crescent Formation is not exposed in this study area.

The upper contact with the middlle Eocene Fork Creek member of the McIntosh

Formation strata is a conformable and interfmgering relationship. This is observed in

two locations (Fork Creek measured section, Plate 2, SW 1/4 Sec 16 T12N, R7W, and

Naselle River measured section , SW 1/4 sec 29, Appendix IX). The Fork Creek

section shows 2 to 8 m thick pillow basalt flows interbedded with arkosic sandstones

of the Fork Creek member. In the Naselle River measured section (Appendix IX), over

42 m of siltstone and arkosic and lithic sandstone are interbedded in a thick sequence of

pillow basalts. These sandstones are very similar to those found in the Fork Creek

measured section. In many areas, basalts of the Crescent Formation are juxtaposed

against the strata of the Fork Creek member by northwest to southeast trending faults

(Plate 1). The structural attitude of the Crescent Formation was measured from thin

siltstone interbeds and the orientation of pillows in the basalt flows. In general, these

attitudes indicate that the strata of the Crescent Formation dips approximately 100 - 17°

to the N-NW (350°-310°) and are conformable to the overlying sedimentary strata (Plate

1).

Lithology

In the map area, the Crescent Formation consists primarily of aphanitic to finely

crystalline pillow basalts and aphyric to porphyritic, massive to columnar jointed basalt.

The massive to columnar portions of the basalt may represent flow interiors or filled

lava tubes. Locally, hyaloclastic basalt breccia is common. Also present are thin (e.g.,

1 m) interbeds of siltstone and mudstone.
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Figure 7. Well developed, closely packed pillow lavas in theEarly to middle Eocene

Crescent Formation exposed in a quarry (NW 1/4, NE 1/4, Sec 35, T12N,

R7W). Hammer for scale.
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Pillow basalts are generally well developed (Figure 7). Basalt is typically dark

grey (N3) to olive black in color (5Y2/1) when fresh. The groundmass is usually very

finely crystalline with some small (0.5 to 2 mm) phenocrysts of augite and plagioclase.

Secondary minerals such as green clays, calcite, and zeolites are fairly common in these

rocks as well as small amounts of sulfide minerals (pyrite and/or marcasite). Locally

some pillow basalts are amygdaloidal, with radiating sparry calcite or zeolites filling the

voids. Pillows range in size from approximately 0.25 m to 1 m in diameter, and are

circular to elliptical in cross section. Pillows commonly show radial jointing and glassy

exterior rinds that when fresh appear greasy greenish black (5 G 2/1) to black (N 1)

but are commonly weathered grayish orange (1OYR7/4) to light brown (5YR5/6). This

is likely due to surficial weathering and oxidation of iron-bearing minerals and/or

altered basaltic glass (tachylite) to hematite, goethite, and limonite. Individual flows are

hard to distinguish, but where delineated by siltstone interbeds, such as in Noe Creek

Quarry (NW 1/4, Sec 22, T12N R7W), appear to be generally more than 10 m thick.

Commonly associated closely with the pillow basalt is aphanitic finely crystalline

to micro-porhphyritic massive to columnar basalt. Mineralogically these basalts appear

to be the same as the pillow basalts, generally finely crystalline with a few small augite

and plagioclase phenocrysts. Where these basalts are exposed with the pillow basalts,

they appear to form the interior portions of pillow flows or large filled lava tubes; this is

seen in the exposed wall of Noe Creek Quarry (Figure 8). In other locations in the map

area, finely crystalline, massive basalts are exposed without the associated pillow

basalts. These have been mapped as Crescent Formation unless they are distinctly

gabbroic, porphyritic, or contact relations suggest otherwise. This mapping method

was tested by geochemical analysis of finely crystalline, massive to columnar basalt

from two locations (sample SM 91-174, S. center, Sec 28, and SM 91-187, NE 1/4,

Sec 29). Both of these samples compare favorably with the chemical analyses of

pillow basalts in the Crescent Formation.
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Figure 8. Tholeiitic basalt of the Crescent Formation exposed in Noe Creek Quarry (S

1/2, NW 1/4, Sec 22, T12N, R7W). Note gently dipping siltstone interbed

in center of photo between flows and overlying massive to columnar basalt in

quarry wall which may represent a filled lava tube. Pickup truck for scale.



32

In the southeast corner of the field area (Sec 35 and 36), basaltic breccia and

basaltic sandstone are exposed near the top of the Crescent Formation (Figure 9). This

unit is generally very coarse grained, poorly sorted, massive to faintly bedded, and

mostly composed of clasts of scoriaceous basalt and basaltic glass (tachyite and

sideromelane), partly altered to palagonite and cemented by prismatic zeolite

(Clinoptilite and / or Laumontite) and calcite. Fragments are typically angular to sub-

angular, 1 mm to 25 mm in diameter, and do not show any evidence of reworking or

transport. These breccias are interpreted to be hyaloclastite deposits formed by steam-

blasting of glassy basaltic material during subaqueous eruption of the pillow basalts

(Williams and McBirney, 1979). Maximum thickness of this unit in the study area is

approximately 60-80 m. To the east of this study area, in the eastern Willapa Hills,

Wells (1981) has mapped up to approximately 500 m of basaltic sandstone and breccia

near the top of the Crescent Formation and in the lower McIntosh Formation. His

thickest section appears to be immediately south of the town of Pe Ell. Here, he shows

this unit separating the lower and upper units of the McIntosh Formation. If these

basalt breccias are hyaloclastites associated with eruptive events within the Crescent

Formation, these deposits would likely be thickest proximal to the eruptive vents. The

interbedded nature of these deposits with the overlying sedimentary strata suggests that

these vents were still active during deposition of continentally derived McIntosh

sediments.

Interbedded at numerous locations with the basalt flows of the Crescent

Formation are siltstone and mudstone beds (Figure 10). These beds are generally thin

(1-2 m), poorly to well laminated, dusky yellowish brown (1OYR2/2) when weathered

to grayish black (N2) fresh. The lower contact with the pillow basalt is typically

irregular and mimics the shape of the top of the underlying flow surface. The upper

contact with the overlying basalt flows are usually very sharp, with minor invasion or

apparent loading of the basalt into the sediment. Although sedimentary interbeds in the



Figure 9. Close up of well indurated hyaloclastite basalt breccia in the Crescent

Formation (Center, Sec. 35, T12N, R7W; logging road E2500)
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Figure 10. Dark grey, deep marine, im thick siltstone interbed between pillow basalt

flows in Eocene Crescent Formation (NE 1/4, SW 1/4, Sec. 27, T12N,

R7W logging road D 1300). 5 foot Jacob staff for scale.
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pillow basalt are generally thin, at one location (NW 1/4, SW 1/4, Sec 29), over 42 m

of mudstone, siltstone, volcanic-lithic sandstone, and micaceous arkosic sandstone are

interbedded between pillow basalt flows (Naselle River measured section, Appendix

IX). At this location, 15 m of very weathered and highly oxidized, light grey (N7) to

light brown (5YR5/6), siltstone overlies the irregular surface of a pillow basalt flow.

Due to the weathering, bedding is not well preserved in the siltstone. Overlying the

siltstone are coarse- to fine-grained sandstones. These sandstones are generally light

olive gray (5Y6/1) on a fresh surface but typically weather to moderate yellow brown

(1OYR5/4). Individual sandstone beds are 0.5 m to 3 m thick. The thinner beds

typically show a variation from normal grading in their base to planar and convolute

bedding in the upper portions of the bed. This transition is characteristic of Bouma

Tabc divisions typical of deposition by turbidity currents. This will be discussed in

detail in the section on depositional environment. The thicker sandstone beds in this

section are typically massive to normally graded (Bouma Ta), veiy coarse- to medium-

grained sandstone. Some beds have rounded quartz and chert clasts up to 5 mm in

diameter. These are mostly concentrated near the base of the beds. These sandstones

are moderately to poorly sorted, clean, micaceous, plagioclase-rich arkose to lithic

arkose.

One isolated 3 m thick sandstone bed is very coarse grained, poorly sorted, dark

yellowish brown (lOYR4f2 to dusky yellowish brown (1OYR2/2), and contains

abundant mudstone rip-up clasts. This sandstone is composed of approximately 70%

subrounded to rounded basalt clasts to 1 cm in diameter. Unlike the hyaloclastic

deposits described earlier, this basaltic sandstone is composed of primarily intersertal to

pilotaxitic textured basalt fragments, not scoriaceous basaltic glass. The presence of

rounded basalt clasts and mudstone rip-ups in the bed suggest that these have

undergone subaerial weathering and abrasion during transport and reworking in the

marine environment.
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Overlying the 15 m sandstone sequence is 11 m of weathered siltstone similar to

that described above. This siltstone is sharply overlain by pillow basalts. Near the

base of the overlying pillow basalt, the siltstone is dark gray (N3), hard, and appears to

have been baked by the overlying basalt flow.



INTRUSWE IGNEOUS ROCKS

Nomenclature and Distribution

Henriksen (1956) first described a large intrusive body and numerous minor

basaltic and diabasic, dikes associated with the Metchosin Volcanics (Crescent

Formation) in the eastern Willapa Hills, southeast of the town of Pe Eli. He described

this intrusion as a irregular plug shaped, stock like body of finely ciystalline olivine

gabbro, that in places grades laterally into Metchosin basalt flows. On the Olympic

Peninsula, Brown et al. (1960) and Tabor et al (1972) noted massive diabase and

gabbro intrusions which they associated with the oceanic basalts of the Crescent

Formation. Subsequent workers in the Willapa Hills (Wagner, 1967; Wolfe and

McKee, 1972; and Wells, 1981), have also mapped extensive basaltic to gabbroic,

dikes and sills.

Previously, unclear age and contact relationships to surrounding volcanic units

have led to uncertainty about the timing and correlation of these igneous rocks (Wells,

1981; Rau, 1986; Phillips and Walsh, 1989). It has been proposed that these basic

intrusions are the result of late stage volcanic activity associated with the Crescent

Formation, or possibly part of the feeder system for the middle to late Eocene Grays

River Volcanics (Walsh, 1987; Phillips et al., 1989).

The Grays River Volcanics were first mapped as Unit B Volcanics by Wolfe and

McKee (1972) in the Grays River Quadrangle in southwest Washington. The Unit B

Volcanics consist of at least 600 m of marine to subaerial, porphyritic, tholeiitic basalt

to basaltic andesite exposed in the upper Grays River Valley and massive to well

bedded aquagene tuff, flow breccia and basalt, that are exposed in the Naselle River

Valley. In subsequent mapping, Walsh (1987), renamed this unit the Grays River

Volcanics. Wolfe and McKee (1968) mapped abundant small intrusions of high
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titanium and high Fe porphyritic basalt, and larger intrusions of diabase to medium

crystalline augite gabbros, in the northern portion of their map area. Based on

mapping, petrography and geochemistry, they determined that these high Ti02-high Fe

basaltic intrusions were of late Eocene age and shallow intrusive equivalents to the Unit

B Volcanics (Grays River Volcanics).

The Grays River Volcanics have previously been included in the Goble Volcanics

of SW Washington and NW Oregon. The Goble Volcanics (Wilkinson et al., 1946)

were named for 1500 m of basalt flows, pyroclastic and sedimentary strata exposed in

the vicinity of the town of Goble, Oregon. In the lower Cowlitz River-eastern Willapa

Hills area the Goble Volcanics are represented by marine to subaerial basaltic andesite

flows and flow breccia interbedded with both marine and coal-bearing sedimentary

strata of the middle and late Eocene Cowlitz Formation (Henriksen, 1956). Phillips

and others (1989) have determined that based on geochemistry, the Grays River

Volcanics are distinct from the Goble Volcanics. The Grays River Volcanics are

generally lower in Si02 and higher in Ti02 and K20 than the Goble Volcanics.

Contact Relations and Lithology

In the study area, gabbroic intrusions are exposed as irregular shaped masses

concentrated along the contact between the upper portion of the Crescent Formation and

the lower member of the McIntosh Formation (Plate 1). A series of northwest to

southeast-trending right lateral oblique-slip faults exposed in the area are also closely

associated with some of the intrusions and may represent a zone of weakness into

which the magma was able to migrate. Isolated dikes and sills have been mapped

intruding the lower portion of the Lebarn member of the middle to late Eocene McIntosh

Formation (Figure 11), so emplacement must postdate deposition of these sediments.



Figure 11. Irregular intrusive contact of Grays River basalt sill and interbedded

sandstone and siltstone of the Fork Creek member of the McIntosh

Formation (SE 1/4, Sec. 29, T12N, R7W). Note intense brecciation,

alteration, and zeolitization of intrusive margin. Hammer for scale in lower

right corner.
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These intrusions consist of fine to medium crystalline, massive to columnar

jointed, plagioclase-pyroxene porphyritic basalt, diabase, and gabbro. Samples are

generally medium dark gray (N4) to dark gray (N3) on a fresh surface and dark

yellowish orange (1OYR6/6) to dark yellowish brown (1OYR4/2) when weathered.

Phenocrysts of plagioclase and clinopyroxene are common with rare olivine.

Secondary zeolite and calcite are present as alteration products of the groundmass or as

amygdule fillings. In outcrop these intrusive rocks typically appear fresher and harder

than the pillow basalts of the Crescent Formation. The margins of the intrusions are

generally finely crystalline with coarser interiors, although some margins show intense

alteration and secondary mineralization of calcite and zeolite (Figure 11). Dikes vary in

width from 3 m to 10's m thick. Thickness of the sills is hard to judge due to poor

exposures and irregular outcrop pattern but probably vary from a few meters to 100's

m thick. Many of the larger intrusions appear to be irregular small plug or stock-like

bodies. Good exposures of these intrusions are SE 1/4, Sec. 29, T12N R7W (logging

road A 3300) and SW 1/4, SE 1/4, Sec. 20, T12N R7W (logging road F line).



GEOCHEMISTRY OF IGNEOUS ROCKS

Igneous rocks in the Washington and Oregon Coast Range have been sampled

and analyzed extensively for major and trace element geochemistry (Snavely, 1968;

Wolfe and McKee; 1972; Glassley, 1974; Cady, 1975; Rarey 1985; Mumford,

1988; Phillips et al, 1989). This has proven to be invaluable for delineating and

correlating different volcanic units. Phillips and others (1989) collected and analyzed

194 samples from various Eocene and Oligocene igneous rock units exposed in

southwest Washington. Based on the age, location, and geochemical characteristics

they defined four distinct suites of igneous rocks in this area:

early to middle Eocene (55-48 Ma) oceanic tholeiitic basalt of the Washington

Coast Range. This group is composed of the Crescent Formation;

middle to upper Eocene (48-38 Ma) commonly bimodal (basalt-rhyolite)

calcalkaline units associated with development of non-marine transtensional basins.

This suite includes the Basalt of Summit Creek (Vance et al., 1987);

middle to upper Eocene (44-38 Ma) tholeiitic basalts enriched in potassium

and titanium. These rocks were erupted a forearc setting and include the Grays River

Volcanics (Walsh, 1987) and basalts at Fort Columbia (Wells, 1989);

upper Eocene and Oligocene (42-25 Ma) transitional tholeiitic to calcalkaline

basaltic-andesites to andesites. Sampled units include the Goble Volcanics and Hatchet

Mountain Formation.

Due to the large database and more regionally extensive sampling accomplished

by Phillips and others (1989), major and trace element concentrations of samples

collected in this thesis area are compared and correlated to the values and fields

developed in their study. The two data sets should be readily comparable since the

major and trace element analyses for both studies were performed by the same lab

(Peter Hooper, Department of Geology, Washington State University).
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Based on mapped contact relationships and lithologies of the various igneous

units sampled in the thesis area, these rocks have been divided into two groups. Group

one consists of the pillowed to massive and columnar jointed submarine basalt flows of

the Crescent Formation (map unit Tc; Plate 1). The second group is composed of fine

to medium ciystalline basaltic to gabbroic dikes and sifis mapped in the area (map unit

Tig; Plate 1).

Seventeen samples from various locations in the Eocene Crescent Formation and

intrusive igneous rocks (Plate 1) were analyzed for major and trace element

geochemistry by X-ray fluorescence at Washington State University under the direction

of Dr. Peter Hooper (Appendix II). A Rigaku 3370 Automated Sequential X-Ray

Spectrometer was used for the analyses. One sample (SM 91-188A), a basaltic

sandstone or tuff, from the McIntosh Volcanics member was also sampled for

geochemistry. Preparation of the samples prior to shipment involved crushing the fresh

rock to < 1 cm chips and manually selecting and cleaning the least altered fragments for

analysis. An effort was made in the field to sample representative examples of the

igneous rock units as well as those with more unusual features.

Figure 12 shows a JUGS (International Union of Geologic Scientists) igneous

classification scheme based on a plot of total alkalies (K20 + Na20) versus silica (Le

Bas et al., 1986). The majority of the samples in the study area plot as basalts within

the field of 45 to 52 wt.% SiC)2 and 0 to 5 wt. % total alkalies. Two samples (SM 91-

204 and SM 91-143) plot as Tephrite basanite. Both of these samples are aphanitic to

amygdaloidal dikes (Tigr, Plate 1) which intrude marine sedimentary strata of the Fork

Creek member of the McIntosh Formation. The vertical dikes are 3 to 6 m wide, and

are in baked contact with the country rock. In thin section, both samples are extremely

altered with most of the groundmass composed of secondary chlorite, zeolites, and

calcite. The alteration of
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these samples possibly influences where they plot in this classification scheme. Two

other samples also plot outside the basalt field. These samples (SM 91-100 and SM

91-139) are classified as trachybasalt. Sample 139 (S 1/2, Sec 27, T12N R7W) is a 3-

4 m wide, finely crystalline dike which intrudes pillow basalt of the Crescent Formation

in the south central portion of the field area (map unit Tigr ;Plate 1) (Figure 13).

Sample 100 is from a large gabbroic intrusion located in the east central portion of the

field area (S 1/2 Sec. 14, N1/2 Sec 23, T12N R7W) and is relatively unaltered (map

unit Tigr, Plate 1). The fifth sample outside the basalt field is the basaltic sandstone or

tuff from the Volcanics member of the McIntosh Formation (SM 91-1 88A), which is

exposed along State Highway 6 in the northwest corner of the field area. This sample

is mostly altered to palagonite, has the highest Si02 values of any of the rocks analyzed

(54.7%) and plots in the basaltic trachyandesite field. The data obtained from this

sample are subject to question due to the extensive alteration of the sample to clay and

the low analytical total (96.7 %).

On the total alkali versus silica (TAS) diagram of Irvine and Barager (1971)

samples from the thesis area plot in both the alkaline and subalkaline fields (Figure

14a). Included in the alkaline field are the samples discussed above (SM 91; 100, 139,

143, 1 88A, and 204), as well as samples from three other aphanitic to gabbroic

intrusions (SM 91-179, SM 91-211 and SM 91-197). Samples that plot in the

subalkaline field are tightly clustered and include all the samples mapped as Crescent

Formation (SM 91; 86, 135, 171, 174, 187, and 206) and also four samples from

gabbroic intrusions (SM 91; 198, 199, 224, and SM 90-27-25). Three of these

gabbroic intrusions were sampled along the contact between the Crescent Formation

and the overlying McIntosh Formation, while one (SM 9 1-224) intrudes sedimentary

strata high in the Fork Creek member of the McIntosh Formation. Subalkaline rocks

can be divided into tholeiitic and calcalkaline fields by plotting them on the iron

enrichment plot of Miyashiro (1974). In doing this, all but one sample (SM 9 1-198)



Figure 13. Vertical 6 m wide, Finely crystalline dike of high T102, late Eocene Grays

River Basalt intruding low 1102, tholeiitic pillow basalt of early to middle

Eocene Crescent Formation (S 1/2, Sec 27, T12N, R7W; Sample SM 91-

139; logging road D 1530).
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plot in the tholeiitic field (Figure 14b). Sample SM 9 1-198 plots as calcalkaline right

along the line separating the alkaline and subalkaline fields. This sample is from a

small porphyritic intrusion in the central portion of the field area (SE 1/4, SW 1/4, Sec.

20, T12N R7W). Phenocrysts of augite and large (1cm) conspicuous olivine are

common. Plotting the samples on the AFM (total alkalies, total iron, and magnesium)

ternary diagram of hvine and Barager (1971) shows all the samples from both the

Eocene Crescent Formation and mapped intrusions to be tholeiitic in composition

(Figure 15).

Included on the total alkali plot and the iron enrichment plot (Figure 14) and the

Harker variation diagrams (Figure 16), geochemical fields are outlined for the early to

middle Eocene Crescent Formation, Late Eocene Grays River Volcanics and Eocene

sills at the top of the Crescent Formation from Phillips and others (1989). Readily

apparent is the large amount of overlap between the different fields on these major

element plots. In general, basalts mapped as Crescent Formation in the thesis area

cluster tightly within the Crescent field of Phillips and others (1989), while the

intrusives show more variation in their distribution. The Harker variation diagram for

Ti02 shows the most separation between the three fields. When the intrusive and

Crescent samples are plotted separately, a trend within the intrusive samples can be

discerned (Figure 16 b). On this plot, the intrusive samples separate into two distinct

groups. One group (SM 91; 211, 179, 100, 139 and SM 91-224) has high Ti02

values (2.9 to 4.8 wt.%) and most plot in the overlapping Grays River and Crescent

fields or in the Grays River field alone. These samples are from sills and dikes

intruding the pillow basalts of the Crescent formation and along the contact between the

Crescent Formation and overlying Fork Creek member of the McIntosh Formation.

Two samples (SM 91; 204 and 143) are from finely crystalline dikes and have

anomalously high Ti02 values and low SiO2 values and plot outside either field. Both

samples show extensive chioritic alteration. The second group of intrusive samples
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Figure 14. a) Total alkali versus silica diagram, after Irvine and Barager (1971). Note

that samples from the Eocene Crescent Formation all plot in the subalkaline

field, while the intrusive rocks are split between the subalkaline and

alkaline fields. b) Iron enrichment diagram of Miyashiro (1974). Note all

but one sample (SM 9 1-198) plot as tholeiitic.
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Figure 16. Harker variation diagram of igneous rocks in thesis area. Fields for

Eocene, Grays River Volcanics, Crescent Formation, and sills at top of

Crescent Formation from Phillips and others (1989). Note the separation of

the intrusive rocks into 2 fields on the Ti02 plot (Figure 16 b).
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(SM 91; 198, 197, 199, and SM 9027-25) from sills along the contact of the Crescent

Formation and Fork Creek member of the McIntosh Formation are delineated by much

lower Ti02 values (1.4 to 2.1 wt.%) and cluster around the field developed by the sills

at the top of the Crescent Formation.

Phillips and others (1989) showed that by plotting certain major and trace element

concentrations relative to thoseof typical mid-ocean ridge basalts (MORB), they could

also distinguish chemical differences between basalts of the late Eocene Grays River

Volcanics, the early to middle Eocene Crescent Formation, and the Eocene sills found

at the top of the Crescent Formation (Figure 17). In their study, the rock / MORB plots

of samples from the Grays River Volcanics show a consistent enrichment of K, Rb,

Ba, and Sr, of 3 to 10 times. Ti and Zr are enriched 2 times while Nb is enriched 10

times. Ni and Cr are strongly depleted, while Sc, V, Y, and Ga contents are similar to

MORB values. In samples from the Crescent Formation K, Rb, Ba, and Sr show

substantial variation, but overall are enriched 2 to 5 times MORB values. Ti, Zr, and

Nb are also enriched relative to MORB, but generally not as much as samples from the

Grays River Volcanics (Figure 17b). Ni and Cr concentrations are similar to MORB

values. Cu values are enriched in the Crescent Formation and are depleted in samples

from the Grays River Volcanics. Native copper has been found in trace amounts in

drill core from the Crescent Formation in the Black Hills, and the Metchosin Volcanics

of southern Vancouver Island host copper deposits (Phillips et al., 1989).

Rock / MORB plots of samples from this thesis area indicate that samples

mapped as Crescent Formation show some variability in the concentrations of K, Rb,

and Ba but are enriched in these elements approximately 2 to 5 times relative to MORB

(Figure 17 a). The rest of the elements group tightly between samples and show that

these rocks are slightly enriched in Sr, Ti, Zr and P, and slightly depleted in Ni and Cr.

Nb and Cu are enriched on average 3 and 2 times, respectively. Sc, V, Zn, Y, and Ga

all plot close to the MORB values (Figure 17a). The variation in K, Rb, and Ba values



Figure 17. Major and trace element, rock / M0RB plots for igneous rocks in thesis

area. MORB values after Engel et al. (1965) and Pearce (1982); K20 =

0.2%; Rb = 2 ppm; Ba = 20 ppm; Ti02 = 1.4%; Zr =90 ppm; P205 =

0.12%; Nb = 4.6 ppm; Sr = 121 ppm; Ni =90 ppm; Y = 33 ppm; Sc =

40.6 ppm; Cr = 251 ppm; Cu =77 ppm; Ga = 17 ppm; V = 292 ppm; Zn

is set to the arbritary value of 100 ppm. Rock / MORB plots of Crescent

Formation, Grays River Volcanics, and sills at top of Crescent Formation

from Phillips and others (1989).
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may be due to mobility of these elements during alteration or zeolite facies

metamorphism (Wood et al., 1976).

The intrusive rocks in the thesis area can be separated into two groups based on

rock / MORB plots. The first group (Grays River inirusives) shows enrichment up to

10 times the MORB value for K, Rb, Ba, and Nb, and more moderate 3 to 5 times

enrichment for Sr, Ti, Zr, and P. Ni and Cr show a very strong depletion in these

samples. Cu is also slightly depleted in these samples (Figure 17b). These samples

plot very similar on the major and trace element / MORB plot to those of the Grays

River Volcanics in Phillips and others, (1989). The second group of intrusive rocks

(Figure 17c, sills at top of Crescent Formation) shows a little more variation, but in

general, values for K, Rb, Ba, Ti, Zr, Nb, and P are less enriched than in the first

group, while Ni and Cr are more enriched and plot closer to MORB values. Cu shows

a slight enrichment in this group. These samples plot closer to MORB concentrations

and appear correlative to the values of the element / MORB plot for the basalts of the

Crescent Formation (Figure 17c).

Based on major and trace element geochemistry, it appears that the intrusive

igneous rocks in this thesis area are of two different types. The first type is

subalkaline, tholeütic basalts and gabbros similar in composition to the oceanic basalt of

the Crescent Formation (Figure 17 c). These rocks are concentrated along the contact

between the Crescent Formation and the overlying marine sedimentary rocks of the

McIntosh Formation. The youngest rocks that are intruded are the upper portion of the

middle Eocene Fork Creek member of the McIntosh Formation (SM 224, NE 1/4 Sec

14, T12N, R7W). These intrusions likely represent late stage eruptive activity

associated with the early to middle Eocene Crescent Volcanics.

The second group of intrusive rocks consists of high titanium, alkaline basalts

similar in composition to the subaerial basalt flows of the Grays River Volcanics

(Figure 17 b). These dikes and siils are observed intruding both pillow basalts of the
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Crescent Formation (SM 9 1-139, Figure 12) and the Fork Creek member of the

overlying McIntosh Formation (SM 91-100, S 1/2 Sec 14, T12N R7W). These

intrusions are possibly a remnant of the volcanic system that fed the younger subaerial

flows of the Grays River Volcanics which are exposed nearby in the eastern Willapa

Hills and a few Km to the SE and SW of the thesis area.



PETROGRAPHY OF IGNEOUS ROCKS

Introduction

Eighteen thin sections of igneous rocks in this thesis area were prepared for

petrographic analysis. All of these samples were also analyzed for major and trace

element geochemistiy (see section on geochemistry of igneous rocks). Of the eighteen

samples, seven are from the Crescent Formation and eleven are from intrusive dikes

and sills in the area. All thin sections were petrographically examined and described

including visual estimates of modal abundances of minerals. Representative samples

were then selected for point counting (500 points I sample) to get a more accurate

measure of modal abundance and to verify visual estimates (Table 1). Plagioclase,

pyroxene, and olivine compositions of representative samples were determined by

electron microprobe analyses done by the author in the College of Oceanography,

Oregon State University.

Crescent Formation

Seven thin sections of the Crescent Formation were examined. These samples

are from both the pillowed basalts in the formation and the massive to columnar jointed

basalts. One sample, (SM 9 1-142), is from a basaltic breccia locally associated with

pillow basalt flows. Three samples were point counted (500 points / slide) for modal

analysis. Plagioclase and pyroxene chemical compositions were determined in two

samples by electron microprobe analysis.

In the thesis area, the basalts of the Crescent Formation are typically

hypocrystalline to holocrystalline, equigranular to glomeroporphyritic with plagioclase

and / or augite phenocrysts and microphenocrysts in an intersertal to intergranular
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Table 1. Modal compositions of selected igneous rocks in the thesis area.

*Denotesvisual

estimate of modal

abundance

SM91-
139*

Trachybasalt

dike

SM91-

l43

Tephrite

basanite

dike

SM9I-
179

Basalt

SM9I-
204*

Tephrite

basanite

dike

SM91-

211

Basalt

SM91-
197*

Basalt

SM9I-
198

Basalt

SM91-
199*

Basalt

SM91-

224

Basalt

SM9O-

27-25

Gabbro

Phenocrysts and

microphenocrysts

Plagioclase trace xx trace xx 22 10 5 4 22 xx

Clinopyroxene trace xx trace xx trace 10 10 18 4 xx

Olivine xx xx xx xx xx xx 11 xx xx xx

Groundmass

Plagioclase 45 19 35 20 31 28 39 35 35 52

Augite 24 15 27 15 21 18 19 12 18 23

Opaques 9 11 9 17 12 4 5 2 8 4

Undifferentiated

authigenic clays

22 48 22 40 14 22 11 29 14 21

Zeolites trace 5 7 trace 1 8 xx trace xx trace

Calcite xx xx xx xx xx xx xx xx xx xx

Apatite xx xx xx 2 xx xx xx xx xx xx

TOTAL 100 98 100 94 101 100 100 100 101 100



Table 1. Continued

* Denotes visual

estimate of modal

abundance

SM91-
86*

Pillow basalt

SM9I-
135*

Pillow basalt

SM91-

171

Massive

basalt

SM91-
174*

Pillow basalt

SM9I-
187

Massive

basalt

SM91-

206

Pillow basalt

SM91-
142*

Basaltic breccia

SM91-

100

Trachybasalt

gabbro

Phenocrysts and

microphenocrysts

Plagioclase 7 xx 9 xx 3 trace xx xx

Clinopyroxene 9 trace 1 18 3 1 xx xx

Olivine xx xx xx xx xx xx xx xx

Groundmass

Plagioclase 40 35 29 40 32 42 xx 55

Augite 22 29 25 14 30 28 xx 20

Opaques trace 2 6 2 10 7 xx 10

UndifFerentiated

authigenic clays

20 30 21 22 22 22 65

altered scoriaceous

basaltic glass

15

Zeolites xx xx 9 xx xx xx 30 1

Calcite 2 xx trace trace xx xx 5 xx

Apatite xx xx xx xx xx xx xx xx

TOTAL 100 96 100 96 100 100 100 101



Figure 18. Photomicrograph of intersertal to glomeroprphyritic basalt of the Eocene

Crescent Formation (SM 9 1-187; NE 1/4, NE 1/4, Sec. 29, T12N R7W).
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groundmass (Figure 18). Primary groundmass minerals consist of plagioclase,

clinopyroxene (augite), and opaque minerals (magnetite and ilmenite). Secondary

minerals are typically brown to yellowish orange clay lining angular intersertial spaces

between groundmass crystals. This clay is likely nontronite, an iron-rich smectite,

formed by alteration of basaltic glass in the intersertal groundmass and / or chlorite

from alteration of mafic minerals. Celadonite, an iron-rich mica may also be present.

Sericite alteration of plagioclase is also common, as well as development of secondary

zeolites and sparry calcite. These minerals can be seen filling amygdules and fractures

in some of the samples.

Plagioclase comprises approximately 39% (range 30 to 47%) of the overall

mineralogy of the basalts in the Crescent Formation. Most plagioclase is in the form of

groundmass and consists of equigranular lath-shaped crystals between 0.02 mm to 0.5

mm long. Microphenocrysts and phenocrysts of plagioclase are present from trace

amounts to 9%. These phenocrysts range in size from 0.5 mm to 2.3 mm and are

generally subhedral to euhedral, lath to tabular-shaped crystals, with common albite and

Carlsbad twinning. Plagioclase phenocrysts in these basalts typically show moderate to

strong, normal compositional zoning. Microprobe analyses of 11 plagioclase

phenocrysts from the pillow basalts of the Crescent Formation indicate that the cores of

plagioclase crystals range from An to An (andesine to labradorite) and average

An 5 (Labradorite). The composition of the rims range from An 27 to An 47

(oligoclase to andesine) and average An 38 (andesine). Unzoned plagioclase ranges

from An to An 9 (andesine to labradorite) and averages An 52 (labradorite).

Alteration products of plagioclase include sericite (?) clay and unidentified yellowish to

greenish brown (smectite ?) clay which is generally more prevalent in the calcium-rich

cores or in selective compositional zones within the crystal (Figure 19).

Clinopyroxene is typically less abundant than plagioclase, averaging 30% (range

26 to 33%) mostly as equigranular groundmass while phenocrysts, if present, comprise
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Figure 19. Glomeroporphyrirtic pillow basalt (SM-91-86). Note preferential alteration

of the plagioclase to highly birefringent clay in the more calcic cores and

compositional zones of the phenocryst.
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1 to 9% of the rock. Clinopyroxene phenocrysts range in size from 0.5 mm to 1.2 mm

(average 0.5 to 0.75 mm). Phenocrysts are typically subhedral to euhedral and

commonly partially enclose plagioclase ciystals, forming a glomerociyst and overall

giving the igneous rocks a sub-Ophitic texture (Williams et al., 1954). Clinopyroxene

in the groundmass is typically anhedral to subhedral and ranges in size from 0.02 mm

to 0.5 mm (average 0.1-0.2 mm)

The dinopyroxene can be optically identified as augite by the following criteria:

1) color in thin section ranging from colorless to pale green or brown; 2) short stubby

prismatic crystals; 3) inclined extinction of about 45°. No brown to violet pleochroism

is observed in any of the augite crystals, suggesting that none of these is titanaugite.

Quantitative chemical compositions of 16 augite phenocrysts from 2 basalt samples

(SM 91-171 and SM 91-187) from the Crescent Formation were determined using the

electron microprobe. Titanium concentrations in the augite average 0.82 wt. % (range

0.40 to 1.4 wt.%). The lack of titanaugite is not surprising since the Ti02

concentrations determined by whole rock XRF analyses on these samples indicate an

average of 2.3 wt.% (range 1.9 to 2.8 wt.%).

Opaque minerals generally occur in the groundmass of these igneous rocks, and

average 0.1 mm to 0.15 mm in size (range 0.05 to 0.5 mm), are anhedral to subhedral,

and average 5% in abundance (range 2 to 10%). These minerals are primarily

magnetite and possibly ilmenite, although no ilmenite was determined in microprobe

analyses. In two of the six samples, leucoxene (an opaque amorphous titanium oxide,

gray to white in reflected light), a common alteration product of ilmenite, is common.

Reddish hematite is present in some slides; these are likely a product of alteration of

magnetite. Sulfide minerals (pyrite and / or marcasite) are observed in some samples in

trace amounts and are recognized by their brassy yellow appearance in reflected light.

Yellowish brown to greenish brown clays (nontronite, celadonite, and / or

chlorite?) are common in these samples, averaging 23% in abundance (range 20 to
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30%). These clays are likely formed from the deuteric alteration of basaltic glass and

mafic minerals (pyroxenes) and usually found lining interstitial void space between

crystals or filling amygdules in a concentric, pore-rimming pattern. Other secondary

minerals include sparry calcite and zeolites. These range from trace amounts to 9% in

abundance and commonly fill amygdules also lined with the clays described above.

The zeolites are generally fme, radiating sheaf-like or fibrous aggregates, which are

colorless in thin section and show low negative relief. Based on the radiating structure,

these zeolites are most likely natrolite or thompsonite (Deer, et aI.,1966).

Locally associated with the basalt flows of the Crescent Formation, are very

coarse-grained basaltic sandstones and hyaloclastic breccias. One sample (SM 9 1-142)

was studied in thin section (Figure 20). This sample consists of 65% poorly sorted,

angular to subangular, scoriaceous fragments of basaltic glass mostly altered to

greenish nontronite clay. Fragments vary in size from 0.4 mm to 15 mm and average 2

to 5 mm in size. Vesicles in the fragments are filled with a combination of secondary

minerals including sparry calcite, radial pore filling nontronite or celadonite clay, and

zeolites. Zeolites are the primary cement in this deposit and constitute about 30% of the

rock. The zeolite is white in hand sample, colorless in thin section (plane light) and

shows low birefringence with interference colors no higher than first order gray

(crossed nicols). Relief in thin section is low to moderate negative. Unlike the zeolites

which fill amygdules in the basalts described previously, these do not have a radiating,

fibrous or bladed morphology, but are more tabular and aggregate in structure. For this

reason, these zeolites may be heulandite or clinoptilolite (Deer et aL, 1966). Sparry

calcite occurs in this rock primarily as a secondary vug filling and accounts for about

5% of the total rock. The scoriaceous and glassy nature of the fragments, along with

their angularity, poorly sorted, and vaguely bedded deposits lead to the interpretation

that these are hyaloclastic deposits formed by fragmentation and resedimentation of



Figure 20. Zeolite (Clinptilolite ?) cemented, hyaloclastic, basalt breccia from the top

of the Eocene Crescent Formation (SM 9 1-142). Note the angularity and

jigsaw-like pattern of the scoriaceous basaltic glass fragments
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rapidly chilled submarine basalt. Similar altered basaltic hyaloclastic deposits are

described in cores from the southern California borderlands (Grechin et al., 1981)

The petrographic description of basalts in the Crescent Formation by Wolfe and

McKee (1972) in the Grays River Quadrangle, south of this area, is similar to those in

this thesis. This suggests a rather monotonous basaltic character for the Crescent

Formation of southwest Washington.

Intrusive Igneous Rocks

Eleven thin sections were prepared for petrographic analysis of the intrusive

dikes and sills in the thesis area. These samples range from aphanitic basaltic dikes to

mediumcrystalline gabbroic sills. All samples were petrographically described and

visual estimates were made of the mineralogical abundances. Six representative

samples were then point counted (500 points / slide) using a mechanical stage for more

precise modal analysis (Table 1).

Major and trace element geochemistry on the intrusive rocks in this thesis area

has determined that these can be divided into two chemically distinct groups; high

titanium basalts and gabbros, equivalent to the middle to late Eocene Grays River

Basalts (Walsh, 1987) and basalt and gabbros similar to the Paleocene to middle

Eocene oceanic basalts of the Crescent Formation. In this section these two groups are

compared petrographically to determine if there are distinctions that can be made

between them in thin section.

Six samples of Grays River chemistry were examined in thin section. Four of

the six samples (SM 91-; 139, 143, 179, and 204) are aphanitic samples from finely

crystalline dikes and sills. All of these samples show intense chioritic alteration of the

groundmass so determining precise mineral abundances was difficult. The other two

samples (SM 91-100 and SM 91-211) are halocrystalline, intergranular
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Figure 21. Photomicrograph of porphyritic diabase sill of Grays River chemistry (SM

91-21 1). Note the twinned and compositionally zoned plagioclase

phenocrysts, clinopyroxene, and smaller opaque crystals (magnetite and / or

ilmenite).
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glomeroporphyritic basalt to finely crystalline gabbro (Figure 21). Primary minerals in

all these rocks consist of plagioclase, cinopyroxene (augite), and opaque mafic

minerals (magnetite and ilmenite).

Plagioclase phenocrysts are present in 50% of the samples and range in

abundance from trace amounts to 22% of the rock. These phenocrysts average 2 mm in

size (range 1 to 3 mm), are typically subhedral to euhedral, and commonly form as

glomerophenocrysts, either in association with augite or with intergrown plagioclase

alone. Most of the plagioclase shows varying degrees of sericite alteration and typically

displays albite twinning. Plagioclase laths in the groundmass account for

approximately 34% (range 19 to 55%) of the total rock. Well developed compositional

zoning is present in most plagioclase (Figure 21). Microprobe analyses determined that

the compositions of the cores are labradorite to bytownite (range An 61 to An 83) and

average An 72' while the rims are albite, average An (range An 3 to An 7). One rim

(SM 91-100) is composed of anorthoclase (Ab 63' Or 34). Plagioclase in the

equigranular aphanitic dike (SM 91-139) averaged An 3 (range An 0.6 to An s). these

are likely due to secondary albitization of the primary plagioclase. Alteration of the

plagioclase to greenish-brown clay minerals is most prevalent in the calcium rich cores

of the compositionally zoned plagioclase. Mumford (1988) examined similar looking

clay in the Cole Mountain Basalt with the scanning electron microscope. Although the

clays did not exhibit distinctive morphologies under high magnification, energy

dispersive spectra (EDX) indicated strong iron peaks with lesser amounts of silica and

calcium, this compared favorably with EDX patterns for nontronite clay (iron-rich

smectite) (Mumford, 1988).

Clinopyroxene as anhedral to subhedral crystals in the groundmass comprises

about 20% (range 15 to 27%) of the aphanitic intrusive rocks and averages 0.25 mm in

size (range 0.05 to 0.4 mm). Subhedral to euhedral equigranular clinopyroxene

crystals in the gabbroic rocks (SM 91-; 100 and 211) average 0.4 mm (range 0.05 to
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0.75 mm) and account for approximately 21% of the mineral abundance. Subhedral to

euhedral, 0.5 mm to 1.2 mm, (average 0.8 mm) phenociysts are present in trace

amounts in the aphanitic samples and some 1 mm to 2 mm phenocrysts (average 1.3

mm) occur in the coarser crystalline dikes and sills. Augite associated with

glomerophenocrysts is typically composed of aggregates of 0.2 mm to 0.4 mm,

subhedral to anhedral crystals, partially enclosing plagioclase laths in a sub-ophitic

texture. No pleochroism indicative of titanaugite was observed in these samples.

Microprobe analyses indicate that titanium concentrations of the augite crystals average

0.93 wt.% and range from 0.37 to 1.7 wt.%, this is similar to the levels found in the

augites of the Crescent Formation (0.83 wt.%). The high titanium values indicated by

whole rock (XRF) analyses of these samples may be due to the more abundant opaque

minerals (ilmenite)

Opaque minerals (magnetite and ilmenite) in these samples average 11% in

abundance (range 9 to 17%). In the finer crystalline samples they range in size from

0.02 mm to 0.5 mm (average .15 mm) and are generally anhedral to subhedral. In the

coarser equigranular to glomeroporhyritic samples the opaques are generally larger,

averaging 0.3 mm in size (range 0.02 to 1 mm), and are typically subhedral to anhedral

in outline. Skeletal structures are fairly common, and may be the result of oxidation of

Ti-bearing magnetite resulting in the exsolution of lamella of ilmenite (Nesse, 1986).

In general the opaque minerals in these samples appear relatively fresh. One sample

(SM 91-143) shows abundant alteration of the opaques to gray-white leucoxene. In

another sample (SM 91-179), most of the opaque minerals have altered to the reddish-

brown iron oxide hematite.

Alteration of the aphanitic intrusive rocks is extensive; authigenic greenish brown

clays average 33% (range 22 to 48%) in abundance. These clays appear to be mostly

chlorite and / or nontronite formed from alteration of basaltic glass and mafic minerals

such as clinopyroxene. Secondary sparry calcite is rare, but does occur as a late stage
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Figure 22. Photomicrograph of olivine phenocrysts in a plagioclase-augite-olivine

porphyritic basalt from a sill at the top of the Crescent Formation (Tig) (SM

9 1-198). Note well developed iddingsite ? clay alteration along fractures in

the olivine crystals.
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vesicle filling or replacement of primary mafic minerals. In the coarser crystalline

samples about 80% of the plagioclase shows varying degrees of sericite alteration.

Yellowish-brown to greenish-brown clays (chlorite and or nontronite ?) account for

about 15% of the total rock. These clays also occur in the calcic-rich cores of

plagioclase crystals and as radially aligned clays in the interstices between primary

groundmass minerals

Five samples of intrusive rocks with chemistries similar to the pillow and

massive basalts in the Eocene Crescent Formation were examined in thin section (SM

91-; 197, 198, 199, 224, and SM 90-27-25). In general, these samples range from

intersertal to intergranular porphyritic basalt, to intergranular, sub-ophitic to ophitic,

medium crystalline gabbro (Williams et al., 1954). Primary minerals include

plagioclase, clinopyroxene (augite ?), and opaque minerals (magnetite and / or

ilmenite). One sample froma sill at the top of the Crescent Formation( SM 91-198) has

conspicuous olivine phenocrysts (Figure 22). Secondary alteration is prevalent in most

of the samples and secondary minerals include yellowish, brown to green clays

(nontronite, celadonite or chlorite) that line the interstices between groundmass

minerals and along the perimeters of some amygdules. These clays also replace

phenocrysts in some samples. Other secondary minerals include sericite formed by the

alteration of plagioclase and some radial zeolites which can be seen filling amygdules.

Plagioclase phenocrysts account for approximately 10% of the mineral abundance

in the samples (range 0 to 22%) and average 0.9 mm in size (range 0.3 to 2.5 mm).

Phenocrysts are generally subhedral to euhedral and bladed to lamellar shaped. Albite

and Carlsbad twinning are common in these crystals and they typically display strong

concentric compositional zoning. Microprobe analyses indicate that the cores of these

phenocrysts are composed of labradorite, average An 61 (range An 5267) while the

rims range in composition from andesine to labradorite (An 32 to An 59) and average



Figure 23. Glomerocryst of plagioclase and augite in a intersertal to hyalophitic

groundmass of pyroxene and plagioclase microlites with altered volcanic

glass (sideromelane ?) from porphyritic Crescent basalt sill (SM 9 1-224)
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An 3 (andesine). Plagioclase sometimes forms glomerociysts with augite and / or

other plagioclase phenocrysts (Figure 23)

Plagioclase microlites in the groundmass are generally lath shaped, subhedral,

and range in size from 0.04 mm to 0.4 mm (average 0.15 mm) These microlites

account for about 38%of the rock (range 28 to 52%). Albite and Carlsbad twinning is

common as is concentric zoning. Microprobe analyses show that the composition of

some plagioclase laths in the groundmass ranges from andesine to labradorite (An 39 to

An Some of the plagioclase laths are partially to totally enclosed within anhedral to

subhedral augite crystals. This imparts a sub-ophitic to ophitic texture.

Augite phenocrysts are generally less common than plagioclase. They average

8% in abundance (range 0 to 18%), are typically subhedral to anhedral and are about

0.8 mm in size (range 0.25 to 4.3 mm). Simple twining is noticed in some of the

phenocrysts. Some show concentric zoning, but none appeared to be pleochroic. No

titanaugite was distinguished in these samples. Microprobe analyses determined

titanium concentrations averaged 0.48 wt.% (range 0.31 to 0.73 wt.%) in the

phenocrysts.

Augite in the groundmass is typically anhedral to subhedral in shape, averages

0.1 nm-i in size (range 0.02 to 0.25 mm), and accounts for about 18% (range 12 to

23%) of the total rock composition. In the one medium crystalline gabbro sample (SM

90-27-25) the size of the augite in the groundmass ranges from 0.5 mm to 2.5 mm.

Opaque minerals account for approximately 5% (range 2 to 8%) in these samples,

range in size from 0.02 mm to 1.8 mm (average 0.2 mm) and vary from anhedral to

euhedral in outline. Embayed and skeletal crystals are relatively common in these rocks

(Figure 24) and may be due to oxidation of the more iron-rich portions of the crystal.

In reflected light the opaques appear dark gray to metallic black in color. Microprobe

analyses indicate the presence of both magnetite and ilmenite in these samples. The

ilmenite is typically left as exsolution lamellae in the skeletal crystals.
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Figure 24. Photomicrograph of skeletal euhedral crystal of magnetite and / or ilmenite

from a sill at the top of the Crescent Formation. Skeletal structure may be

due to the oxidation of Ti-bearing magnetite resulting in the exsolutiori of

ilmenite lamella (Nesse, 1986). Note subophitic texture of clinopyroxene

and plagioclase microlites in lower right corner (SM 90-27-25).
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As in all the other samples, secondary yellowish, brown to green clay is common

in these rocks and averages 19% in abundance (range 11 to 29%). This clay typically

fills interstices in the groundmass, as radiating linings of amygdules, and / or replacing

mafic minerals. The one sample that contains olivine phenocrysts (SM 91-198) shows

well developed clay alteration (iddingsite ?) along fractures in the olivine and the clay

has likely replaced whole phenocrysts (Figure 20). Zeolites are present in one sample

(SM 9 1-197), where it replaces plagioclase phenocrysts and fills amygdules. The

zeolite filling the amygdules is the same radiating fibrous zeolite described in the basalts

of the Crescent Formation and is possibly natrolite or thompsonite (Deer et al., 1966).

The zeolite replacing the plagioclase is not as fibrous but is radial in form and could be

either thomsonite or possibly clinoptiite (?).

Petrographically comparing the basalts of the Crescent Formation with the

intrusive rocks of Grays River chemistry and those intrusives with Crescent chemistry,

few distinctions can be made. In general, the Grays River basalts have a higher

abundance of opaque minerals (average 11%) than those rocks with Crescent chemistry

(average 5%), and a lesser abundance of clinopyroxene (20% versus 30% total

abundance). Comparison of the plagioclase compositions determined by microprobe

analyses also show some variation. The cores of plagioclase phenocrysts in the basalt

of the Crescent Formation and the intrusives with Crescent chemistiy have average

compositions of An and An 61 respectively and the rims average An 38 and An

Plagioclase from the intrusives with Grays River chemistry have an average core

composition of An 72 and the rims average An .
No distinction is made between the

clinopyroxenes in these samples. The pillow basalts of the Crescent Formation are

generally more altered than both the Grays river intrusives and the intrusion of Crescent

chemistry. The Grays River intrusives are are chemically equivalent to the Eocene

Tillamook Volcanics in NW Oregon (Rarey, 1985; Safley, 1989; and Mumford, 1988).

The subaerial flows of the Tillamook Volcanics typically display pilotaxitic flow texture
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and colorless to pink titanoaugite (Rarey, 1985; Safley, 1989; and Mumford, 1988); no

titanoaugite or piotaxitic texture was observed in any of the samples from dikes and

sills of Grays River chemistry in the thesis area.



MAGNETIC POLARITY

A portable fluxgate magnetometer was used to determine the magnetic polarity

(normal or reversed) on 23 igneous rock samples from the field area. Ten of the

samples were analysed for major and trace element chemisiiy (XRF). The sample

numbers, locations, rock units and magnetic polarities are listed in Appendix V.

Samples were oriented in the field for horizontal and north direction,taking into account

structural attitudes, so that polarity measurements could be done in the lab. The

freshest possible samples were collected to achieve accurate and strong readings.

The middle Eocene basalts of the Crescent Formation in the thesis area indicate a

predominantly normal magnetic polarity. Two samples from the Crescent Formation

produced weak, reversed polarity readings (SM 9 1-135 and SM 9 1-173). Polarity

measurements of two samples (SM 91-197 and SM 91-199) from a basaltic intrusion

with chemistry equivalent to the Crescent Formation (see section on chemistry of

igneous rocks) indicate that they were formed during a magnetic reversal. The reversed

polarity of these two samples suggests that they were formed at a different time than the

bulk of the submarine basalts in the Crescent Formation. The porphyritic basalt

intrudes sandstones of the Fork Creek member of the McIntosh Formation (center of

Sec. 20, T12N R7W) and likely represents late stage activity of the Crescent volcanic

centers.

Magnetic polarity measured from the basaltic intrusive rocks in the area indicate

both normal and reversed polarities are common. Measurements of four intrusive

igneous samples (SM 91-98, SM 91-139, SM 91-179, and SM 91-204) with chemistry

equivalent to the Grays River Volcanics, all show reversed magnetic polarity. This

substantiates the interpretation that these intrusions formed at a different time than most

of the basalts of the Crescent Formation.
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SEDIMENTARY ROCK UNITS

McINTOSH FORMATION

Nomenclature and Distribution

The McIntosh Formation was named by Snavely and others (1951) for several

hundred meters of dark gray, well indurated, tuffaceous siltstone and claystone

exposed in roadcuts along the south side of McIntosh Lake, approximately 5 miles east

of the town of Tenino Washington. Test wells drilled in the area by petroleum

companies have penetrated over 1200 m of dark gray offshore marine siltstone and

claystone with nearshore sequences of arkosic and basaltic sandstone interbedded in the

lower and upper portions of the formation. Over 75 m of massive to cross-bedded,

arkosic sandstone near the top of the formation is exposed just north of Tenino where it

has been quarried for building stone (Snavely et al., 1951). Recent work by the United

States Geological Survey (USGS) as part of a sedimentary basin analysis study in

southwest Washington has led to the interpretation that this sandstone is of fluvial

origin (Johnson, pers. comm., 1992).

Prior to 1951, part of the strata now defined as McIntosh Formation was

included in the continental to marginal marine, coal-bearing rocks of the Eocene Puget

Group, or as undifferentiated Eocene and Oligocene strata (Culver, 1919). The

McIntosh Formation and the overlying coal-bearing rocks (Skookumchuck Formation)

were mapped as Cowlitz Formation of middle to late Eocene age on the Washington

State geologic map of Weaver (1937).

The Cowlitz Formation was originally proposed by Weaver (1912) for a 60 m

section of middle to late Eocene (Narizian) sandstones and minor siltstones and coals

exposed along the Cowlitz River, 2.5 km east of the town of Vader in southwest
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Washington (Figure 1). Subsequent mapping by Weaver (1937) led to the inclusion of

an approximately 1300 m thick, late Narizian, predominantly sandstone section along

Olequa Creek, north of Vader. Henriksen (1956), based on more detailed mapping

near the type section, subdivided the middle to upper Eocene Cowlitz Formation into

four mappable members. In stratigraphic order, from oldest to youngest they are: 1)

the Stiliwater Creek member, which consists of marine siltstones and mudstones,

interbedded with arkosic and basaltic sandstones. Minor basalt flows and intrusives are

also included in this member, 2) the locally restricted Pe Eli volcanics member,

composed of aquagene tuff, agglomerate, basaltic breccia and thin tuffaceous siltstones

in the vicinity of the town of Pe Eli in western Lewis County, Washington; 3) the

Olequa Creek member, composed of brackish-water, marine and terrestrial, siltstones,

mudstones, sandstones, and intercalated coal beds; and 4) the Goble Volcanics

member, which consists of basalt flows, flow breccia, and associated pyroclastic rocks

that interfinger with the Olequa Creek member.

Later investigation of Eocene sedimentary and volcanic rocks in southwest

Washington by Snavely et al. (1958), Buckovic (1979), Wells (1981), and Armentrout

et al.(1983) has led to the restriction of the term Cowlitz Formation to the upper

Narizian, sandstone rich, Olequa Creek member. The Stillwater Creek member of the

Cowlitz Formation (Henriksen 1956) has been redefined by Wells, (1981) as the

McIntosh Formation and the Goble Volcanics member has been separated out as a

distinct volcanic unit. This redefinition of the Cowlitz Formation conforms to the

description of the original, sandy, type section of Weaver (1937) and allows for better

correlation between the Cowlitz Formation in northwest Oregon (Mist Gas Field) and

the type locality in southwest Washington (Berkman, 1990; Niem and Niem, 1985;

Niem et al., 1990).

In the type area, the McIntosh Formation underlies and likely interfingers with

approximately 300 m of pyroclastic material, flow breccia, andesite and basalt flows of
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the Northcraft Formation which, in turn, is overlain with local angular discordance by

the coal-bearing Skookumchuck Formation. The base of the McIntosh Formation is

not exposed in the type locality (Snavely et a!, 1951; Snavely et al., 1958).

The McIntosh Formation appears to be correlative to the more than 3500 m thick

marginal marine and nonmarine, coal-bearing, middle to late Eocene strata of the Puget

Group exposed to the east and northeast in the western Washington Cascades (Wolfe et

al., 1961; Gard, 1968; Armentrout et al., 1983). Both the McIntosh Formation and

Puget Group were likely deposited as part of the same depositional system which

existed during the middle to late Eocene (Armentrout, 1977; Buckovic, 1979; Snavely,

1987; Johnson, pers. comm., 1992). This correlation will be discused in further detail

in the section on depositional environment. Other units correlative to the Mcintosh

Formation include the middle to upper Eocene Yamhill Formation of the central and

northern Oregon Coast Range and the Aidwell Formation on the Olympic Peninsula of

Washington (Armentrout et al., 1983).

In the Willapa Hills, the McIntosh Formation was first mapped by Pease and

Hoover (1957) in the Doty-Minot Peak area as part of a U. S. Geological Survey Oil

and Gas Investigation Map (Figure 26). They split the formation into a lower and

upper member. Their lower member of the McIntosh Formation consists

predominantly of alternating beds of basaltic sandstone, tuffaceous siltstone, and

mudstone of marine origin. Sandstone beds commonly display graded bedding and

range in thickness from 0.5 cm to 1.2 m. Interbedded with these rocks are beds of

aquagene basaltic tuff and basalt breccia up to 6 m thick (Pe Eli Volcanics of

Henriksen, 1956). Average total thickness of the lower member is about 275 m. The

upper member of the McIntosh Formation (Pease and Hoover) consists chiefly of

greenish-gray to dark olive-gray tuffaceous siltstone. The siltstone is generally

massive, but fine-grained feldspathic sandstone beds 2.5 cm to 13 cm thick occur near
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the base and top of this member, which has an average total thickness of approximately

460 m.

Wagner (1967) mapped the McIntosh Formation in a USGS Open-File Map of

the Raymond Quadrangle, Pacific County, Washington (Figure 26). This map includes

a large portion of the area (25 square miles) mapped for this thesis, and borders on the

west the area mapped by Pease and Hoover (1957). Wagner defined three members

within the McIntosh Formation, these include: a lower member, consisting of

rhythmically bedded, fine- to medium-grained, micaceous, arkosic sandstone, and

carbonaceous siltstone (60 to 550 m thick); an upper member composed of laminated

gray siltstone, tuffaceous siltstone, and fine-grained sandstone (90 to 610 m thick);

and the McIntosh Volcanics member which is composed of a series of weakly bedded

water-laid lapilli tuff and volcanic breccia (0 to 460 m thick) interbedded in the upper

member.

Wolfe and Mckee (1968) mapped the Grays River Quadrangle (Figure 26) which

is located directly south of the Raymond Quadrangle mapped by Wagner (1967). Ten

square miles of the southern portion of the thesis area is located in the northeast corner

of the Grays River Quadrangle. Wolfe and Mckee mapped two sedimentary units

overlying the pillow basalts of the Crescent Formation and underlying the Oligocene

Lincoln Creek Formation. The lower of these two units is designated as Unit A and

consists of up to 600 m of siltstone and interbedded feldspathic and volcanic "wacke"

that perhaps interfingers locally with the upper part of the underlying Crescent

Formation. This unit was interpreted to be correlative to the lower member of the

McIntosh Formation as described by Wagner (1967) Overlying Unit A, Unit B is

composed of a thick sequence of marine tuffaceous siltstone and minor sandstone.

Included in this unit are over 600 m of massive subaerial lava flows in the upper

portion of Grays River (SE 1/4 Ti iN, R7W) and aquagene tuff and flow breccia of

probable marine origin located in the Naselle River valley (NE 1/4 Ti iN, R8W).
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These basalt flows and breccias have subsequently been designated the Grays River

Volcanics (Walsh, 1987). Overlying the basalt flows in the Grays River drainage is

approximately 60 m of massive, fine- to medium-grained, friable micaceous arkosic

sandstone which grades upward into marine tuffaceous siltstone. Total thickness for

Unit B (Wolfe and Mckee, 1968) is likely greater than 1500 meters. Wolfe and McKee

(1972) interpreted Unit B to be correlative to the upper member of the McIntosh

Formation of Pease and Hoover (1957) and Wagner (1967), and possibly the lower

portion of the the Lincoln Creek Formation.

Wells (1981) mapped the eastern Willapa Hills in Cowiitz, Lewis, Pacific, and

Wahkiakum Counties, Washington. This map includes the area mapped by Pease and

Hoover (1957) and overlaps the eastern boundary of the thesis area. Wells (1981)

basically kept the same lower and upper members of the McIntosh Formation as

defined by Pease and Hoover (1957), but made some changes within the units.

Differences between the two maps are that Wells separated out, as another unit, the

interbedded basalt breccias and aquagene tuff (Pe Eli Volcanics member of the Cowlitz

Formation of Henriksen, 1956) that was formaly included in the lower member of the

McIntosh Formation by Pease and Hoover (1957). These basalt breccias are now

included with the hyaloclastic basalt breccias locally associated with the pillow basalts

of the Crescent Formation (Tcbs unit) of (Wells ,1981). Thus, the lower member of

the McIntosh Formation on his map is restricted to the massive to thin-bedded, very

fine- to coarse-grained, arkosic sandstone, basaltic sandstone, and tuffaceous siltstone

overlying and locally interbedded with the pillow basalts of the Crescent Formation. In

the upper member of the McIntosh Formation, Wells (1981) mapped a separate unit of

thick bedded, plane laminated to cross-bedded, friable, fine- to medium-grained arkosic

sandstone near the base of the upper member (Figure 5, 26). This restricts the rest of

the upper member of the McIntosh Formation to primarily massive to laminated

tuffaceous siltstone and silty sandstone (Wells 1981).
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in this thesis, the Mcintosh Formation has been divided into three mappable

informal members to aid in the depositional interpretations and future regional facies

interpretations of the formation (see regional stratigraphy section, Figure 5). These

members are hereby informally named; the Fork Creek member, the Lebam member,

and the Mcintosh volcanics member. These members are generally correlative to the

lower, upper, and volcanic members described by Wagner (1967).

The Fork Creek member of the Mcintosh Formation is the lowest member of the

formation and consists of approximately 460 m of micaceous arkosic turbidite pebbly

sandstones, basaltic sandstone, and subordinate deep-marine siltstone and mudstone.

Interbedded in the lower portion and underlying this member are pillow basalts of the

Crescent Formation as well as fine to coarsely crystalline basaltic dikes and sills (Plate

1). This member is exposed in a roughly east-west trending belt in the center 1/3 of the

thesis area smaller, isolated patches occur in the southern portion of the area (Plate 1).

Best exposures are along Fork Creek (W 1/2 Sec. 16; SW 1/4 Sec. 9; SE 1/4 Sec. 8,

T12N, R7W), on the ridge separating the Fork Creek drainage and Ellis Creek drainage

(W 1/2 Sec. 21; NE 1/4 Sec. 20; SE 1/4 Sec. 17, TI2N, R7W), and in a slide scarp

above Falls Creek (NE 1/4 Sec. 14, T12N, R7W).

Conformably overlying the Fork Creek member in the thesis area is the Lebam

member of the McIntosh Formation. This member consists of over 600 m of deep-

marine siltstone and mudstone with interbedded subordinate very fine- to medium-

grained micaceous arkosic sandstone. A few basaltic sandstone and some mafic dikes

are also present. These dikes are possibly related to the Grays River Volcanics,

although some may be older and related to late stage activity of the Crescent volcanic

activity. The Lebam member is exposed in the northern 1/3 of the thesis area (Plate 1).

Most of the area underlain by this member consists of low relief, stream dissected

forested hills due to the non-resistant nature of the siltstone and mudstone. For this

reason, the best outcrops are exposed in stream cuts and riverbeds, such as Fork Creek
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(E 1/2 Sec. 8, E 1/2 Sec. 5, TI2N, R7W). Recent slide and slump scarps also expose

strata of the upper member (NE 1/4, NE 1/4, Sec. 15, T12N, R7W).

The McIntosh volcanics member is exposed in the northwest corner of the thesis

area overlying and likely interbedded with, the upper part of the Lebam member of the

Mcintosh Formation. This unit is composed primarily of moderately indurated,

massive to poorly bedded, basaltic tuff and breccia that typically is highly altered to

yellow brown palagonite. Wagner (1967) determined a thickness of 0 to 460 m for this

unit while thickness calculations from outcrops and structural dips in this thesis area

indicate a thickness of approximately 440 m. Laterally, this member is discontinuous

and in fault contact with strata of the Lebam member of the formation (Plate 1). The

best exposure of the McIntosh volcanic member is in the roadcut along State Highway

6 and in cut banks along the Willapa River (NW 1/4 Sec. 6, T12N, R7W and NE 1/4,

Sec. 1 T12N, R8W).

Age and Correlation

Forty six samples of the Mcintosh Formation from the thesis area were sent to

Dan McKeel of Waldport, Oregon (a micropaleontology consultant) for species

identification of Foraminifera, age determination and paleoecological information.

Based upon the species identified (Appendix HI), the McIntosh Formation in the thesis

area is of middle to upper Eocene (upper Ulatisian to upper Narizian) age (McKee!,

writ. comm., 1992).

Foraminifera collected from the Fork Creek member of the McIntosh Formation

in the thesis area range from upper Ulatisian to lower Narizian (Benthic Foraminiferal

Stages of Mallory, 1959). The Ulatisian Foraminifera occur in the lower portion of the

member where it is interbedded with pillow basalt of the Crescent Formation (Sample

SM 9 1-85, SW 1/4, Sec. 16 T12N, R7W). Foraminifera collected from the Lebam
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member of the formation also indicate a predominantly lower Narizian age (McKeel,

wriL comm., 1992). Upper Narizian fauna are identified in approximately the topmost

150 m of the Lebam member exposed in Fork Creek (Samples; Wagner 48 and 12,

1964) (SW 1/4, NW 1/4, Sec. 5, T12N, R7W) (Wagner, 1967).

These ages correlate well with foraminiferal data from Snavely and others (1951;

1958) and Rau (1958) which suggest a middle to upper Eocene age (Ulatisian to upper

Narizian) for the McIntosh Formation in the type locality and the Centralia-Chehalis

Basin. Foraminifera from the Stillwater Creek member of the Cowlitz Formation

(Henriksen, 1956) correlate well with the McIntosh Formation exposed in the thesis

area. The lower 1000 m of the Stillwater Creek member has fauna assigned to the

lower to middle Narizian stage while the upper 180 m is restricted to the upper Narizian

(Rau, 1958).

Molluscan fossils collected from the Fork Creek member of the McIntosh

Formation were analyzed by Ellen Moore (Courtesy Research Associate of Geology at

Oregon State University; USGS retired). Fragments of the pelecypod Acila sp. were

identified, along with other unidentified nuculanids (Saccella ? sp.; Portlandia ? sp.;

Yoldia? sp.). Based on these identifications, no further restrictions can be made on the

age of the McIntosh Formation in the thesis area, except that these faunas are different

from those collected in the overlying Lincoln Creek Formation (E.Moore, writ.

comm., 1992: Appendix IV)

Radiometric dates from oceanic basalts of the Crescent Formation in the thesis

area indicate an average age of approximately 55-53 Ma (Appendix X) (Duncan, writ.

comm., 1992). A porphyritic basalt sill of Crescent chemistry that intruded in the

upper portion of the Fork Creek (SM 9 1-224; NE 1/4, NE 1/4, Sec. 14, T12N, R7W)

member gives a radiometric age of approximately 48 Ma, while a dike of Gray River

chemistry intruding massive basalts of the Eocene Crescent Formation (Sm 9 1-139;

SW 1/4, SE 1/4, Sec. 27, T12N, R7W) gives and age of approximately 41 Ma



91

(Appendix X) Thus, the McIntosh Formation is age bracketed between the early to

middle Eocene (Ulatisian) basalts of the Crescent Formation and the overlying

Oligocene (Refugian) Lincoln Creek Formation (Armenirout et aL, 1983). The age of

the micaceous arkosic strata of the Fork Creek member of the McIntosh Formation is

well constrained between the radiomeiric dates of the Crescent Formation (53 to 55 Ma)

and the Crescent sill located near the top of the member at 48 Ma.



Lithology and Contact Relations

Fork Creek Member

In the thesis area, the most continuous section of the Fork Creek member

(informal) of the McIntosh Formation is exposed in the bed and banks of Fork Creek

(W 1/2, Sec. 16; SE 1/4, Sec. 8, T12N, R7W). This section can be acessed by the

Fork Creek mainline logging road off of State Highway 6 (NW 1/4, Sec. 6 T12N,

R7W). At this location, 460 m of well-indurated, fine- to coarse-grained, rhythmically

bedded to massive, micaceous arkosic turbidite sandstone with minor intercalated

siltstone and mudstone was measured (Fork Creek measured Section; Plate 2). The

sandstone to shale ratio of the Fork Creek member is about 2:1. In the lower portion of

this section, moderately- to well-indurated arkosic and basaltic sandstones are

interbedded with pillow basalts of the Crescent Formation. Numerous, fine to coarsely

crystalline, basaltic dikes and sills, which intruded the member have been discussed in

detail along with the Crescent Formation in the earlier section on volcanic rock units.

The arkosic sandstones in this member are generally well-indurated, light gray (N

7) to medium gray (N 6) when fresh and grayish orange (10 YR 7/4) to moderate

yellowish brown (10 YR 5/4) and more friable when deeply weathered, they are locally

pebbly. These moderately to poorly sorted sandstone beds commonly appear

structureless, but upon close examination, sedimentary structures characteristic of

turbidite deposits (Bouma sequences Tabcd) can be distinguished. These sedimentary

structures are best observed in the scarp of a recent slide above Falls Creek (Falls Creek

slide measured Section (Appendix IX); NE 1/4, Sec. 14 T12N, R7W; logging road A

3054) (Figure 27). Exposed in this section are normally graded, moderately indurated

sandstone beds which which have sharp bottom contacts and fine upwards from

medium- and coarse-grained to pebbly sandstone to fine-grained sandstone (Bouma

92
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Figure 27 a). View to the east off logging road A 3054 across Falls Creek of recent

slide scarp exposing micaceous arkosic turbidite sandstone beds of the Fork

Creek member (informal) of the McIntosh Formation. (Falls Creek Slide

measured section; NE 1/4, Sec. 14, T12N R7W). b). Close up view of

rythmic to massive bedding characteristic of micaceous arkosic sandstone

sandstone and intercalated mudstone exposed in the scarp of Falls Creek

slide. Five ft. Jacobs staff for scale.
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Figure 28. Close up of Bouma Tabc sequence exposed in the arkosic micaceous

turbidite sandstone beds in the Fork Creek member (informal) of the

McIntosh Formation. Note scoured and loaded bases of turbidite beds with

graded bed of well rounded, pebble sized chert and metamorphic quartz

grains to arkosic sandstone. The convolute tops of some beds is formed by

concentration of carbonaceous plant material and micas. Bed approxiately

0.5 m thick.
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Ta). At the tops of some graded beds (Figure 27), concentrations of carbonaceous

material and mica are found in thin zones (2 to 10 cm) of planar to convolute bedding

(Bouma Thc). Well rounded coarse sand to fine pebble sized (0.5 to 16 mm) white to

greenish gray quartz and chert grains are concentrated near the base

of some sandstone beds and fill small scours and load casts (Figure 28). Mudstone

clasts and rip ups are also fairly common in the turbidite beds. They generally range in

size from about 5 mm to over 20 cm in length. Individual sandstone beds range in

thickness from approximately 12 cm to 13 m and typically have sharp irregular bases

and gradational tops which may be locally bioturbated. The thicker beds are possibly

amalgamated turbidites (Bouma Ta-a). Two distinct thinning and finning upward

sequences are discerned within the Fall creek slide measured section (Figure 29).

These sequences may represent gradual filling and abandonment of a submarine fan

channel (Walker, 1984), although no distinct channeling is observed within the limited

exposure of the outcrops. These thinning and finning upward sequences, Bouma

sequences, and their significance are discussed in detail in the depositional environment

section. Small spherical calcareous concretions (5 to 20 cm in diameter) and

discontinuous lenticular calcite-cemented concretionary ledges are fairly common in the

micaceous arkosic sandstones.

Basaltic sandstones in the Fork Creej member tend to be closely associated with

the interbedded pillow basalts in the lower portion of the member (Fork Creek

measured section; Plate 2). These beds are typically coarse to very coarse-grained,

poorly sorted and range in thickness from 1 m to 3 m. Clasts within these sandstones

are subangular to subrounded basalt lava and scoriaceous basaltic glass fragments

cemented by diagenetic clays and zeolites (Figure 30). In comparing these basaltic

sandstones with the hyaloclastic basalt breccias described earlier within the Crescent

Formation, these basaltic sandstones are generally finer grained, better sorted, and have

a high percentage of mixed basalt lava clasts and basaltic scoria whereas the
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arkosic sandstone,
Basal portion of bed contains abundant fine chert and quarszise pebbles (2 to
10mm.). Mudstone rip-ups are common, with rare mudstone clans to 15
cm. diameter, ellipsoidal concretions common, generally $ cm. 1020cm.
diameter.

Figure 29. Falls Creek Slide measured section (NE 1/4, Sec. 14, TI 2N R7W). Note

well defined thinning and fining upward sequences.
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hyaloclastites are composed of predominantly scoriaceous basaltic glass. Another

significant difference is that the clasts in the basaltic sandstones are rounded, indicating

some transport and / or reworking of the basaltic sands. The clasts in the hyaloclastite

deposits are typically angular, indicating little or no transport. No sedimentary

structures were observed within the basaltic sandstone beds indicative of deposition by

turbidity currents, and the close association with the submarine pillow basalts suggests

that they are intrabasinal or of local origin.

Interbedded with the sandstones in the Fork Creek member (informal) of the

McIntosh Formation are thinly laminated to massive, micaceous, foram bearing, deep-

marine mudstones, and siltstones, that range from 3 cm to 10 m thick. These fine-

grained strata are generally olive black (5 Y 2/1) in color when fresh, but when

weathered generally appear mottled with colors ranging from light olive gray (5 Y 6/1)

to dark yellowish orange (10 YR 6/6). The mudstone and siltstone weather to a fine

chippy talus so bedding and sedimentary structures are typically not well preserved in

weathered outcrops, therefore roadcuts more than a couple of years old are of limited

value. The freshest exposures are located in creek beds such as Fork Creek (W 1/2,

Sec. 16 and SE 1/4, Sec. 8 T12N, R7W). Very fme-grained arkosic to micaceous

sandstone layers 1 to 6 cm thick are observed in the mudstone and siltstone. These

sandstone layers are generally discontinuous with planar to convolute and fine

microcross-laminations (Figure 31). Abundant foraminifers are preserved in these fine-

grained strata (as discussed in the age section and shown in Appendix III), although

they are not readily observed in hand sample. Bioturbation is fairly common in some

fresh exposures resulting in a massive, mottled appearance of the strata. The McIntosh

Formation locally contains articulated and disarticulated pelecypods (Acila sp.:

unidentified nuculanids; Saccella ?, Portlandia ?, and Yoldia ?) identified by E. Moore

(1992, writ. comm.: Appendix IV).
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Figure 30. Cut slab of coarse- to very coarse-grained, poorly sorted, basaltic

sandstone (SM 91-87).This basaltic sandstone interfingers with the upper

most pillow basalt of the Eocene Crescent Formation interbedded with

arkosic sandstone in the lower portion of the Fork Creek member (informal)

of the McIntosh Formation (Fork Creek measured section SW 1/4, Sec. 16,

T12N R7W; Creek bed). Dime for scale
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Snavely (1987), suggested that the McIntosh Formation unconformably overlies

a siltstone and sandstone unit (i.e., Sandstone at Meglerof wells, 1989) that interfingers

with basalts included in the upper part of the Crescent Formation (ie. Basalt Flows at

Fort Columbia). In reviewing structural data from Pease and Hoover (1957) an

unconformity is apparent between their lower and upper McIntosh members. Thus, he

believes that only their upper member is correlative with the type McIntosh. Wells

(1981) proposed a local unconformity between the lower and upper members in the

eastern Willapa Hills. This mapping study did not see any evidence of an unconformity

between the 2 units (Lebam and Fork Creek members). both units have correlative

structural attitudes (Plate 1); and contain similar arkosic micaceous turbidite sandstone

and mudstone in varying proportions.

In the thesis area, no unconformity is evident between the Fork Creek and

Lebam members of the McIntosh Formation. Furthermore, foraminiferal data from this

area seems to correlate well with data from the McIntosh Formation at the type locality

and in the Centralia-Chehalis area (Snavely et al., 1958; Rau, 1958) and shows no

evidence of an unconformable relationship between the two members.

Previous workers have indicated that the lower portion of the McIntosh

Formation is interbedded with basalts of the Crescent Formation (Pease and Hoover,

1957; Wolfe and McKee, 1968; and Wells, 1981). This relationship is observed at

two locations in the thesis area where fine- to coarse-grained, micaceous arkosic

sandstones of the Fork Creek member are interbedded with pillow basalts chemically

equivalent to those of the Crescent Formation (Fork Creek Measured Section, Plate 2,

SW 1/4, Sec. 16 T12N, R7W; SW 1/4 Sec 29, T12N, R7W).



Lebam Member

The Lebam member (informal) of the McIntosh Formation consists of

predominantly deep-marine mudstone and siltstone with subordinate thin to medium

bedded, very fine- to medium-grained, micaceous, arkosic turbidite sandstone. Minor

basaltic sandstones and mafic intrusions are also present in this member (Plate 1). Due

to the non-resistant nature of these typically fine-grained rocks, the freshest exposures

occur in stream beds such as Fork Creek (E 1/2 Sec. 8, Sec. 5, T12N, R7W), where

over 600 m of upper McIntosh strata were measured (Fork Creek measured Section;

Plate 2). A 15 m section of the Lebam member consisting of siltstone and mudstone

with iythmically bedded very fine- to medium-grained micaceous arkosic turbidite

sandstone (Appendix IX) is exposed in a recent slide scarp (NW 1/4, NW 1/4, Sec. 15,

T12N, R7W; logging road A 2800).

The mudstone and siltstone of the Lebam member is generally well indurated and

olive gray (5 Y 4/1) to olive black (5 Y 2/1) in color in fresh exposures. In weathered

outcrops, such as road Cuts, these sedimentary rocks are generally pale yellowish

brown (10 YR 6/2) to light brown (5 YR 5/6) and show significant brownish black (5

YR 2/1) manganese oxide (?) staining on weathered parting surfaces. Mica is

commonly disseminated throughout the samples. Outcrops are typically structureless

but may also appear moderately well-bedded to thinly laminated. Bedding is sometimes

distinguished by thin, discontinuous, planar to convolute and microcross-laminated

(Bouma Tbc de?), very fine- to fine-grained, arkosic sandstone layers within the

siltstone and mudstone (Figure 31). Small (5 to 10 cm) spherical concretions and thin

(2 to 10 cm) lenticular calcareous concretionary beds are common in this unit.

No molluscan fossils were found in strata of this member in the thesis area

although these rocks have a rich assemblage of Foraminifera that allow good
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Figure 31. Thin, discontinuous, very fine-grained micaceous arkosic sandstone beds

with intercalated deep-marine, foram-bearing, mudstone in Lebam member

of the McIntosh Formation (NE 1/4, NW 1/4, Sec. 14, T12N R7W). Note

planar to convolute bedding and fine microcross-laminations in the turbidite

sandstones overlain by mudstone (Bouma Tbcd-e?).
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determination of age and paleobathymetry for these rocks (McKeeI, pers. comm.,

1992). Some massive mudstones and siltstones have a mottled appearance due to

bioturbation and in some samples distinct small hook-shaped Helminthoida ? trace

fossils are present.

In the lower portion of the Lebam member a 30 m sequence of bioturbated

mudstone and channelized fme-grained arkosic sandstone is exposed in a cut bank

along Fork Creek (SE 1/4, NE 1/4, NE 1/4, Sec. 8, T12N, R7W: 525 to 555 m. Fork

Creek measured section). In this sequence, rhythmically bedded, fine- to very fine-

grained micaceous arkosic sandstones are channelized into the underlying bioturbated

mudstone (Figure 32). Individual sandstone beds range in thickness from about 3 cm

to 40 cm in a well defined thinning and fining upward sequence. The sandstone beds

typically exhibit planar to convolute bedding at the base and planar to fine microcross-

laminations, near the tops of the beds (Bouma Tbcd). The laminations are due to

alignment of mica flakes and fine carbonaceous material. Intercalated mudstones

typically contain well developed Helminthoida ? burrows; suggesting oxygenated

conditions in the deep-marine basinal muds (Figure 33).

Isolated very coarse- to medium-grained, basaltic sandstone turbidite beds are

exposed stratigraphically higher in Fork Creek (795 m, Fork Creek measured section).

These sandstone beds are generally poorly to moderately sorted, range in thickness

from 10 cm to 1 m and display normally graded bedding with overlying planar to

convolute bedding (Bouma Tabc sequence). Framework grains primarily consist of

altered, angular to subrounded volcanic rock fragments, some of which appear

scoriaceous. Plagioclase and minor quartz grains are present as well as glauconite.

These turbidite beds are exposed in a well developed thinning arid fining upward

sequence approximately 4 meters thick. Very coarse- to fine-grained basaltic

sandstones are also present near the top of the Fork Creek section (996 m; Fork Creek

measured section). These basaltic sandstones may represent early activity of the
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Figure 32. a) Channelized, very fine- to fine-grained micaceous arkosic turbidites

truncating bioturbated mudstones in the lower portion of the Lebam member

of the McIntosh Formation (SE 1/4, NE 1/4, NE 1/4, Sec. 8, T12N, R7W

Fork Creek measured section; creek bank). Note contorted slump structure

in mudstone. b) Well-defined thinning and fining upward sequence in the

channelized turbidite sequence. Hammer in lower center for scale.



Figure 33. Close up of individual fine- to very fine-grained, micaceous arkosic

turbidite sandstone bed from channelized sequence shown in Figure 32.

Note well-defined Bouma T bcd (e) ? sequence. Upper mudstone portion

of bed (Bouma T e?) is bioturbated and shows distinctinve hook-shaped

Helminthoida (?) burrows indicative of poorly oxygenated bathyal water

depths. Dime for scale.
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volcanic system responsible for the material deposited as the overlying McIntosh

Volcanics member.

Thin (1 to 11 cm), tuffaceous layers are interbedded with the mudstone and

siltstone in the Lebam member of the McIntosh Formation. These tuffs are typically

weathered to a yellowish gray (5 Y 8/1) to light olive gray (5 Y 6/1) clay. Tuff layers

appear to increase in frequency with higher stratigraphic position in this member. A 10

cm thick tuff layer (Fork Creek Mainline; Center SE 1/4 Sec. 5 T12N, R7W) has been

sampled by Sam Johnson of the USGS for petrography and possible fission track

dating (Johnson, pers. comm., 1992).

The contact between the Fork Creek and Lebam members of the McIntosh

Formation is generally a distinct and sharp transition from a sandstone dominated lower

sequence to a predominantly siltstone and mudstone upper sequence. Wells (1981)

indicated that a local unconformity exists between the two members elsewhere but that

relationship is not evident in this area. Based on foraminiferal analysis the two

members are conformable (apparent smooth transition from upper Ulatisian to upper

Narizian age; McKeel pers. comm., 1992). Comparison of structural attitudes and

similar although propotionaly different lithologies between the two units (Plate 1) also

indicates a conformable relationship.

The depositional contact between the Lebam member and the overlying McIntosh

Volcanics member is not well exposed in the thesis area but may be gradational or

interfingering based on the basaltic sandstone and tuffs observed in the Lebam member

exposed along Fork Creek (Fork Creek measured section; Center Sec. 5, T12N,

R7W). The inferred contact between the two members (NE 1/4, Sec. 6, T12N, R7W)

is based upon a combination of outcrop pattern, regional structural attitude, soil

character, and topography.



McIntosh Volcanics Member

In the thesis area, the McIntosh volcanics member is best exposed in an

approximately 100 m long roadcut along State Highway 6 (NW 1/4, Sec. 6, T12N,

R7W), 3 km west of the town of Lebam (Figure 34). Other outcrops are located along

Fork Creek (SW 1/4, NW 1/4 Sec. 5, T12N, R7W) and on the west side of a small hill

along the central western edge of Section 6, T12N, R7W (Plate 1). The McIntosh

voicanics member consists of well indurated massive fragmental basaltic tuff and

volcanic breccia that is typically altered to and cemented by palagonite (?) and other

secondary clays. The ridge or ledge forming deposit is generally faintly bedded, very

poorly sorted with subangular to subrounded, pebble to medium sand-sized basalt

fragments (approximately 40% scoriaceous) and scattered augite crystals to 4 mm in

size (Figure 34). The color of this deposit varies from moderate yellowish brown (10

YR 5/4) when weathered to olive gray (5 Y 3/2) when fresh. The outcrop exposed in

the roadcut along Highway 6 exhibits a well-developed vertical joint pattern that trends

roughly 320°-140°and is likely associated with NW-SE trending faults mapped nearby

(Plate 1).

Wagner (1967) mapped the McIntosh Volcanics member as a laterally

discontinuous lenticular deposit 0 to 460 m thick, interbedded with deep-marine

mudstone and siltstone of his upper member of the McIntosh Formation. The

interbedded relationship of the two units was not discernible in the thesis area. The

contact with the underlying deep-marine siltstone and mudstone of the Lebam member

is not well exposed and is largely inferred as discussed in the previous section.

Laterally, this deposit is truncated by faulting and juxtaposed against fine-grained strata

of the Lebam member and Lincoln Creek Formation (Plate 1). The upper contact of the

McIntosh Volcanics member is not exposed in this area.
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Figure 34. Coarse grained,very poorly sorted, basaltic sandstone of the Mcintosh

Volcanics member (informal) exposed in roadcut along State Highway 6

approximately 2 miles west of Lebam Washington (NW 1/4, Sec. 6,T12N

R7W). Pickup tuck for scale.



Petrography

Twenty four thin sections from outcrop of the McIntosh Formation were

analyzed petrographically. These consist of 18 thin sections from the micaceous

arkosic and basaltic sandstones in the Fork Creek member of the formation, including 2

thin sections of basaltic and arkosic sandstones interbedded in a thick sequence of

pillow basalts of the Eocene Crescent Formation (SM 91-176 and SM 91-177). Four

thin sections were examined from the Lebam member of the formation (Table 2). Most

samples were from measured sections with a few from isolated outcrops in the thesis

area.

In addition, one thin section from near the type locality of the McIntosh

Formation was examined. At this location (SE 1/4, Sec 18, T16N RIW), near the

town of Tenino, Washington, 75 m of cross-bedded, arkosic sandstone in the upper

portion of the formation is exposed in a rock quarry. One thin section was also

examined from the middle Eocene sandstone at Megler (Wells, 1989) which may be age

and lithologically equivalent to the Fork Creek member (informal) of the McIntosh

Formation. This rhythmically bedded fine-grained, thick bedded, turbidite sandstone

and siltstone unit was sampled in a road cut along Washington State Highway 4 along

the Columbia River (Center Sec. 24, T9N, R1OW). This unit is interbedded with

pillow basalts of the Basalts of Fort Columbia (Wells, 1989). These basalts have

previously been correlated with basalts of the Crescent Formation (Snavely, 1987;

Walsh et al., 1987) but recent geochemical analysis indicate that they are chemically

equivalent to the high titanium, late Eocene Grays River volcanics (Phillips et al., 1989)

(see geochemistry of igneous rocks section). Both sandstone samples were compared

petrographically to the samples of the McIntosh Formation from the thesis area.

Thin sections were cut normal to bedding and impregnated with blue epoxy to aid

in identification of porosity. Feldspar staining techniques (after Laniz et al., 1964)
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Table 2. Modal analyses of sandstones in the thesis area from the McIntosh and Lincoln Creek formations and selected

equivalent sandstones in southwest Washington.

* denotes visual
estimation of

modal abundance

Grain size
Overall sorting

SM 91-
24

Fork Creek
Member

FS

IfPS

SM 91-
25

Fork Creek
Member

Pv

l

SM 91-
26

Fork Creek
Member

PMS

SM 91-
29

Fork Creek
Member

FS

SM 91-
36

Lebam
Member

CS

PS

SM 91-
47

Lebam
Member

VFS

SM 91-
56

Lebam
Member

VFS

SM 91-
67*

Lebam
Member

CS
MPS

Monocrystalline
quartz

Polycrystalline
quartz
Chert

22

12
trace

25

5

I

23

13
I

20

10
trace

21

8
5

25

1

trace

-

-

trace

-

-

Plagioclase
feldspar

Potassium
feldspar
Biotite

Muscovite
Clinopyroxene

Hornblende
Carbonaceous

debris
Glauconite

Opaque minerals

Rock fragments
Volcanic

Metamorphic
Granitic

Total
feldspar

25

10
trace

xx
3

-

-
2

8

-
-

20

12
5

trace
4
2

-

-

trace

5

-

-

24

6
4

1

1

-

trace
-

-

6
4
3

Total
feldspar

30

5

I
-

1

trace
-

3

5

trace
-

21

2
2

1

1

trace

-

-

-

10
3
-

22

9
2
3

trace
trace

10
-

1

-

-
-

15

-

-

-

-

-

-

3

1

38
-

-

trace

-

-

-

-

-

-

-

-

70
-
-

Cements
Authigenic clays

Calcite
Zeolite

Feldspar overgrowths
Pore space

Unknown

10
-

-

-

4

5

6

-

-

-

1 5

-

5

2

trace
-

7

-

5
-

-

-

1 5

5

20
-

-

-
3

3

1 0
15
-

-
trace

2

2
40

-

-

-

1

18
12
-

-

trace
-

TOTAL 101 100 100 100 100 100 100 100



Table 2 continued.

* denotes visual
estimation of

modal abundance

SM 91-
68

Lebam
Member

SM 91-
81

Fork Creek
Member

SM 91-
:84

Fork Creek
Member

SM 91-
87

Fork Creek
Member

SM 91-
92

Fork Creek
Member

SM 91-
106

Fork Creek
Member

SM 91-
125

Fork Creek
Member

SM 91-
127

Fork Creek
Member

SM 91-
148*

Fork Creek
Member

Grain size FS FS CS VCS FS FS l l FS

Overall sorting PS l,E PMS PS PS MPS

Monocrystalline
quartz - 22 - - 25 20 20 21 25

Polycrystalline
quartz - 11 - - 5 6 8 6 10

Chert - 2 - - trace 1 4 3 trace

Plagioclase
feldspar - 29 - 5 25 22 19 23 Total

feldspar
Potassium 22

feldspar - 5 - - 10 7 3 4

Biotite - 4 - - 6 3 3 5 5

Muscovite - trace - - trace 1 - 1 1

Clinopyroxene - 2 2 5 3 I trace trace 1

Hornblerids - trace trace - - 2 - - trace
Cwbonaceous

debris - xx - - - - - - -

Glauconite - xx - - - 3 - - -

Opaque minerals 3 xx 2 3 trace I - trace trace
Rock fragments

Volcanic 58 6 60 58 10 2 9 7 1

Metamorphic - 4 - - 2 - 1 2 trace
Granitic - trace - - - - - trace -

Cements
Authigenic clays 4 5 1 5 1 5 10 trace 1 15 4

Calcite 35 - - 4 trace 30 30 - 18

Zeolite - 8 20 10 trace trace trace trace 12

Feldspar overgrowths - - - - - - - - trace
Pore space - 1 - - trace - trace 11 trace

Unknown - - - - 5 3 1 - 2

TOTAL 100 99 99 100 101 102 99 98 101



Table 2 continued.

* denotes visual
estimation of

modal abundance

Grain size
Overall sorting

SM 91-
156

Fork Creek
Member

PS

SM 91-
160

Fork Creek
Member

CS

PS

SM 91
175

Fork Creek
Member

CS

PS

SM 91-
176

Interbed in
Crescent Fm.

CS
lVS

SM 91-
177

Interbed in
Crescent Fm.

PS

SM 91-
185

Meglar SS

FS

PS

McIntosh
Formation

Tenino
Quarry

CS
PS

SM 91-
216

Lincoln
Creek Fm.

FS

MPS

SM 91-
217

Lincoln
Creek Fm.

FS

MPS

Monocrystalline
quartz

Polycrystalline
quartz
Chert

20

7
2

19

8
7

25

6
4

10

2
3

13

8
1

26

5

trace

19

8
3

30

1

1

16

1

Plagioclase
feldspar

Potassium
feldspar
Biotite

Muscovite
Clinopyroxene

Hornblende
Carbonaceous

debris
Glauconite

Opaque minerals
Rock fragments

Volcanic
Metamorphic

Granitic

Total
feldspar

25

3

trace
trace
trace

-

-

1

5

2
-

19

3

1

1

-

-

-

-

trace

7
1

trace

30

1 0

1

1

trace
-

-

-
1

8

3
trace

5

-

-

-

5

trace

-

-
2

60
trace

-

26

7
2

trace
-

-

trace
-
-

13
4

trace

20

8
4

2
-

-

-

-

2
trace
trace

28

4
trace

-

-

-

-

-

-

14
4
4

Total
feldspar

20

trace
trace

1

3

-

12
5

5

trace
-

22

3
trace

trace
4

3; siltstone
burrow filling

16
4

10
-

-

Cements
Authigenic clays

Calcite
Zeolite

Feldspar overgrowths
Pore space

Unknown

18
-

6
-

5
3

4
24
-

-

5

-

7

-

trace
-

1

-

1 0

trace
-

-

trace
2

4
18

trace
-
3

-

1 6

11

trace
-

4

-

9
-

trace
-

7

-

7

10
-

trace
trace

5

1 4

trace
-

-

4

-

TOTAL 97 99 97 99 99 98 100 100 96
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were used to aid in distinguishing feldspar compositions. Modal abunthnces were

visually estimated for all thin sections and representative samples were selected for

point counting using a mechanical stage. Five hundred points were counted in each

thin section, and were categorized into 21 variables (Table 2). Polished thin sections

were prepared of seven samples, and mineral compositions (feldspars and pyroxenes)

were determined by electron microprobe analysis by the author. Quantitative mineral

compositions determined with the microprobe were useful in comparing sandstones

from the thesis area with Eocene sandstone compositions elsewhere and in determining

provenance.

Fork Creek Member

The Quartzo-feldspathic sandstones in the Fork Creek member are predominantly

fine- to medium-grained and moderately sorted. Framework grains are cemented with

authigenic clays, calcite, and zeolite (Figure 35). Primary depositional matrix accounts

for less than 5% of the total rock volume; while secondary clays and cements account

for up to 30% of the well indurated sandstone. Framework grains are angular to well-

rounded, being typically subangular. These sandstones generally consist of subequal

amounts of quartz and feldspar, and classify as arkose and lithic arkose on the

sandstone classification scheme of Folk (1974) (Figure 36). The feldspars include both

plagioclase and potassium feldspar, with plagioclase typically more abundant by a ratio

of slightly over 3:1. Lithic grains are less common than quartz and feldspar, but are

locally abundant (e. g., basaltic sandstones). Lithics are mostly volcanic rock

fragments (basalt), although, low grade metamorphic and silicic plutonic rock

fragments also occur in some samples. The rocks are micaceous with predominantly

ductily compacted biotite and lesser amounts of muscovite.



Figure 35. Photomicrograph of micaceous arkosic turbidite sandstone in the Fork

Creek member of the McIntosh Formation (SM 9 1-29). Note subangular

monocrystalline quartz grains and partially altered feldspar grains. Skeletal

feldspar grain with secondary modal porosity formed by diagenetic

dissolution of framework grain. Porosity is stained blue.
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The basaltic sandstones in the lower portion of the member are coarse- to very

coarse-grained, moderately to poorly sorted, and are primarily composed of volcanic

rock fragments cemented by a combination of pore rimming authigenic green to brown

clays (chlorite and / or nontronite ?) and later stage, pore-filling zeolites and / or sparry

calcite (Figure 37). Volcanic rock fragments include subequal amounts of pilotaxitic to

intersertal basalt ( basaltic andesite ?) and scoriaceous basaltic glass, both of which

generally show extensive alteration to authigenic greenish brown clay minerals. Clast

shape ranges from angular to rounded but is dominantly subangular. Detrital grains of

plagioclase and monocrystalline and polycrystalline quartz are present in some basaltic

sandstones. These sandstones are classified as litharenites (Folk, 1974) (Figure 36).

Composition

Quartz grains in the arkosic and lithic arkosic sandstone in the Fork Creek

member of the McIntosh Formation are predominately monocrystalline with straight to

undulatory extinction and account for 19 to 25% of the total rock. The grains are

generally subangular and appear fresh with no apparent rounded pre-existing

overgrowths; therefore, these grains are interpreted to represent primary, non-recycled

detritus. Polycrystalline and microcrystalline quartz (chert) are less abundant and

generally comprise 5 to 15 % of the total rock (Table 2). In the polycrystalline quartz

grains, individual crystallites may be either elongate or subequant and have straight to

slightly undulatory extinction and straight to microcrenulated contacts. The nature of

these strained and sutured composite quartz grains may suggest a metamorphic origin

for many of these detrital fragments. Chert grains are generally rounded to well

rounded and some have spherical filled chambers of radiolaria preserved in them.

Feldspar grains include both plagioclase and potassium feldspar and account for

22 to 44% of the total rock. Plagioclase is more abundant (19 to 30%)



Subarkose Subiithic arkose

Lithic arkose
Feldspathic
litharenite

Litharenite

Compositional field for Arkosic Mcintosh sandstones in thesis
area

Compositional field for basaftic Mcintosh sandstones in thesis
area
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G Fork Creek
member
Mcintosh Fm.

Lebam member
Mcintosh Fm.

o Sandstone at Megiar
(Wells, 1979)

Mcintosh Fm.
(Type locality)

Lincoln Creek Fm.

Figure 36. Folk's (1974) sandstone classification scheme applied to the McIntosh and

Lincoln Creek formations in the thesis area. Also, note arkosic and lithic

arkosic sandstone samples plotted from near the type locality of the

McIntosh Formation and from the age equivalent Eocene sandstone at

Megler (Wells, 1989).

0
0



116

than potassium feldspar (3 to 12%), which includes both microcine and untwined

orthoclase.

Plagioclase grains are typically subangular and commonly display both albite and

Carlsbad twinning. Some grains show distinctive oscillatory compositional zoning.

Untwinned plagioclase can be distinguished from quartz by its cloudy appearance,

cleavage and biaxial optic figure. In addition, thin sections were stained with an

amaranth red dye solution which stains plagioclase (except albite) a grape-red color.

This dye is not specific to plagioclase so other calcium-bearing minerals also react.

Alteration of the plagioclase grains to clay minerals (smectite ?) is typically concentrated

along cleavage planes and gives the grains a cloudy and dusky appearance in plane

polarized light. In some samples, partial to complete diagenetic dissolution of

plagioclase grains has formed moldic to intragranular porosity (Figure 35).

Quantitative chemical abundances were determined by the author for 23 detrital

plagioclase grains from 2 arkosic sanddstone samples from the Fork Creek member of

the McIntosh Formation (SM 91-8 1 and SM 91-24) using an electron microprobe at the

Oregon State University College of Oceanography. On the basis of sodium to calcium

ratios, the grains are oligoclase and andesine (An 16 - rj). The core of one plagioclase

grain was altered to albite (An i). Two plagioclase microlites in a volcanic rock

fragment within the sandstone were analyzed and classify as calcic oligoclase and

andesine (An 29 - 35).

Potassium feldspar grains in micaceous arkosic sandstones consist of both

microcline and untwinned orthoclase feldspar and range from 3 to 12% in modal

abundance. Microcline is readily identified by its characteristic grid-iron or cross-

hatched twinning. Untwinned orthoclase is distinguished from quartz by its generally

cloudy appearance in plane light, alteration along cleavage planes, and biaxial negative

optic figure. Potassium feldspars were also stained using a saturated cobaltinitrite
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Figure 37. Photomicrograph of basaltic sandstone located if the lower part of the Fork

Creek member of the McIntosh Formation (SM 9 1-87; Plate 2). Note

altered, angular to subrounded basalt clasts many with pilotaxitic flow

texture, with large plagioclase and augite phenocrysts.
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solution which stains it a bright rusty-yellow color. Potassium feldspar grains are

generally fresh to moderately altered and subangular.

The arkosic sandstones are typically micaceous, although mica content is variable

(2 to 10%). Micas are generally aligned subparallel to bedding and concentrated in the

finer-grained upper portions of turbidite beds (due to the greater hydraulic equivalence

of mica flakes to finer grain sizes). Most of the mica in these rocks is biotite (1 to 10%)

while muscovite is generally present in trace amounts (0 to 1%). Biothe is recognized

by its brown color, excellent cleavage, and strong reddish-brown to brown

pleochroism. Biotite ranges from fresh elongate crystals to highly altered grains with

frayed ends, undergoing partial to complete chloritization. Muscovite is recognized by

its elongate crystals, well developed cleavage, bright blue and yellow birefringence

with distinctive "birds eye" extinction, and colorless, non-pleochroic nature in plane

light. Muscovite is more resistant to alteration and generally appears fresh. Both

biotite and muscovite show evidence of ductile deformation due to burial compaction by

overlying sediments during lithification.

Lithic framework grains in the sandstones consist of predominantly volcanic rock

fragments; while metamorphic and plutonic rock fragments are less abundant.

Sedimentary rock fragments are rare in the thin sections examined but are locally

abundant in outcrop and hand sample as mudstone rip-ups in turbidite sandstone beds.

In thin section, some highly altered volcanic rock fragments are deformed into the

interstices between more resistant quartz and feldspar grains during compaction to

form pseudomatrix of Dickinson (1970). These altered volcanic rock fragments can be

confused for sedimentary lithic grains but close examination usually reveal ghosts of

plagioclase microlites in a groundmass of greenish brown clay minerals.

Detrital chert grains range in abundance from trace amounts to 7%. Chert grains

are typically rounded to well rounded and some preserve radiolarian spherical chambers

filled with quartz. This suggests that these chert grains are probably recycled from a
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sedimentary source. On Folk's (1974) classification chart (Figure 36), chert is grouped

as a lithic component (rock fragment). In other classification schemes (e.g. Williams,

Turner, and Gilbert, 1954), chert is grouped with quartz. In the case of the Mcintosh

Formation, Folk's (1974) classification scheme appears to best relate classification to

provenance.

The abundance of volcanic rock fragments ranges from 1 to 10% in the

micaceous arkosic and arkosic lithic sandstones of the McIntosh Formation. These

framework grains are dominantly finely crystalline, non-scoriaceous mafic (basaltic and

basaltic andesite) types and exhibit roughly subequal abundances of intersertal and

pilotaxitic textures. VRF's range from relatively fresh to highly altered to secondary

clay minerals (chlorite and / or nontronite ?).

Volcanic and intrusive rock units sampled within the thesis area all show

intersertal to intergranular textures; no pilotaxitic textures were observed. Pilotaxitic

textures are generally more common in subaerial platy basalt and basaltic andesite flows

like the Tillamook Volcathcs in NW Oregon (Mumford, 1988; Rarey, 1985: Safley,

1989) than in submarine pillow basalts such as the Crescent Formation and intrusive

dikes and sills. Thus, these pilotaxitic volcanic framework grains are likely derived

from a extrabasinal source, simmilar to the Northcraft Volcanics. The middle to late

Eocene Northcraft Volcanics primarily consist of subaerial basaltic andesite and

andesite flows that interfinger with the McIntosh Formation to the east, in the western

Cascades and the vicinity of the type locality (Snavely et al., 1958). Other possibilities

for the origin of these pilotaxitic volcanic fragments is erosion from older pre-Tertiary

basalt flows to the north and east of the basin. Intersertal to intergranular volcanic

framework grains generally appear very similar to the igneous rocks in the underlying

Crescent Formation and are likely derived from these older oceanic islands.

Metamorphic rock fragments are moderately common in the sandstones of the

McIntosh Formation (trace to 4%; Table 2). These fragments are generally fine-
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grained, carbonaceous, and micaceous showing aggregate extinction, and may

represent low-grade phyllite grains. Some higher rank, coarser-grained, schist

fragments consisting of elongated quartz and abundant muscovite are also present.

These fragments generally are preserved as elongate, rounded, detrital grains with the

long axis parallel to the micas foliation. Polycrystalline quartz grains were discussed

with the quartz types but many of these grains exhibit strained and microcrenulated

boundaries of the individual quartz crystals which may suggest a metamorphic origin.

Rock fragments of plutonic origin are present in minor quantities (0 to 3%) in the

sandstones in the thesis area. In the coarse-grained, arkosic, fluvial sandstone sampled

near the type locality (Tenino quarry), plutonic rock fragments account for 4% of the

total abundance. Plutonic fragments are generally rounded detrital grains composed of

monocrystaline quartz, plagioclase or orthoclase feldspar , and mica. These grains are

difficult to recognize, but can be distinguished from metamorphic rock fragments by the

lack of preferred crystal orientation and typically larger grain size.

In the Fork Creek member, coarse-grained, poorly sorted basaltic sandstones

(Figure 37) are generally closely associated with interbedded pillow basalts of the

Crescent Formation. Volcanic rock fragments (basalt) account for 58 to 60% of the

volume of these sandstones; cements comprise 29 to 35% of the total rock (Table 2).

Cements are typically authigenic clays (chlorite and/or nontronite ?) (about 15% total

rock), prismatic to blocky, pore-filling zeolites (clinoptilolite and/or laumontite ?) (10 to

20%), and / or sparry calcite (0 to 4%). Other detrital grains include subangular

clinopyroxene (augite) (2 to 5%) and plagioclase (andesine to labradorite; An 38-56)

(0 to 5%). Opaque minerals (2 to 3%) include magnetite and / or ilmenite, iron oxide,

and leucoxene.
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Figure 38. Photomicrograph of calcite cemented, very fine-grained, micaceous, arkosic

sandstone in the Lebam member of the Mcintosh Formation (SM 91-47).

Note abundant parallel aligned mica grains (kinked muscovite and

compacted biotite) and black carbonaceous plant debris.
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Due to the geographic proximity of these sandstones to basalts of the Crescent

Formation and the similarity in composition and texture of the volcanic rock fragments

to the local submarine basaltsbasalts, these sandstones are interpreted to be locally

derived from proximal subaerial paleohighs of the Crescent Formation.

Lebam Member

One thin section of moderately sorted, very fine-grained, arkosic sandstone was

examined from the Lebam member of the McIntosh Formation (Figure 38). This thin

section was sampled from the planar bedded portion of a turbidite bed exposed along

Fork Creek (SM 9 1-47. Plate 2). The composition of this sandstone is similar to that

described earlier for the arkosic sandstones in the underlying Fork Creek member of the

formation. However, this upper sandstone shows an increase in abundance of

muscovite relative to biotite (3:2) and an increase in the abundance of carbonaceous

material compared to sandstones in the lower member. Both of these variations may be

due to the fine grain size of the sandstone and the location sampled (i.e., lower flow

regime of turbidite bed). This sample also has a trace amount of green homblende

along with a lack of detrital grains composed of rock fragments (Table 2). Cements

include early stage recrystallized greenish brown detrital and authigenic clays (chlorite

and / smectite) (10%) and a later stage sparry calcite (15%).

Near the top of the Lebam member of the McIntosh Formation (998 m., Fork

Creek measured section; Plate 2) basaltic sandstone is interbedded with deep-marine

siltstone and mudstone. These basaltic sandstones (SM 9 1-67 and SM 9 1-68) are

composed of angular to subangular intersertal to pilotaxitic basalt and scoriaceous

basaltic glass fragments cemented by authigenic clays and sparry calcite. Most

fragments display a high degree of alteration to green and brown chlorite and / or

nontronite (?) clay. These clays are well crystallized, and radially fill vesicles within



Figure 39. Photomicrograph of sparry calcite cemented, "scoriaceous basaltic tuff'

from the upper part of the Lebam member of the McIntosh Formation (SM

91-68). Note scoriaceous, angular, altered basaltic glass fragments with

plagioclase microlites 'floating' in secondary calcite cement. Vesicles are

filled with fibrous light green chlorite and / or notronite clay.
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the fragments. One sample (SM 91-68) is composed almost entirely of fine-grained

scoriaceous basalt fragments "floating" in secondary sparry calcite cement (Figure 39).

This sample shows well-developed small scale reverse grading in thin section.

The basaltic sandstones sampled in the upper portion of the Mcintosh Formation

are generally composed of a higher percentage of scoriaceous fragments than those

from the lower portion of the formation (approximately 70% versus 30%,

respectively). In addition, the "upper basaltic sandstones" do not appear to be

associated with igneous flows or intrusions as are the "lower basaltic sandstones"(e.g.,

middle Eocene Crescent Formation). Based on these differences, the upper basaltic

sandstones are interpreted to represent eruptive volcanic or hyaloclastic detritus

associated with a later volcanic event. This event may also be responsible for the

basaltic tuff and breccia of the McIntosh Volcanics member exposed in the northwest

corner of the thesis area. One possibility is that these basaltic sedimentary units are

associated with the late Eocene eruption of the Grays River Volcanics and are roughly

equivalent to the aquagene tuffs of that unit described by Wolfe and Mckee (1968;

1972) in the Naselle River Valley (Sec 1 and 2, TI iN, R8W). The lack of other

extrabasinal detritus (e.g quartz, feldspars, and rock fragments)and the abundance of

scoriaceous basalt suggest that these basaltic sandstone hyaloclastic deposits perhaps

formed by nearby phreatic submarine basaltic eruptions (e.g. sloughing of basaltic

scoria off a nearby submarine cone).

Compositional Maturity

The concept of compositional maturity was introduced by Folk (1954) to provide

an indication of the degree of destruction ofchemically unstable mineral or rock

constituents in a sediment. The premise is that in a clastic sequence there is a

compositional continuity, by which, given time and chemical and mechanical
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weathering, a heterogeneous sediment (e. g,. quartz, feldspar, lithic rock fragments,

mica, and mafic minerals, etc..) will be reduced to the most chemically stable mineral

components (i.e., quartz, chert, zircon, and tourmaline).

The arkosic sandstones of the Mcintosh Formation are primarily composed of

quartz, feldspar, rock fragments, chert and mica. Thus, these sandstones are classified

as compositionally submature to mature (Folk, 1954). Compositional maturity of a

sandstone is strongly influenced by provenance. Lithic fragments within the arkosic

and lithic arkosic sandstones of the Mcintosh Formation are composed primarily of

basaltic and basaltic andesite (?) rock fragments, pilotaxitic flow textures with lesser

amounts of metamorphic and plutonic rock fragments. Also included in the formation

are basaltic sandstones which are compositionally very immature, containing

scoriaceous and intersertal basaltic rock fragments. These locally derived basaltic

sandstones and the volcanic lithic components of the more arkosic sandstones may

represent two different source areas (1. calkalkaline lavas in the developing Western

Cascades, Grays river Volcanics, and Challis volcanics of Idaho; and 2. local

seamounts and oceanic volcanic islands of mafic Crescent basalt). In both areas,

mechanical weathering dominated over chemical weathering, and there was high relief.

There was mixing with sediment from distant acidic plutonic and low-grade

metamorphic sources via coalescing river systems (see further discussion in provenance

section).

Textural Maturity

Folk (1951) proposed the concept of textural maturity, a classification scheme

based on the degree to which a sand is free of interstitial clay and the degree of sorting

and rounding of the framework grains. The three stages of textural maturity are based

on the idea that during erosion and transport, clay is first removed, then framework
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grains are sorted and with increased transport they are rounded. Textural maturity

reflects the amount of kinetic energy and time expended on a sediment to winnow

matrix and change the sorting and rounding characteristics. This is influenced by the

depositional environment and transport mechanisms that operated on the sediment in the

basin. The final depositional environment controls textural maturity (Pettijohn et al.,

1972).

Based on the general lack of detrital clays (<5%), the poor to moderate sorting,

and the angularity of the framework grains in the sandstones of the McIntosh

Formation, these sandstones classify as submature (Folk, 1951). Texturally submature

sediments can be preserved by rapid deposition of sediments into a moderate to low

energy environment, such as deposition by turbidity currents into a deep-marine basin

(Pettijohn et al., 1972). Overloading and over-steepening of moderately to well sorted,

shallow-marine and deltaic sand on the shelf along with shaking by earthquakes in this

seismically active convergent zone may trigger turbidity currents. Turbidity currents

mix and transport these sediments down slope into the deeper portion of the basin were

they are deposited. These sediments are generally deposited in bathyal or deeper water

depths (> 150 m), which is below normal wave base and thus restricts any further

winnowing and transport of the sediments. The rhythmic bedding, the preservation of

sedimentary structures typical of turbidity currents (Bouma T abcde sequences) and

paleobathymetry interpretations of microfossils (McKeel 1992, pers. comm.), suggest

that the sandstones of the McIntosh Formation to the east were subject to brief episodes

of catastrophic mass transport as turbidity currents and deposited below wave base in

the bathyal portion of the basin where subsequent reworking and winnowing by

currents were minimal.



Diagenesis

The term diagenesis is used here to include all the physical and chemical

processes which affect a sediment after deposition through lithification and up to low

grade metamorphism (green-schist facies). The conditions include temperatures from

0 to 200° C and water salinities from fresh to hypersaline brines (Blatt, 1979).

diagenetic processes include compaction, cementation, authigenesis, dissolution, and

recrystallization (Pettijohn et al., 1972).

Authigenic Clays

The most prevalent diagenetic process affecting the sandstones of the McIntosh

Formation is the formation of early stage authigenic clay minerals which are present in

trace amounts to 20% of the total sandstone. Wilson and Pittman (1977), based on thin

section, scanning electron microscope, and X-ray diffraction studies of thousands of

sandstones representing many ages, compositions, and depositional environments,

described 4 primary occurrences of authigenic clays in sandstone (Figure 40): 1) early

pore-linings, formed by clay coatings deposited on the surfaces of framework grains,

except at points of grain to grain contact. Pore-linings typically grow outward from the

grain surfaces and may merge with the linings on adjacent grains. 2) pore filling clays

which plug intergranular pores and show no apparent alignment relative to the detrital

grain surfaces. 3) replacement clays that partially or completely replace detrital grains

or fill voids left by the dissolution of detrital grains. 4) clays that fill fractures or vugs

within the sandstone.

In the sandstones of the McIntosh Formation, all four occurrences of authigenic

clays are recognized. Most common are early stage pore-lining and pore-filling clays

developed in the intergranular pore spaces between detrital framework grains.
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Figure 4.0. Modes of occurrence of authigenic clay in sandstones. In the sandstones of

the Fork Creek member of the McIntosh Formation, pore-lining and

pseudomorphous replacement appear to be the most common types present.

From Wilson and Pittrnan (1977).
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These clays appear to be the major cementing agent in most of the sandstones of the

McIntosh and likely formed as a result of early diagenetic alteration of unstable lithic

grains (volcanic rock fragments) and mafic mineral grains (biotite and/or pyroxenes).

This is evidenced by the increased abundance of these diagenetic clays in the basaltic

sandstones as compared to the more stable, quartz-rich arkosic sandstones. In the

basaltic sandstones well-developed, authigenic yellow brown, fibrous, pore-lining

clays commonly completely fill intergranular pores and pore throats (Figure 41). In the

micaceous arkosic sandstones, the pore-lining clays are typically much thinner and do

not completely fill the available intergranular pore space (dyed blue in Figure 35) and

do not block some pore throats. Clay rim cements can drastically reduce permeability

of a sandstone by blocking the passageways (pore throats) connecting individual

intergranular pore spaces.

Authigenic clays were also identified based on morphologies observed with the

scanning electron microscope (SEM) in the Department of Botany at Oregon State

University in conjunction with qualitative elemental abundances from energy dispersive

analysis (EDX). In the micaceous arkosic sandstones, the majority of the authigenic

clays appear to be smectite or mixed layer illite-smectite clays (Figure 42). In the

basaltic sandstones the morphology of the authigenic fibrous clays growing outward

from the boundaries of the detrital grains is clearly seen with the aid of the SEM (Figure

43). EDX patterns from these clays show a well developed iron peak typical of chlorite

but may also be indicative of nontronite, a iron-rich smectite clay commonly formed as

an alteration product of basaltic volcanic glass (Welton, 1984; Deer, Howie, and

Zussman, 1985). X-ray diffraction analysis of these clays could be used to definatively

determine the composition of these clay minerals.

Allogenic (den-hal) clays formed prior to deposition occur in some turbidite

sandstones as mudstone rip-up clasts. These are seen in outcrop and are discused

further in the section on lithology. Mudstone rip-ups are composed of soft clay



Figure 41. Photomierograph of basaltic sandstone (SM 91-176) that is interbedded

with McIntosh micaceous arkosic sandstone, and siltstone which interfinger

with thick pillow basalts of the Crescent Formation. Note well developed

heavy pore-lining yellow to dark brown clay (smectite and / or Nontronite?)

with later stage bladed, pore-filling zeolite (Clinoptilite and / or laumontite.
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Figure 42. a) SEM photograph of authigenic clay partialy coating framework grain of

quartz (SM 9 1-29) in the arkosic sandstone of the Fork Creek member of

the McIntosh Formation. b) Corresponding EDX pattern showing

diagnostic Al, Si, Ca, K, and Fe peaks characteristic of smectite or illite-

smecthe clay (Welton, 1984). Bar scale on photograph is 10 microns.
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minerals which may deform during burial and compaction to form pseudomatrix

(Pettijohn, 1972). Biogenic clay or mud pellets (glauconite) are rarely found in the

sandstones of the McIntosh Formation. In thin section, it is difficult to distinguish

between detrital and authigenic clays except when authigenic clays display fine, well

developed euhedral, fibrous crystals growing perpendicular from the detrital grain

boundaries. In sandstones of the McIntosh Formation, detrital clays typically do not

account for more than 5% of the total rock volume.

Compaction

Most sandstones show evidence of early burial compaction, including folded and

crinkled mica (biotite and muscovite), formation of pseudomatrix by altered volcanic

and low grade metamorphic lithic grains, and rare fracturing of brittle detrital feldspar

and quartz grains. Wilson and Duncan (1978) estimated that reorientation of detrital

grains due to early compaction may account for up to 17% porosity reduction in

quartzose sandstones. The reduction of porosity due to compaction is proportional to

the amount of ductile rock fragments such as mud clasts, schist fragments, volcanic

rock fragments and mica (Blatt, 1979). The deformed and fractured grains are evidence

of reorientation and closer packing due to the effective overburden pressure (Taylor,

1950). Most contacts between quartz and feldspar grains are tangential to long

contacts. Interpenetrative or sutured contacts which are indicative of deep burial and

pressure solution are rare in these sandstones, suggesting burial only at moderate

depths (e.g., < 3000 m) (Blatt, 1979).



Calcite Cement

Sparry calcite cement is common locally in the McIntosh Formation, comprising

30 to 40% of some arkosic and basaltic sandstones. Two generations of calcite cement

are present in these sandstones and are distinguished based on their texture and

relationship to other diagenetic cements: early localized concretionary calcite and late,

replacement calcite.

Early calcite cement occurs locally as round to lenticular concretions

approximately 4 cm to 50 cm in diameter and as thin (4 to 10 cm), discontinuous

concretionary ledges in sandstone exposures. This concretionary cement appears to

have formed prior to significant compaction of the sediments as evidenced by the

generally reduced deformation of detrital mica flakes. Early precipitation of sparry

calcite has prevented further diagenetic modifications of these sandstones. This early

calcite is typically sparry to poikolitic textured

Late-stage calcite cement is not confined to concretionary zones; it is more evenly

distributed through local sedimentary units or as small (<2 mm diameter) isolated

zones of calcite replacement of rock fragments and plagioclase in thin sections. This

calcite is generally murky from insoluble clays and organic material and granular to

micritic textured and is interpreted to have formed later in the diagenetic sequence of the

sandstone. Evidence for the late stage development of this calcite is the presence of

additional late stage diagenetic cements, such as authigenic clay and zeolites, and the

deformation and alteration of framework grains (Galloway, 1974). In some samples,

calcite cement was precipitated over authigenic early clay rims formed on detrital grains

and is also seen replacing detrital plagioclase grains and volcanic rock fragments.

Where this later calcite cement is observed to have precipitated into open pore spaces

the boundaries of the crystal appear smooth and even. If the calcite was a remnant of
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Figure 43. a) SEM photograph showing well developed, thick, authigenic fibrous

pore-lining clay completely filling the intergranular pore spaces in a basaltic

sandstone (SM 9 1-176). b) Corresponding EDX pattern showing Si, Al,

Fe, Mg, and Ca peaks characteristic of chlorite or nontronite (iron-rich

smectite) clay (Welton, 1984). Bar scale on photograph is 100 microns.



the dissolution of an early stage calcite cement the boundaries would likely appear

jagged and embayed.

Zeolite Cement

Zeolites occur as pore-filling cements in both the basaltic and arkosic sandstones

although they are prevalent in the basaltic sandstones (Figure 44). In both cases the

zeolites are generally preceded by authigenic smectite and / or chlorite clays which coat

the detrital grains and line the perimeter of the pore spaces, which suggests a later stage

origin for the zeolite cement. Zeolites range in abundance from 0 to 20% and are

generally more abundant in sandstones in the lower portion of the Fork Creek member,

although this may vary laterally.

Galloway (1974) reported authigenic laumontite cements developed in the

McIntosh Formation in the Chehalis Basin, east of the thesis area near the town of

Chehalis Washington. Sandstone samples seen to contain zeolite cements in thin

section (Figure 44) were analyzed with the scanning electron microscope. Due to the

high abundance of clay cements, well developed crystal morphologies of possible

zeolites were not observed in the short time available for study with the SEM. Energy

dispersive (EDX) patterns of possible zeolites were also inconclusive. Based on the

low negative relief and prismatic nature of crystals observed in thin section in

conjunction with SEM and EDX data, these zeolites are tentatively identified as

laumontite and br clinoptilite (Welton, 1984; Deer et al., 1966). Further X-ray

diffraction or electron microprobe analysis is needed for definitive identification of

these zeolites

Helmold and van de Kamp (1984), working with the feldspar-rich Paleogene

sandstones of the Santa Ynez Mountains, California, used vitrinite reflectance values

(R0) as a means to correlate mineral diagenesis in sandstones with the thermal history
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Figure 44. Photomicrographs of late stage zeolite cements (z) in sandstones from the

Fork Creek member of the McIntosh Formation; a) basal ic sandstone (SM

91-176). b) arkosic sandstone (SM 91-81).
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of the Santa Ynez basin. In this study they found that the first occurrence of laumontite

zeolite was at approximately 0.5% R0 reflectance (1100 C), or an estimated burial depth

of 2515 m. They further concluded that alteration (albitization) of plagioclase supplied

the free Ca+2 necessary for the formation of laumontite. Galloway (1979) reported

formation of laumontite at ambient temperatures of 65 to 950 C in the Queen Charlotte

basin in British Columbia, Canada and the Grays River and Chehalis Basins of

Washington State.

Vitrinite reflectance values of mudstone and siltstone samples from the McIntosh

Formation indicate mean R0 values ranging from 0.44 to 0.48%. In addition, the

arkosic and lithic arkosic sandstones in the formation are plagioclase-rich, with the

plagioclase typically showing varying degrees of alteration. Lithic sandstones present

in the formation are primarily composed of mafic and intermediate volcanic rock

fragments (basalt to basaltic andesite ?) that contain abundant plagioclase phenocrysts

and microlites. Electron microprobe analyses of plagioclase crystals in these detrital

VRFs indicate that some of them have undergone albitization and are now composed of

nearly pure albite.

The conditions for late stage zeolite formation in the sandstones of the Mcintosh

Formation are very similar for those described by Helmold and van de Kamp (1984).

Using an average geothermal gradient of 1.9° Cl 100 m (based on log and core data

from the Chehalis Basin; Galloway, 1974) and an average temperature of 65 to 1100 C

for formation of laumontite (Based on data from Greys Harbor, approximately 40 miles

north of the thesis area; Galloway, 1979; Helmold and van de Kamp. 1984) the

caculated depth of burial ranges from 2370 to 4700 m for the sandstones in the Fork

Creek member of Mcintosh Formation. This calculated burial depth could be

influenced by local variations in heat flow from continued activity of eruptive centers of

the Eocene Crescent Formation, or initiation of volcanic activity responsible for the

emplacement of the Grays River vo)canics and intnisives. Another factor in the
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formation of zeolites may be pore water chemistry and/or permeability of the

sandstones, both of which may be influenced by the previous diagenetic effects (Ghent,

1979).

Dissolution of Framework Grains

Dissolution of framework grains in the sandstones of the McIntosh Formation

appears to take place in two stages; an early dissolution of unstable lithic fragments and

a later stage dissolution of feldspars.

Early dissolution of framework grains is primarily limited to clay alteration,

dissolution, and/or replacement of chemically unstable volcanic rock fragments (basaltic

and basaltic andesite?) and mafic minerals such as biotite, augite, and rare hornblende.

The intrastratal dissolution of these ferromagnesian minerals during diagenesis is likely

responsible for the production of the early authigenic pore-lining clay cements (Blatt,

1979).

Late-stage dissolution of framework grains occured in these sandstones after the

formation of clay rim cements and later pore-filling zeolite or sparry calcite cements.

Dissolution is primarily of plagioclase feldspar grains with some continued dissolution

of ferromagnesian minerals. Dissolution of these framework grains is recognized by

corroded margins associated with development of oversized intergranular pores

Schmidt, 1979). Remnants of the framework grains or insoluble debris is commonly

left in the pores. Feldspar dissolution undoubtedly occurred insitu, because grains

reduced to delicate skeletal remains could not withstand transport and subsequent

compaction (Helmold and van de Kamp, 1984) (Figure 35). Based on thin section

observations, timing of this event probably overlaps with the formation of pore-filling

smectite and / or chlorite clay and zeolite cement, but also postdates those cements.

This is recognized by the development of secondary porosity formed by partial to
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complete dissolution of framework grains in generally well-cemented sandstones. The

secondary pore spaces typically show some relict structure of the dissolved grain.

The porosity of some sandstones in the Fork Creek member may be enhanced by

several percent due to secondary dissolution of these framework grains (Figure 35), but

permeabilities are still generally low (0.8 to 6.2 millidarcy; see section on reservoir

potential) due to well developed clay rim cements filling the pore throats between

adjacent intergranular pores. Some greenish clays with no apparent growth alignment

of clay crystal relative to the surrounding framwork detrital grain surfaces occur in

some secondary pore spaces.

Paragenetic Seguence

An hypothesized paragenetic sequence of diagenetic events has been determined

for the Fork Creek member based upon changes seen in thin section and SEM down

section in the measured sections and also in relationships of the different diagenetic

minerals seen in thin section (Figure 45) Mechanical compaction of the sediments

likely began upon burial and continued through most of the lithification process unless

early concretionary sparry calcite cement fills all the intergranular pores. Compaction

effects are primarily early ductile deformation of mica and phyllitic and altered volcanic

lithic fragments with later grain reorganization and minor fracturing of competent

framework grains such as quartz and feldspar.

Local early stage clean, sparry calcite pore-filling cement began forming

concretionary zones probably soon after burial (Figure 38). This is interpreted from the

general lack of compaction effects of the lithics and other diagenetic events such as

early authigenic clay rim cements or zeolites formed in these thin sections. Late stage

calcite replaced plagioclase feldspars and some lithic grains in some sandstones.
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Figure 45. Paragenetic sequence of diagenetic events in outcrop samples of sandstones

in the middle Eocene Fork Creek member of the McIntosh Formation. In

general, time and depth of burial both increase towards the right. Note the

late stage dissolution of feldspars and pore-filling by unoriented authigenic

clays are not observed in the basaltic sandstones due to the pervasive early

development of pore-lining clays and zeolite formation which inhibit further

diagenetic events. Modified from Helmold and van de Kamp (1984).
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Authigenic pore-lining or pore rim clays were precipitated early in the diagenetic

sequence. These clay rim cements were likely precipitated within 1000 m of the surface

according to Galloway (1974) for the sandstones in nearby Grays Harbor. At this

depth, chemical alteration of unstable ferromagnesian minerals and volcanic rock

fragments mobilizes silica and aluminum that are reconstituted as authigenic clay coats

and rims around detrital grains (Galloway, 1974). In the better indurated basaltic

sandstones in the lower portion of the Fork Creek member, clay rim cements are

particularly extensive and may completely fill intergranular pore space (Figure 41, 43,

and 44). Authigenic clays appear to be primarily the iron-rich smectitic clay

(nontronite) with possibly some chlorite or mixed layer illite / smectite. In the arkosic

sandstones pore-lining clays do not appear to reduce significantly intergranular porosity

but they can drastically reduce permeability by clogging the pore throats (Figure 35).

Formation of authigenic clays was accompanied by some alteration and dissolution of

biotite and some plagioclase feldspars and orthoclase to a lessr extent.

Zeolite cements (laumontite ?) formed during the next diagenetic stage. These

can be seen completely filling primary intergranular pore spaces initially lined by

authigenic clays (figures 41, and 44). Zeolites appear to be best developed and most

widespread in the basaltic and arkosic sandstones in the lower portion of the Fork

Creek member and may indicate a burial depth of roughly 2300 to 4700 m.

Subsequent dissolution of framework grains, including feldspars, has enhanced

porosity in some of the more deeply buried sandstones. Relict clay rims and zeolite

cements attest to the fact that this is a late stage diagenetic effect. Secondary porosity

due to dissolution of framework grains is recognized by enlarged intergranular pore

spaces, relict grain structures, and insoluble detritus. Non-oriented aggregate clays are

observed filling some pore spaces. These may be the effect of late stage, deep burial.

The arkosic turbidite sandstone of the Mcintosh Formation are more indurated and less

porous and permeable than the Cowlitz sandstone (C and W sandstone; Mist gas field)



due possibly to deeper burial and / or more lithic components that have formed

diagenetic pore clogging products and thus are not as good a reservoir.
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Provenance

Petrography and field studies of the Fork Creek sandstones indicate a mixed

extrabasinal acidic plutonic-low grade metamorphic-mafic to intermediate volcanic

provenance with a minor basaltic intrabasinal source. The arkosic to lithic arkosic

sandstones are composed predominantly of monocrystalline, unstrained and strained

quartz, plagioclase (oligoclase and andesine), potassium feldspar (orthoclase and

microcline), and coarse flakes of biotite with lesser amounts of muscovite, and mafic to

intermediate volcanic, metamorphic, and acidic plutonic rock fragments and pyroxenes

and rare hornblende. These minerals do not provide unequivocal provenance

information, but their presence along with rare granitic rock fragments suggests a

continental crystalline granitic and metamorphic source. The presence of strained and

polycrystalline quartz, biotite, muscovite, with rarer phyllite and schistose rock

fragments indicate a low to medium-high rank metamorphic source. Epidote, zircon,

and possibly tourmaline are heavy minerals recognized in trace abundances in some thin

sections. Seperation of heavy minerals in the sandstones by dissolving the clay, calcite

and zeolite cements with hyrochioric acid was attempted but failed to break down the

samples.

Mafic volcanic rock fragments comprise 1 to 14% of the arkosic to lithic arkosic

sandstone in the McIntosh Formation. Approximately half of these volcanic rock

fragments exhibit pilotaxitic flow texture (Figure 37). This texture was not recognized

in any of the Eocene volcanic and intrusive rocks sampled in the thesis area. Pilotaxitic

flow texture is typically more common in basaltic-andesite or andesite flows (e.g.,

Tillamook Volcanics and Grays River Volcanics; Rarey, 1985), rather than Crescent

oceanic basalt and gabbroic intrusive rocks (Figures 18, 21, 22, 24).

Isolated purely basaltic sandstones in the lower portion of the Fork Creek

member (Plate 2) are interpreted to have been derived from recycling an intrabasinal
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Crescent or oceanic island source based on lithology, their close association with the

interbedded pillow basalts of the Crescent Formation, and subangular to scoriaceous,

non-piotaxitic texture. Scoriaceous volcanic detritus (Figures 20) typically would not

survive much transport in a ti-active fluvial environment from a distant source.

In addition to using petrographic analyses and modal abundances to determine

provenance, quantitative compositions of deirital plagioclase grains and plagioclase

phenocrysts in detrital volcanic rock fragments were determined using the electron

microprobe. These compositions were then plotted and compared to the compositions

of plagioclase crystals in the basalts of the Crescent Formation and the gabbroic

intrusions of Grays River chemistry (Figure 46). Forty nine detrital plagioclase grains

were analyzed from four arkosic sandstones in the Fork Creek member of the McIntosh

Formation and one sample from the type locality (Tenino Quarry). The sandstone from

the Tenino Quarry is a lithic arkose due to the more abundant volcanic rock fragments

(14 % vs an average of approximately 5% for arkosic sandstones of the Fork Creek

member). Detrital plagioclase grains ranged in composition from An 1 to 56 and

averaged An 40 (andesine). Thirty six phenocrysts and microlites within volcanic rock

fragments with both pilotaxitic and intersertal textures in the same samples ranged from

An 1 to6l with a average of An 42 (andesine). Seventeen plagioclase phenocrysts

from 2 samples from submarine flows of the Crescent Formation (SM 91-; 171 and

187); one sample from a Crescent intrusion (SM 91- 198); and one sample from a grays

River sill (Sm 91-100) varied in composition from An 46 to 82 and averaged An 59

(labradorite). This supports the interpretation that much of the plagioclase and volcanic

rock fragments in the micaceous arkosic and lithic arkosic sandstone of the McIntosh

Formation were not derived locally from erosion of the basement oceanic basalts

(Crescent Formation) or a seamount and oceanic island. The likely source was more

intermediate in composition, possibly from early Western Cascade basaltic andesites
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Figure 46. Ternary plot of feldspar compositions from detrital grains and volcanic rock

fragments in the arkosic and lithic arkosic sandstones of the McIntosh

Formation, and, from pillow basalts of the Crescent Formation and

gabbroic intrusion of Gray River chemistry.
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(e.g. Northcraft Volcanics or pre-Cascade andesitic volcanics to the east.(e.g., Challis

arc in Idaho)

The provenance of the sandstones in the McIntosh Formation can be related to the

relative hardness and resistance to destruction by the processes of chemical weathering

and abrasion of the mineral constituents during transport (compositional maturity)

(Folk, 1954). The more chemically stable and abrasionally resistant minerals in

sediments including monocrystalline quartz, muscovite, and potassium feldspar

(orthoclase). Calcium-rich plagioclase feldspars (labradorite) tend to decompose more

quickly than sodium-rich plagioclase (albite and oligoclase). Ferromagnesian minerals

such as pyroxenes, hornblende, and biotite are generally more susceptible to alteration

and destruction during weathering. Some chemically stable heavy minerals such as

zircon, tourmaline, , and garnet can survive considerable exposure to chemical and

mechanical weathering (Blatt, 1972).

The presence of chemically unstable volcanic rock fragments many with

pilotaxitic flow texture, augite, and intermediat to high calcic plagioclase (andesine to

labradorite) in the sandstones of the Fork Creek member of the McIntosh Formation

suggests that a mafic to intermediate volcanic source was contributing to these

sandstones. This source was probably a proximal, high relief area with aminimal

amount of chemical weathering and rapid transport. The presence of more chemically

stable minerals such as quartz, chert, muscovite, and zircon in the Fork Creek

sandstones indicates long transport distances from acidic plutonic, metamorphic,

recycled sedimentary (radiolarian chert) and older recycled oceanic terrane sources (e.g.

Mesozoic rocks in NE Washington and SE British Columbia.

Modal abundances of the sandstones in the Fork Creek and Lebam members as

well as the type locality of the McIntosh Formation (Tenino Quarry) and the Meglar

sandstone of wells (1989) were plotted on QFL and QmFLt ternary diagrams of

Dickinson and Suczek (1979) to help determine provenance and plate tectonic setting
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Figure 47. Ternary plots showing sandstones of the Eocene McIntosh Formation in the

thesis area and near the type locality (Tenino Quarry), along with the Meglar

sandstone of Wells (1979). Modified from Dickinson and Suczek (1979).
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(Figure 47). In their study, four broad categories of sandstone are defined and

correlated to different plate tectonic settings. Quartz-rich sandstones are derived from

cratonic uplifts and are common on continental margins. Feldspar-rich sandstones

from uplifted continental blocks are typically found in rift grabens and wrench tectonic

basins. Volcaniclastic and volcanic-arkosic sands derived from undissected arid

dissected (plutonic) magmatic arcs are deposited in trenches and fore-arc basins.

Recycled sands rich in chert and other rock fragments derived from subduction

complexes, collision orogenic belts and foreland uplifts are typically found in closing

ocean basins and foreland basins.

On the QFL ternary plot of Dickinson and Suzcek (1979) the majority of the

arkosic and arkosic lithic sandstones of the McIntosh Formation plot in the area

between the three fields with the remainder plotting in the uplifted continental block and

magmatic arc provenance fields. On this plot (QFL) chert and polycrystalline quartz are

grouped with monocrystalline quartz. When plotted on the QmFlt ternary plot (Figure

47b), the majority of these sandstones group in the upper end of the dissected magmatic

arc provenance field (e.g. Idaho batholith) and near the lower margin of the field

defining a continental block provenance (North American Continent).

Dickinson (1983) stated that arc sandstones low in volcanic lithic clasts reflect

derivation from plutonic rocks (e.g., granitic batholiths) exposed by the erosional

dissection of volcanic arcs. These arc-related plutons and associated metamorphic

rocks may be texturally and mineralogically similar to uplifted plutonic and high-grade

metamorphic continental basement. Sandstones plotting in the feldspathic end of the

continental block field are interpreted to be derived from uplifted blocks of coarse-

grained plutonic basement, in an area of high relief with dominantly mechanical

weathering for preservation of the feldspars. Lithic clasts composed dominantly of

volcanic rock fragments in the arkosic to lithic arkosic sandstone are likely derived from
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undissected arcs where there was still extensive volcanic cover (e.g., Challis arc or

developing Cascade arc.)

A second group of McIntosh sandstones cluster near the lithic pole of both

ternary plots. These samples represent the isolated basaltic sandstones located in both

the Fork Creek and Lebam members of the McIntosh Formation discussed previously.

The provenance for these sandstones is inferred to be a proximal intrabasinal basalt

oceanic island highland of probably Crescent or Tillamook-Grays River affinity.

In summary, on the basis of these two diagrams, the dominant provenance for

the arkosic to lithic arkosic sandstones in the thesis area is inferred to be an acidic

plutonic-metamorphic source in a dissected magmatic arc mixed with volcanic detritus

from undissected portions of the arc and low- grade metamorphic fragments from

uplifted continental or recycled orogen terrains.

A number of provenance studies have been done on middle to late Eocene, non-

marine to marginal marine, micaceous arkosic sandstones of the Puget Group exposed

in the southern Washington Cascade Range to the east of this study and the likely

source sands for the age- and compositionaly-similar sandstones of the Fork Creek and

Lebam memebrs of the McIntosh formation in the thesis area (Frizzell, 1979; Winters,

1984; and Byrnes, 1985). The Puget Group is divided into the Carbonado,

Northcraft, and Spiketon formations (Gard, 1968). The Carbonado and Spiketon

formations together constitute of over 2600 m of virtually indistinguishable micaceous

arkosic sandstone, siltstone, shale and coal deposited in an environment of brackish-

water streams, rivers, deltas and floodplains adjacent to a marine embayment to the

west (Gard, 1968) These two formations are separated by 60 to 600 m of andesitic

volcanic breccia of the Northcraft Formation. The Carbonado Formation has been

interpreted to be equivalent in age to the McIntosh Formation exposed in the Centralia-

Chehalis basin (Snavely and others, 1958; Gard, 1968; Armentrout. 1983). The

Puget Group as a whole has been interpreted to represent a large Eocene fluvial-deltaic
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system that extended from a marine embayment in western Washington, eastward

across a broad continental platform to a large granitic highland (e.g., Idaho Batholith)

(Buckovic, 1979).

Possible eastern and northeastern source terrains for the plutonic and

metamorphic assemblages in these middle to late Eocene arkosic sandstones of western

Washington include the Mesozoic, granitic and metamorphic rocks of the Mount Stuart

area, Chelan Mountain terrane, Pasayten River terrane, and the Idaho batholith

(Byrnes, 1985) (Figure 48).

Based on the heavy and light mineral assemblages of arkosic and arkosic lithic

sandstone units in middle to late Eocene formations (Carbonado, Chumstick, and

Naches formations along with the Summit Creek sandstone) exposed in the Cascade

Range of western Washington, Byrnes (1985) determined that the Mount Stuart

batholith and the Chelan Mountain terrane are the most likely source rocks for these

sandstones. This conclusion was based on the fact that the four formations studied (as

well as the McIntosh Formation) all contain no more than 12% potassium feldspar.

Both the Stuart Mountain batholith and the Chelan Mountain terrane are primarily

tonalitic in composition (< 10% K feldspar). The metamorphic rock fragments in the

sandstone could be sourced from Jurassic ophiolite melange of the Ingalls tectonic

complex and the Chiwaukum Schist which are exposed in the area surrounding the

Mount Stuart batholith. Johnson (1984) pointed out that from a mass balance

perspective, it seems unlikely that a batholith of the size of Mount Stuart could supply

all of the thousands of meters of arkosic strata that filled the regional alluvial basins.

Another possible provenance area for the McIntosh sandstones is the high rank

metamorphic and plutonic rocks of the Omineca Crystalline Belt in southeastern British

Columbia and northeastern Washington. These rocks have been suggested as a source

for the arkosic sandstones of the Chukanut Formation and Puget Group in northern

Washington (Johnson, 1984). Rubidium - Strontium (Rb-Sr) isotopic analyses of
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whole rock samples and detrital white micas suggest that sandstones exposed in the

Olympic core complex as well as those of the Chukanut Formation and correlative

Puget Group were at least partially sourced from the Omineca Crystalline Belt, in the

Okanagan Uplift Region of southeastern British Columbia and northeastern

Washington state (Belier et al., 1992). other crystalline plutonic and metamorphic

basement sources could be buried beneath the Miocene Columbia River Basalt of

eastern Washington

Paleocurrent dispersal patterns in the arkosic sandstones of the Puget Group and

other middle to late Eocene sandstones such as the Chuckanut Formation indicate a

dominant transport direction to the west-southwest (Buckovic, 1974; Johnson, 1982;

Winters, 1984; Brynes, 1985). These area paleocurrents are consistant with a eastern

to northeastern provenance (Figure 48).

In the thesis area, 25 paleocurrent measurements were taken in the Fork Creek

and Lebam members of the McIntosh Formation (Figure 49; Appendix VIII). These

directions were mostly measured from scour marks preserved on the bottom of

individual turbidite beds. The scour marks include both unidirectional indicators such

as flute casts and bidirectional indicators such as groove and prod marks. Other

measurements were taken from micro cross-laminations in the upper portion of some

turbidite beds. Because structural dips in this area are generally less than 15°,

paleocurrent measurements have been left uncorrected (Pettijohn and Potter, 1972).

Wells and Coe (1985), based on paleomagnetic studies of the Goble and Grays River

volcanics, determined that southwest Washington has undergone roughly 23° of

clockwise rotation since the late Eocene. Paleocurrent measurements shown are

corrected for this post depositional rotation.

Paleocurrent measurements in the thesis area show a rather wide variation of

directions. The majority of unidirectional measurements show a norLhwest and

southwest dispersal pattern with a mean direction to the southwest (209°). Bidirectional
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Figure 48. Map showing paleocurrent vector means for middle and late Eocene arkosic

sandstones in western Washington (including the McIntosh Formation in

the thesis area) and location of possible source areas. MS = Mount Stuart

Batholith; CM = Chelan Mountain terrane; PR = Pasayten River area of the

Okanagan Uplift region. Modified from Winters (1984).
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Figure 49. Rose diagrams depicting paleocurrent measurements from the McIntosh

Formation in thesis area. a) Unidirectional measurements. b) Bidirectional

measurements. Note paleocurrent directions are shown corrected for 23°

clockwise tectonic rotation of southwest Washington since the late Eocene

(Wells and Coe, 1985).
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measurements indicate an average east-west (274°-94°) current direction. The wide

variations in individual measurements can possibly be due to deflection of sand-rich

turbidity currents around pre-existing submarine and subaerial (?) volcanic oceanic

island highs of the Crescent Formation.
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Depositional Environment

Fork Creek Member

The middle Eocene Fork Creek member of the Mcintosh Formation was

deposited in a marine basin of lower-middle to upper bathyal water depths (2000 to 150

m) by sand-rich turbidity currents. This interpretation is based collectively on

lithofacies, microfossil data, and sedimentary structures. Twenty nine samples from

the Fork Creek member were analyzed for foraminiferas for the purpose of age

determination and paleoecological information such as bathymetry (Appendix III).

Eight of the samples were collected from mudstones interbedded with the arkosic

sandstones exposed in Fork Creek (Fork Creek measured section; Plate 1). Due to the

fresh exposures afforded by the stream cuts, these samples typically had the best

preserved fuanal assemblages. The remaining 21 samples were taken from scattered

outcrops of the Fork Creek member.

Over 40 species of foraminifera were identified from the mudstone samples by

Dan McKeel (1991, consultant) which made possible fairly accurate

paleoenvironmental determinations (Appendix ifi). Within the Fork Creek member,

paleobathymetry suggests a gradual shallowing of water depths from lower middle

bathyal (1500 - 2000 m) in the lower portion of the member to upper bathyal (150 - 500

m) at the top of the member (Fork Creek measured section, Plate 2) (McKeel written

comm., 1992). This shallowing (approximately 1000 meters minimum) is greater than

the basin fill represented by the sand-rich turbidite strata of the approximately 460 m

thick Fork Creek member. The "extra" 500 m of shallowing could be the result of

tectonic uplift of the basin during this time, a drop in sea-level, or a combination of

both.
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Paleobathymetry is determined by comparison to foraminiferal assemblages from

Cenozoic strata of the California continental borderlands (Ingle, 1980). In determining

water depth, emphasis is placed on the upper depth limits of selected species of benthic

foraminiferas, and therefore may not indicate true depths of deposition. In addition,

subtle environmental changes (e.g., water temperature) may strongly affect the

comparability of assemblages from various locations (Ingle, 1980). Most of the

samples analyzed also contain poorly preserved radiolaria along with rare sponge

spicules, echinoid spines, diatoms, and fecal pellets (McKeel, written comm., 1991).

The massive to rhythmically bedded, moderately to poorly sorted, arkosic

sandstones in the Fork Creek member commonly appear structureless, but upon close

examination, the sequence of sedimentary structures characteristic of turbidite deposits,

as described by Bouma (1962) become evident (Figure 28).

In a comprehensive study of ancient turbidites, Bouma (1962) recognized that

single turbidite beds can be defined by an upward sequence of sedimentary structures

and decrease in grain size, now known as the Bouma sequence (T abcde) (Figure 50).

In this sequence, an ideal turbidite bed is composed of 5 intervals with specific

sedimentary structures: Ta; Graded interval. This is the lowest part of the sequence

which ideally shows a more or less distinct graded bedding, although it may be

inconspicuous; Th; Lower interval of parallel lamination. This interval is recognized

by predominantly thick parallel Iaminae of sand. The contact between this interval and

the underlying graded interval is gradational; Tc; Current ripple laminations. This

interval is typically composed of fine sand and silt showing small, fine current

microcross laminations. Climbing ripple and convolute laminations may also be

developed; Td; Upper interval of parallel laminations. This zone of very fine sandy to

silty clay shows distinct fine parallel laminations; Te; Pelitic interval. This interval of

clayey sediments represents normal hemipelagic sedimentation between turbidite events

and grades down ward to the Td interval. The pelitic interval may show some
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Figure 50. Bouma sequence (Bouma, 1962) showing ideal sequence of sedimentary

structures preserved in a single turbidite deposit. From Reineck and Singh

(1980; Walker and Mutti, 1973).
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bioturbation and contain well preserved microfossils. Individual turbidite beds are

recognized by a sharp basal contact that may be scoured into the underlying bed, and a

general fming upward in grain size.

The complete Bouma sequence represents the ideal sequence of sedimentary

structures that may be preserved in a turbidite deposit. Commonly only portions of the

sequence are observed in turbidite beds. The sedimentary structures indicative of

turbidite beds are created in response to the waining current energy (flow regime) of a

turbidity flow in time. Walker (1967, 1978) used the variations of the sedimentary

structures preserved in turbidite beds to interpret the distance that the flow traveled

across the basin (Figure 51).

Numerous ancient submarine fan and associated turbidite facies models have

been proposed (Mutti and Ricci Lucchi, 1972; Walker, 1978; Howell and Normark,

1982) based on the study of modern submarine fans (Normark, 1970; 1978) combined

with studies of ancient turbidite deposits (Mutti and Ricci Lucchi, 1972; Walker, 1967;

1975; 1977). Although most of the different models report similar fan geometries and

facies, the terminology between models generally differs considerably. For the sake of

consistency, the general fan morphology and turbidite facies associations from Walker

(1978) will be used in this thesis (Figure 52).

Walker's (1978) fan model describes four divisions based on morphology and

sedimentary facies; these include: 1) an upper fan, with a main feeder channel or

system, typically defined by debris flow deposits, disorganized conglomerates,

stratified to graded (normal and reversed) conglomerates and coarse-grained, thick-

bedded sandstones lacking the Bouma sequence. Thin-bedded turbidites with

preserved bouma sequences may form as levee and overbank deposits and slump

structures may be formed due to caving in of channel walls. 2) a mid-fan consisting of

shallower branching channels which feed depositional suprafan lobes. This

environment is recognized by massive and pebbly sandstones characterized by



Distance Across Basin

Figure 51. Schematic diagram depicting interpretation of Bouma sequence (T abcde) in

terms of distance across basin and waning flow conditions. Keep in mind

that turbidites developed in levee and overbank environmemts in the mid- to

upper-fan may also produce sequences begining with Bouma Th and/or Tc

structures. From Walker, (1978).
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lenticular bedding and shallow channeling and lack of Bouma sequences. These are

formed by the combination of high concentration turbidity currents and fluidized grain

flows. Due to abandonment and lateral migration of the shallow feeder channels,

vertical sequences of turbidite beds deposited in mid-fan commonly show thinning and

fining upward sequences representing gradual abandonment of a fan channel by

turbidites (Figure 53). Turbidites in the suprafan lobe are typically very thick bedded

sand-rich amalgamated sands (Bouma T aaa. ..sequences) which may appear massive in

outcrop. 3) a topographically smooth lower fan which grades into the basin plain (4).

This zone is characterized by slow hemipelagic sedimentation interrupted periodically

by turbidity currents. This results in deposition of very regular parallel-bedded classic

turbidites (with Bouma T abcde sequences) which are typically thin-bedded on the

basin floor, but become thicker toward mid-fan and typically show thickening and

coarsening upward cycles due to progradation of the mid-fan supra fan over the outer

fan facies.

A detailed reference section of the turbidite sandstones in the Fork Creek member

is shown in figure 29 (see lithology section). Based on the massive amalgamated

nature of the pebbly to fine-grained arkosic turbidite beds, the distinct thinning and

finning upward sequences, and dominanfly sand-rich facies, the turbidite facies

represented by the Fork Creek member is similar to that found in the channelized

portion of a mid-fan suprafan lobe described by Walker (1978) (Facies B of Mutti and

Ricci Lucchi, 1972).

Shanmugam (1990) points out various problems with deep-marine facies

interpretations, in particular, not all turbidites form submarine fans. Turbidites can

occur as individual beds or detached depositional lobes without the development of a

submarine fan. Most depositional models of ancient fan systems are based on poorly

or incompletely mapped depositional systems. This is due to the lack of adequate
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exposure of the sedimentary sequences. One must keep in mind the scale of the

features described in modern fans when interpreting them from limited outcrops.

Mutti and Normark (1990) described five different orders of scale in turbidite

deposits (Figure 54). In descending order of magnitude: 1) first order features are at a

scale of entire basin-fills and can be split into major depositional sequences in the sense

of Vail and others (1977) based on seismic reflection techniques and detailed

stratigraphic mapping; 2) second order features are bodies of turbidite sediments that

occur within individual depositional sequences and are typically separated vertically by

highstand mud facies. These systems typically match the physical scale of formations

and/or members of conventional lithostratigraphic usage; 3) third order features define

stages within the development of an individual turbidite system. These represent

distinct units such as low relief lobes and levee channel complexes. In ancient

turbidites third order features are defined by turbidite facies associations; 4) fourth

order features are defined as erosional or depositional features that develop within an

individual stage in the growth of a turbidite system and are characteristic of specific

depositional environments. These features commonly match the concepts of channel

fill and lobe facies derived from ancient deposits; 5) fifth order features include

lithofacies, bedding patterns, scour features and the internal sedimentary structure and

texture of individual beds.

Geometry also poses a problem in relating turbidite systems to submarine fan

models. Most fan models suggest a single point source with a well developed radial,

fan shaped depositional geometry. In active continental margins, forearc and tectonic

basins (e. g., rift basins) are commonly laterally restricted, and sediment deposited in

these basins is confined by the pre-existing basin geometry. This is the case in the

early to middle Eocene Tyee Basin of southwestern Oregon. A sand-rich system

entering the south end of this basin formed a north-south trending elongate"fan" parallel
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to the strike of the forearc basin due to the pre-existing basin geometetry (Chan and

Dott, 1983; Heller and Dickinson, 1985)

The basin in which the Fork Creek member was deposited is interpreted to have

been somewhat restricted by volcanic oceanic islands and seamount of the Crescent

Formation which were actively erupting during early deposition of the arkosic

sandstone turbidites. This is based on the interbedded relationship between the two

units in the thesis area (Plate 2) and the wide variations in paleocurrent data (Figure

48). In addition, other workers (Snavely, 1987; Armentrout, 1987) have suggested a

locally unconformable contact between the Crescent Formation and the overlying

McIntosh Formation elsewhere, suggesting onlap of the sediments onto a submarine

volcanic high.

Based on lithofacies and thicknesses, the Fork Creek member in the thesis area is

interpreted to represent a third order turbidite feature (TSG) consisting of a depositional

lobe or "mini" fan, or as a depositional submarine channel fill, deposited in a basin

laterally restricted by active oceanic volcanic islands and seamounts of the Crescent

Formation. The thinning and fining upward sequences observed in the member are

interpreted as turbidite substages (TSSG-fourth order) (Figure 52) representing gradual

abandonment of shallow channels due to lateral migration.

Future detailed mapping of sedimentary facies and depositional environments

beyond the thesis area is needed to determine the lateral extent of this depositional

system and geometry of the basin. Of particular interest is the regional relationship

between the Fork Creek member and the lithologically similar Meglar sandstones of

SW Washington (Wells, 1989).



Lebam Member

The sand-rich turbidite sequence of the Fork Creek member of the McIntosh

Formation is abruptly overlain by the siltstone- and mudstone-rich, deep-marine Lebam

member, representing an abrupt transgression and onlap accompanied by a hiatus or

lateral shift in the supply of sand-rich sediments from this portion of the basin.

Foraminiferal assemblages from 6 samples collected from mudstones in the

Lebam member, along the Fork Creek measured section (Plate 2), indicate a consistent

lower-middle bathyal water depth (Appendix II) (McKeel, writ. comm., 1992). Ten

samples from other outcrops in the member were barren of fossils or had poorly

preserved assemblages due to intense weathering. In addition to microfossils,

distinctive small (2 to 4 mm) hook shaped Helminthoida (?) burrows were observed in

the upper mudstone portion of some thin (10 cm) very fine-grained sandstone turbidite

beds (Figure 32). These burrow3 are representative of Nereites ichnofacies and

indicate bathyal to abyssal environment (Frey and Pemberton, 1984).

Thin (3 to 50 cm), very fine-grained sandstone to siltstone, micaceous arkosic,

turbidite beds are commonly intercalated with the thinly laminated siltstone and

mudstones in the Lebam member (Figure 31 a and b). The turbidite beds are

commonly discontinuous (sand-starved) with planar and microcross-laminations

(Bouma T bc d? e), upper planar bedding is generally difficult to distinguish (Figure

31). In the lower portion of the member fine- to very fine-grained arkosic turbidites

(Bouma T bcd) are channelized into the underlying mudstones which show some slump

structures (Figure 32). These channelized turbidites show a well defined thinning and

fining upward sequence (Figure 31 b).

The fine to very fine grain size and planar to microcross-laminated sedimentary

structures (Bouma T bcde) preserved in these turbidites suggest that these were
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deposited in a lower flow regime than the massive, structurless amalgamated (Bouma T

a.aa), high concentration turbidites in the underlying Fork Creek member.

In the submarine fan model of Walker (1978), thin-bedded, low concentration

turbidites can be indicative of either the lower fan distal turbidite facies, or overbank

channel levee and interlobe turbidite facies of the mid- to upper-fan. Slump structures

preserved in the finely laminated silt and mudstone deposits (Figure 32) suggest that

these were deposited on a paleoslope where slumping and mass movement of recently

deposited sediments occurred.

During a transgressive or onlap event, a landward shift in facies would be

expected. This landward shift in facies may be represented by the shallow-marine-

deltaic arkosic sandstones mapped by Wells (1981) in the lower portion of his upper

member of the McIntosh Formation east of the thesis area (Figure 5). These

sandstones, like the Fork Creek member are fine- to medium-grained, friable,

micaceous, arkosic sandstones with stringers of small quartz and chert pebbles. Cross-

bedding (possible broad, shallow troughs) and rare disarticulated molluscan fossils are

also observed in these sandstones. These are interpreted as shallow marine sands

and/or possible submarine canyon head deposits that could have fed the turbidites of the

Fork Creek member (Wells pers. comm., 1992). Further detailed mapping of regional

depositional facies is needed to make any definitive correlation and regional

interpretation.



LINCOLN CREEK FORMATION

Nomenclature and Distribution

Weaver (1912) applied the name Lincoln Formation to approximately 300 meters

of shaley, medium-grained, tuffaceous sandstone, with subordinate basal basaltic grits

and conglomerate, exposed along the Chehalis River, near the mouth of Fork Creek,

west of the town of Centralia. Later, Weaver (1937) defined the Lincoln Formation as

being equivalent to the entire middle Oligocene of Washington. Subsequently, the

formation was renamed the Lincoln Creek Formation by Beikman and others (1967)

and redefined to include 600 to 2,700 meters of latest Eocene to earliest Miocene,

offshore marine, tuffaceous siltstone, sandstone, and basaltic sandstones. The type

area is a composite of sections exposed along the Chehalis River from the town of

Centralia (T14N, R2W), northwest to the town of Porter (T17N, R5W). The Lincoln

Creek Formation in the type locality consists of approximately 760 meters of generally

massive, greenish-gray to olive-gray tuffaceous siltstone and fine-grained sandstone

with a few thin tuff beds and calcareous beds that form persistent ledges (Beikman et

al., 1967).

Lithofacies and depositional environments of strata mapped as Lincoln Creek

Formation vary from east to west. The eastern-most exposures of the formation consist

of deltaic, nearshore, and continental deposits of basaltic sandstone with interbeds of

pyroclastic rocks (Snavely et al., 1958). These rocks grade westward to glauconitic

and basaltic sandstone and conglomerate and change upward to Molluscan-bearing

tuffaceous silty sandstones, and siltstones indicative of offshore shelf or possibly upper

slope environment (Wells, 1981; Beikman et al., 1967). This gradation reflects both a
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westward-deepening and overall basin subsidence with consequent transgression

within the formation (Armentrout, 1987).

In the thesis area, the Lincoln Creek Formation forms the top of the stratigraphic

section and is exposed in isolated outcrops along the northern edge of the map area

(Plate 1). Outcrops of the lower Lincoln Creek Formation are distinguished by massive

to moderately bedded, bioturbated and fossiliferous, very fine-grained, glauconitic

arkosic and arkosic lithic sandstone. Due to the limited exposures and aerial

distribution of the formation in the thesis area, the Lincoln Creek Formation is

discussed briefly in this study. Readers are referred to Snavely and others (1958),

Beikman and others (1967), and Armentrout (1987) for more thorough discussions of

the formation in southwest Washington.

Lithology

In the thesis area, the best exposure of the lower Lincoln Creek Formation is a

roadcut along Penny Creek (NE 1/4, Sec 3, T12N, R7W; Plate 1). This outcrop

consists of very fine- to fine-grained, poorly to moderately sorted, glauconitic, arkosic

and lithic sandstone with minor intercalated tuffaceous siltstone (Figure 55). Strata are

generally massive to moderately well-developed planar bedded, with most internal

sedimentary structures destroyed by intense bioturbation. Bioturbation is recognized

by the massive, mottled appearance of the outcrop and by discontinuous vertical

burrow traces filled with tuffaceous yellow orange mudstone (Figure 55). Sandstones

are typically olive gray (5 Y 3/2) on fresh surfaces, but are dominantly oxidized grayish

orange (10 YR 7/4) to moderate brown (5 YR 3/4) due to weathering. Sandstones are

fossiliferous with articulate pelecypods and gastropods common. Small calcareous

ellipsoidal concretions (5 to 15 cm diameter) are present in some beds. Beikman

(1967) reported that along the Willapa River, between the settlements of Holcomb and
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Figure 55. a) Outcrop of massive to thick bedded greenish gray, well indurated,

glauconitic sandstone in the basal portion of the Lincoln Creek Formation

(NE 1/4, Sec 3, TI2N, R7W; Plate 1) Hammer for scak. b) Outcrop

showing bioturbated, tuffaceous siltstone in the Lincoln Creek Formation

(NE 1/4 Sec. 4, T12N R7W; Plate 1).
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Menlo (T13N, R8W), approximately 10 km north of the thesis area, over 1,350 meters

of well-bedded to massive tuffaceous siltstone and minor very fine- to fine-grained

sandstone overlie the basal glauconitic sandstone observed in the thesis area.

Contact Relations

To the east, the Lincoln Creek Formation conformably overlies the late Eocene

Cowlitz and Skookumchuck formations (Snavely et al., 1958; Armentrout, 1983,

1987). Pease and Hoover (1957) reported that the formation thins toward areas of

paleo-relief and unconformably onlaps and overlies early to middle Eocene oceanic

basalts of the middle Eocene Crescent Formation in the Doty Hills, Black Hills, and

Minot Peak areas northeast of the thesis area.

In the thesis area, the strata of the Lincoln Creek Formation appear to

conformably overlie the deep-marine siltstones and mud stones of the Lebam member of

the McIntosh Formation (Plate 1). A possible contact between the two formations is

exposed in a roadcut along Penny Creek (NE 1/4, Sec. 3, T12N R7W). In this

outcrop, glauconitic sandstone of the basal unit of the Lincoln Creek Formation overlies

a roughly 5 m thick exposure of very weathered, slightly tuffaceous siltstone and

mudstone. These strata are very similar to other weathered outcrops of the Lebam

member to the south. Structural attitudes measured in both formations are generally

consistent with no indication of a unconformity (Plate 1). The upper contact of the

Lincoln Creek Formation is not exposed in the thesis area.

Age and Correlation

The Lincoln Creek Formation in southwest Washington is assigned to the

Refugian and Zemorrian foraminiferal stages of Schenck and Kleinpell (1936),
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indicative of the latest Eocene and Oligocene (Rau, 1981). Samples collected for

micropaleontological analysis from the Lincoln Creek Formation during this study,

contained no age-diagnostic foraminifers (McKeel writ. comm., 1992) (Appendix H).

Previous workers in the thesis area (Wagner, 1965; Shell Oil Co., writ. comm., 1991)

have identified foraminifers from the basal portion of the formation indicative of the

lower Refugian Stage (Plate 1) (Wells, writ. comm., 1992). In summary,

foraminiferal data in the thesis area indicate a smooth progression from lower and upper

Narizian to lower Refugian stages for the Lebam member of the Mcthtosh Formation

and Lincoln Creek Formation, respectively.

Molluscan fossils collected from the Lincoln Creek Formation were studied by

Ellen Moore (Courtesy Research Associate of Geology at Oregon State University and

USGS, retired). The Scaphopod Dentalium sp. was identified in these samples as well

as unidentified, gastropods, bivalves (Katherinella ? sp.), and Toredo-bored wood.

None of these identifications is age-diagnostic, but they do represent a different, more

shallow water, shelfal (?) environment than the underlying McIntosh Formation (Moore

writ. comm., 1992) (Appendix IV).

Based on microfossil and molluscan fossil ages, the Lincoln Creek Formation

has been correlated to the Keasey, Pittsburg Bluff, and Scappoose formations of

northwestern Oregon (Armentrout et al., 1983) and the informal Smuggler Cove

formation (Niem and Niem, 1985). In northwest Washington, correlative units include

the Blakeley Formation of the Seattle and Bainbridge Island areas, and the middle part

of the Makah Formation on the Olympic Peninsula (Snavely et al., 1980; Armentrout,

1987).



Petrography

Two thin sections of fine-grained glauconitic sandstone were analyzed with a

petrographic microscope (SM 91-216 and SM 91-217; Plate 1). Modal abundances

were visually estimated for both samples and one sample (SM 91-2 17) was selected for

point counting using a mechanical stage and counter (Table 2).

The samples from the Lincoln Creek Formation are predominantly very fine- to

fine-grained and poorly to moderately sorted, they consist primarily of siliciclastic

framework grains and glauconite cemented by authigenic clays and calcite (Figure 56).

Framework grains are subangular to subrounded and composed of strained and

unstrained monocrystalline quartz (16 to 30%), albite twinned plagioclase (22%),

untwined potassium feldspar (orthoclase) (3%), dark green glauconite (12 to 16%),

mafic to intermediate volcanic rock fragments (5 to 10%), opaque minerals (magnetite

and ilmenite) (4 to 5%), and hornblende (3 to 4%). Trace amounts of polycrystalline

quartz, chert, muscovite and biotite, and clinopyroxene also occur. These samples

classify as arkosic and lithic arkosic sandstones on Folk's classification scheme (1974)

(Figure 36). Plagioclase compositions range from An to An 61 (andesine to

labradorite).

Framework grains are tightly cemented by a combination of grain coating

authigenic dark green-brown clay (7-14 %) and late stage calcite (0 to 10%).

Abundance of detrital clay is undetermined. Some feldspar grains show moderately

developed early feldspar overgrowths (Figure 54) that predate the Clay rim cement.

Volcanic rock fragments are typically moderately to strongly altered to clay with some

forming pseudomatrix due to compaction.

These sandstones were derived from a combination of acid plutonic, intermediate

to mafic volcanic and minor low grade metamorphic sources. Andesitic rock fragments

and green homblende indicate input from an andesitic source, most likely from the early
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Figure 56. Photomicrograph of fine-grained, glauconitic arkosic lithic sandstone (SM

9 1-216) from the basal portion of the Lincoln Creek Formation (NE 1/4,

Sec.3, T12N, R7W; Plate 1). Note large ellipsoidal glauconite fecal pellets

and feldspar overgrowth developed on partially altered plagioclase grain.
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western Cascade arc. Monocrystalline quartz, potassium feldspar (orthoclase), and

large detrital sodic plagioclase indicate an acid plutonic source and could be derived

from the Okanagan Uplift region of northeastern Washington and southeastern British

Columbia, or the Cretaceous Idaho Batholith. Minor metamorphic detritus (e.g.,

polycrystalline quartz and rare schistose fragments) could be derived from low grade

metamorphic rocks in the Okanagan region or from the Mount Stuart Batholith region

of northwest Washington (see McIntosh provenance section). Some of these sands

could also have been reworked from uplifted Puget Group and McIntosh Formation to

the northeast where Pease and Hoover indicate an unconformity

Depositional Environment

The sandstones of the Lincoln Creek Formation were deposited in an open

marine environment at neritic water depths (<150 m.). This is based on microfossil

and molluscan fossil data in conjunction with lithofacies. Poorly preserved

foraminiferal assemblages from the Lincoln Creek Formation are indicative of an open

marine environment of less than 150 m water depth (McKeel, writ. comm., 1992).

Molluscan fossils analyzed are not diagnostic, but the bivalve Katherinella? may have

lived in water depths between 2 and 550 m. (Moore, writ. comm., 1992). In addition

to the fossil data, the abundance of glauconite pellets is indicative of a marine

environment, typically of shallow-water depths and slow sedimentation rates

(Pettijohn, Potter, and Siever, 1972). The intense bioturbation and presence of

articulated molluscan fossils may also suggest shallow-marine conditions within the

oxic zone (<150 m.). The lack of current formed sedimentary structures (e.g.,

hummocky bedding) with abundant bioturbation of glauconitic sandstone suggests

deposition below storm wave base. Typically, glauconitic bioturbated Pliestocene

sands are now found on the uplifted outer continental shelf and slope of Oregon and



Washington (Kuim et al., 1975). Armentrout (1987) interpreted the Lincoln Creek

Formation to represent a marine shelf-margin facies in this area, with nearshore and

nonmarine facies exposed farther to the east.
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STRUCTURAL GEOLOGY

REGIONAL STRUCTURE

The major tectonic feature of southwest Washington is the large arcuate volcanic

basement high that forms the Willapa Hills uplift (Figure 57). Exposed in the core of

the uplift are eariy to middle Eocene submarine basalts and associated basaltic breccias

of the Crescent Formation (oceanic crust), the oldest rocks in southwest Washington.

Duncan (1982) reported an average K-Ar age of 49 Ma for these basalts. Radiometric

age dates (Ar4° - Ar39) from two samples of the Crescent Formation (Sm 91-187 and

SM 9 1-206) in this study indicate and an age of 55.7 +1- 1.0 Ma and 53.6 +1- 2.0 Ma

respectively. Foraminifera collected from deep-marine mudstones interbedded with the

pillow basalts in this study are representative of the Ulatisian to lower Narizian

foraminiferal stages, which also indicate an early to middle Eocene age (Plate 3). This

basement, high is a continuation of the northern Coast Range uplift in NW Oregon,

which exposes early to middle Eoçene oceanic and subaerial basalts of the Siletz River

Volcanics and Tillamook Volcanics (Rarey, 1985). The dense basaltic core of this

uplift is distinguishable as a gravity high on Bouguer gravity anomaly maps of the

region from the adjacent sediment filled basin on the east and west (Armentrout and

Suek, 1985) (Figure 57).

Paleomagnetic analysis of drilled cores of the Crescent basalt indicates that the

basement of the southwest Washington Coast Range has undergone 20° to 40° of

clockwise tectonic rotation since the Tertiary (Wells and Coe, 1985). This is less than

the 50° to 70° of clockwise rotation reported for the basement rocks in the Oregon Coast

Range (Magill et al., 1981). Rotations decrease in younger rocks; the middle Miocene

Columbia River Basalts indicating only 15° to 25° of clockwise rotation (Wells et al.,
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Figure 57. Regional Bouguer gravity anomaly map for southwest Washington and

northwest Oregon. High gravity values delineate the Eocene volcanic and

intrusive igneous rocks in the core of the basement uplift. Note Mist Gas

Field located on east flank of the Nehalem arch. After Armentrout and Suek

(1985).
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1984). No appreciable flattening of paleomagnetic inclinations is observed in the data

from Washington and Oregon. This has been interpreted to indicate that although these

rocks may have undergone extensive clockwise rotation, no significant northward

translation has taken place (Beck, 1980; Wells, 1984).

Wells and Coe (1985) attributed differential amounts of clockwise rotation in the

Crescent and Miocene basalts in southwest Washington to independent rotation of

discreet basement blocks along transcurrent faults in a dextral shear couple (Figure 58).

In this model the north-south shear couple would be produced by strongly oblique

convergence and partial coupling of the subducting Farallon oceanic plate and the over

riding North American plate (Engebretson, 1982). Northwest-trending right-lateral

fault zones bordering basement blocks of early to middle Eocene oceanic crust

(Crescent Formation) in the Willapa Hills could set up dextral shear couples with

smaller en echelon left-lateral faults accommodating the shear and thus, the clockwise

rotation of individual crustal blocks (Wells and Coe, 1985). Wells and Heller (1988)

concluded that clockwise tectonic rotation of the southwest Washington and Oregon

Coast Range basement rocks is due to a combination of dextral shear and later Basin

and Range extension. They attribute little or no rotation to the Eocene accretion event

itself.

LOCAL STRUCTURE

The thesis area is located on the northeast flank of the northward plunging

Willapa Hills uplift and the southern most part of the Willapa basin (Figure 57). Strata

dip to the northwest (approximately 340° azimuth) at 10° to 20° away from the basement

high composed of oceanic basalts of the early to middle Eocene Crescent Formation and

middle to late Eocene intrusive rocks. Anomalous structural attitudes are generally

associated with local slumping, landslides, drag along fault planes or local intrusions
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(Plate 1). Faults in the Coast Range of Washington are largely concealed by the lush

vegetation and extensive weathering. The lack of well-defined stratigraphic markers in

the strata and abundant modern mass wasting (responsible for a large percentage of

anomalous strike and dips) also hinder delineation of faults and other structures.

Therefor, although several faults are identified in the thesis area by mapping and the use

of aerial photographs, numerous faults and related structures were likely missed.

Faults were mapped on the basis of 1) direct observation of stratigraphic offset,

juxtaposition of differing stratigraphic units (Plate 1), slickensides developed on shear

zones, and zones of fault gouge exposed in quarries, stream beds and roadcuts; 2)

stratigraphic and lithologic discontinuity of map units; 3) anomalous structural attitudes

of strata. Faults mapped in isolated outcrops were plotted on high-and low-altitude

aerial photographs to check for possible alignment with topographic lineaments. In

conjunction, lineaments observed on aerial photographs were plotted on the

topographic maps and field checked for possible structural significance. Most fault

surfaces observed in the thesis area are located in rock quarries developed in the oceanic

basalts of the Crescent Formation and middle late Eocene Crescent and Grays River

inirusives. Due to the resistant nature of these rocks and the man-made exposures,

shear surfaces, slickensides, and fault gouges are better exposed than in softer

sedimentary strata. Most of the major fault trends are delineated by lateral juxtaposition

of basement basalts and younger sedimentary strata (Plate 1). Differential weathering

of the ridge forming volcanic and the slope forming sedimentary units allows the

lineations to be observed on both the map and aerial photographs.

Within the thesis area, the prevalent fault pattern is a series of northwest- to

southeast -trending, high-angle faults with right-lateral oblique slip (Plate 1). A

subordinate set of older or possibly en echelon, high-angle normal and reverse faults

trends northeast to southwest (Plate 1).



Northwest-trending Faults

Three major subparallel, northwest-trending faults are mapped in the thesis area;

these are hereafter referred to as the Noe Creek Fault (Wagner, 1967), the Ellis Creek

Fault, and the Naselle River Fault (Plate 1). All of these faults are high-angle, right-

lateral oblique-slip faults which juxtapose basalts of the Crescent Formation against the

turbidite arkosic sandstone-rich Fork Creek member of the McIntosh Formation.

Higher in the stratigraphic section, the Noe Creek and Ellis Creek faults offset the

depositional contact between the sandstone-rich Fork Creek member and the overlying

mudstone dominated Lebam member of the McIntosh Formation. Using this contact as

a piercing plane, the Noe Creek fault indicates a maximum horizontal (100% right

lateral motion) displacement of approximately 1 km, while the Ellis Creek fault shows

approximately 450 m. of maximum horizontal displacement. However these offsets

could also be the result of vertical motion along the faults. Slickensides exposed in

northwest-trending fault zones in the southeastern portion of the thesis area (SW 1/4

Sec. 34; Center Sec. 35; NE 1/4, SE 1/4, Sec. 35, T12N R7W; Plate 1) indicate

horizontal to 30° oblique motion along the fault planes. Steps are not preserved in the

slickensides, therefore, absolute motion is unknown. The fault zones are typically

defined by 30 cm to 3 m wide shear zones and fault gouge (Figure 59). The trend of

the Ellis Creek Fault is delineated on the topographic map by the very straight and

distinct course followed by Ellis Creek through the basalt bedrock of the Crescent

Formation (E 1/2, Sec. 28, T12N R7W) (Plate 1).

Other unnamed faults in the area trend subparallel to the Noe Creek, Ellis Creek,

and Naselle River faults but cannot be traced over as large a distance and/or may not be

as well defined. Based on stratigraphic relationships, maximum horizontal and vertical

displacements along these faults are on the order of 10's to 100's m. of right lateral and

normal to reverse separation.
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Figure 59. Northeast- to southwest-trending fault exposed in pillow basalts of the early

to middle Eocene Crescent Formation. Note well-defined steeply dipping

shear zone with hammer for scale (NE 1/4, SW 1/4, Sec. 27, T12N R7W).



Northeast-trending Faults

Northeast-trending high-angie (65° to vertical) faults are mapped at various

locations in the southern two thirds of the thesis area (Plate 1). These faults are

generally not as well expressed by lineations on aerial photographs and are commonly

truncated by the more well-defined northwest-trending faults. Observed offset along

these faults is generally normal, and more seldomly, reverse. The amount of

stratigraphic offset along these faults is commonly observable within the outcrop and

may represent only a few meters of relative motion. The general lack of these faults

exposed within the Lebarn member of the Mcintosh Formation is likely due to the

homogeneous and non-resistant nature of the predominantly siltstone and mudstone

strata which are deeply weathered and covered with thick soil and lush vegetation.

These faults may represent an older episode of northwest-trending, high-angle,

normal and reverse faults that have subsequently been truncated by the onset of

northeast-trending, high-angle, oblique-slip faults. Another possibility is that the

northeast-trending faults may represent en echelon faults or tension fractures formed in

response to the northwest-trending strike slip-oblique slip faults in a wrench tectonic

setting (Wilcox et al, 1973).
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GEOLOGIC HISTORY

During the early to middile Eocene, thick sequences of submarine tholeiitic pillow

basalts, basaltic breccias, and alkali basalts were erupted adjacent to the continental

margin of North America. These rocks form the core of the Washington and Oregon

Coast Range and include the Crescent Formation of Washington, the Siletz River

Volcanics and correlative Roseburg Volcanics in Oregon, and the Metchosin Volcanics

exposed on the southern tip of Vancouver Island, British Columbia. Geochemical data

and field studies suggest that these basalts represent oceanic crust and oceanic

seamounts formed at a spreading ridge associated with a hot spot (Snavely et al., 1968;

Glassley, 1974: Duncan, 1982) or in a rifted continental margin setting (Wells et al.,

1984). In the thesis area, middle Eocene arkosic sandstones (locally pebbly) in the

lower portion of the Fork Creek member of the middle Eocene McIntosh Formation are

interbedded with pillow basalts and associated hyaloclastic basaltic breccia of the lower

to middle Eocene Crescent Formation (Fork Creek measured section, Plate 2; Plate 1).

These well indurated micaceous arkosic sandstones with some chert and quartzite

pebbles were derived from erosion of acid plutonic and low grade metamorphic rocks

of the Okanagan Region of the north Cascades, northeastern Washington and

southeastern British Columbia, as well as from intermediate lavas of the western

Cascades of Washington, Challis arc of Idaho and the Idaho Batholith. The

interbedded relationship between the oceanic basalts and the continentally derived

pebbly arkosic sandstones suggests that some Crescent eruptive centers were still active

during deposition and were located adjacent to the continental margin (Figure 58). The

arkosic sands were transported during a sea level lowstand to a marginal basin by delta

and longshore currents to the outersheif-slope break where they would slump and be

transported down submarine canyons or sea gullies by high-concentration turbidity
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Figure 60. Depositional model of middle Eocene Fork Creek member of the McIntosh

Formation. Lowstand fan deposition of arkosic sandstones by high

concentration turbidity currents in a topographically controlled basin. Note

sandstones bypassing the shelf and active seamounts of the Crescent

Formation.
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currents and deposited between seamounts as irregular shaped fans in lower-middle

bathyal water depths (1500 to 2000 m.) (Figure 60). Over 450 m of thick bedded

arkosic turbidite sandstones accumulated in the deep-marine basin.

Based on lithologies and paleodurrent data, these pebbly arkosic sandstones are

likely equivalent to the thick (> 2600 m.), non-marine to marginal-marine, middle to

late Eocene arkosic sandstones of the Puget Group (Gard, 1968; Frizzel, 1979;

Winters, 1984; Byrnes, 1985) and Chukanut Formation (Johnson, 1984). These

arkosic sandstone units are exposed to the east and northeast of the thesis area, along

the western margin of the Cascade Range of Washington. Paleocurrent data suggest a

dominantly west to southwest transport direction for the above sandstones (Buckovic,

1979).

Paleocurrent measurements within the Fork Creek member of the McIntosh

Formation (Figure 48 and 49; Plate 1) indicate a range of sediment transport directions,

but the predominant dispersal pattern of the turbidite sands where to the northwest and

southwest. A few measurements indicate transport to the northeast; suggesting local

topographic control on the dispersal patterns of these turbidity currents by submarine

highs of the Crescent Formation within the basin of deposition (Figure 58).

The thick accumulations of middle Eocene lower McIntosh deep-marine siltstones

and mudstones with minor accumulations of shallow marine (?), arkosic sandstones

deposited east of the thesis area (e.g. Stillwater Creek member of the Cowlitz

Formation of Henriksen, 1956; McIntosh Formation of Snavely et al., 1951, 1958; and

Wells, 1981), suggest that most of the Fork Creek arkosic sands bypassed the shelf by

local submarine sea gullies and were deposited in the deeper marginai Willapa basin to

the west (Figure 60). These submarine channels may be buried beneath younger strata

to the northeast of the thesis area.

Sediment bypassing the shelf can occur during a lowstand of relative sea-level.

Relative sea-level is controlled by a combination of eustatic (sea-level rise and fall) and
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Figure 61. Depositional model of middle to late Eocene Lebam member of the

McIntosh Formation and late Eocene Cowlitz Formation. Bathyal mudstones,

siltstones and distal arkosic turbidites of the Lebam Formation deposited during a

transgressive cycle. Note landward shift of sandstone deposition within the McIntosh

Formation. Grays River Volcanics are active at this time. Delta progradation of late

Eocene Cowlitz Formation represents early highstand sedimentation.
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tectonic (basin uplift and subsidence) fluctuations (Jervey, 1988). Fluctuations in

relative sea-level control the amount of accommodation space available for sediment

deposition. If sedimentation exceeds the accommodation space, deposition will

prograde basinward (regressive cycle). In extreme examples of lowstand the shelf may

be evacuated and exposed to subaerial erosion and sediment may be transported across

the shelf by fluvial channels. This is characteristic of a type 1 sequence boundary (Van

Wagoner et al., 1990). In the sequence stratigraphy model of Van Wagoner and others

(1990), the Fork Creek member of the McIntosh Formation represents a submarine fan

deposited in a topographically controlled basin as part of a lowstand system tract.

Foramineferal assemblages indicate that during deposition of the Fork Creek

member, a progressive shallowing or filling of the basin took place, from lower-middle

bathyal (1500 to 2000 m) water depths in the lower portion of the member to upper

bathyal (150 to 500 m) in the upper portion (McKeel writ. comm., 1992). This

represents a minimum of 1000 m of basin shallowing, which is over 500 m more than

the total thickness of the compacted sediments which filled the basin during this time.

This basin shallowing likely represents a continued fall in relative sea-level during

deposition in response to eustatic sea-level fall and/or more likwly tectonic uplift of the

basin. Basin uplift could be due to both late-stage activity of the eruptive centers of the

middle Eocene Crescent Formation and/or early activity of the middle to late Eocene

high titanium Grays River Volcanics. Gabbroic to basaltic sills and dikes, chemically

distinctive of both units intrude the pillow basalts of the Crescent Formation and strata

of the Fork Creek member (Figure 59).

An abrupt rise in relative sea-level is recorded by the middle to upper Eocene

Lebam member of the McIntosh Formation. This is represented by lower-middle

bathyal mudstones, siltstones, and thin distal micaceous arkosic turbidite sandstones

which overlie the thick bedded amalgamated pebbly micaceous arkosic turbidites of the

Fork Creek member (Figure 61). Shallow marine arkosic sandstones (locally pebbly
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and crossbedded) mapped to the east of the thesis area in the lower part of the upper

member of the McIntosh Formation of Wells (1981) may represent a landward shift in

the deposition of arkosic sandstone as accommodation increased on the adjacent

continental shelf (Figure 5). This transgression may be due to rapid thermal subsidence

of the basin at the cessation of late stage and Crescent volcanism. Rarey (1985)

suggested that thermal subsidence at the end of Tillamook volcanism resulted in a

marine transgression and deposition of deep-marine mudstone of the Hamlet formation

in northwest Washington.

Eruption of the predominately subaerial eruptions of the Grays River Volcanics

were also taking place in southwest Washington during the middle and late Eocene

(Figure 61). These volcanics consist primarily of high Ti02 and high FeO basalts

which are geochemically equivalent to the slightly older Tillamook Volcanics in

northwest Oregon. The Grays River Volcanics likely represent a slightly younger,

separate volcanic center than that of the Tillamook Volcanics. Although radiometric

date of 41.4 +1- 0.7 Ma for a dike of Grays River chemistry (SM 91-139) in the thesis

area overlap the younger ages (40 to 42 Ma) at the top of the Tillamook section in

northwest Oregon (Niem and Niem, 1985). Associated with the Grays River Volcanics

are massive to well-bedded aquagene or hyaloclastic tuffs and intrusions of high Ti

porphyritic basalt and medium-crystalline gabbro. Intrusions of Grays River chemistry

are for the first time recognized in the thesis area. Up to 460 m of highly altered

basaltic tuff mapped as the McIntosh Volcanics member may equivalent to the aquagene

tuffs, breccias, and subaerial basalts of the Grays River Volcanics (Figure 61).

The deep-marine strata of the Lebam member likely represent sedimentation

during a transgressive systems tract in the model of Van Wagoner and others (1990).

This is recognized by the abrupt deepening of the basin (indicated by forams),

drowning of the submarine channels that had funneled abundant arkosic sand to the

Fork Creek member and the apparent "backstepping landward of arkosic sandstone
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Figure 62. Depositional model of the basal portion of the Lincoln Creek Formation in

earliest Oligocene. Shallow marine, glauconitic, and tuffaceous sandstones

prograding basinward during sea-level highstand. The Lincoln Creek

Formation locally onlaps islands paleohighs of the Grays River Volcanics

which contributed local basaltic sandstone and conglomerate to the basal

unit.
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deposition observed in the upper portion of the McIntosh Formation to the east (Wells,

1981).

Shallow-marine strata of latedt Eocent to Oligocene (Refugian) Lincoln Creek

Formation conformably overlie deep-marine mudstones and siltstones of the Lebam

member in the thesis area (Figure 62). The basal portion of the Lincoln Creek

Formation is composed of very fine- to fine-grained, glauconitic, tuffaceous, lithic

arkosic sandstone. The sandstone is generally massive, bioturbated and fossiliferous

with gastropods and articulate pelecypods. Volcanic ash and rock fragments are

detritus in the sandstones and mudstones from early calcalkaline volcanism of the

western Cascade arc (e.g., Ohanapecosh Formation) of southwest Washington. The

abundant glauconite and bioturbation suggest that these basal strata were deposited in a

shallow-marine outer shelf environment below wave base with slow sedimentation

rates and slightly reducing environments. In other nearby areas, the Lincoln Creek

Formation unconformably onlaps local paleotopographic highs such as the early to

middle Eocene Crescent Formation and middle to late Eocene Grays River Volcanics.

Erosion of these highs supplied local Coast Range basaltic detritus and locally in

southwest Washington (outside the thesis area) the basal portion of the formation is

composed of basaltic sandstones and conglomerates.

The basal Lincoln Creek Formation and underlying deltaic to shallow marine

Cowlitz Formation (to the east of the thesis area), represent progradation of deltaic and

shallow marine facies basinward during a period of relative sea-level highstand (Figure

62). The glauconitic sandstone in the thesis area would be equivalent to a condensed

section on the outer shelf during a high stand systems tract of Von Wagoner and others

(1990).



HYDROCARBON POTENTIAL

Hydrocarbon exploration in western Oregon and Washington began around

1881, with the report of oil and gas seeps along the the sea cliffs on the west side of the

Olympic Peninsula, Washington (McFarland, 1983). Since 1901, more than 500 wells

have been drilled in Washington and Oregon (Armentrout and Suek, 1985).

In 1957, 12,000 barrels of oil were produced from a well drilled on the north

margin of Grays Harbor, approximately 15 miles west of the town of Aberdeen,

Washington and approximately 50 miles northwest of this thesis area. Production was

from sheared siltstones and sandstones of the late Eocene to early Miocene Hoh rock

assemblage. This is the only oil produced in the Pacific Northwest to date (McFarland,

1983). Other wells drilled in the area during the same time encountered high-pressured

gas shows with minor oil shows. The largest problem encountered in these wells

appears to be the lack of suitable reservoir rock (McFarland, 1983).

In 1979, discovery and successful development of the natural gas field near the

town of Mist in northwest Oregon demonstrated the presence of commercial quantities

of hydrocarbons in the Pacific Northwest. The Mist Gas Field is located on the

southeast flank of the Nehalem arch and gravity high of the Tillamook and Grays River

Volcanics which forms a subsurface divide between the Astoria basin on the west and

the Willamette basin on the east (Figure 57). The gas is produced from the Clark and

Wilson sandstone in the upper Eocene Cowlitz Formation. The Clark and Wilson (C

and W) sandstone is a clean and friable micaceous arkosic sandstone deposited in a

wave dominated, deltaic to shallow marine environment (Berkman, 1990). Porosity in

the C and W sandstone ranges from 18 to 35% (average 25%) and permeability ranges

from 19 md to more than 1500 md (average 200 md) (Armentrout and Suek, 1985;

Berkman, 1990).
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The gas produced from the Mist Field is typically very dry (low condensate) with

isotopic signatures indicative of a thermogenic origin (Armentrout and Suck, 1985).

Berkman (1990) and Stormberg (1992), suggest that thermogenic gas at Mist migrated

updip from more deeply buried Cowlitz shales and coals to the east. Abundant Eocene

and Miocene dikes and sills could be responsible for the thermal maturation of nearby

immature mudstones and coals (Niem and Niem, 1985; Mumford, 1988; Berkman,

1990; and Stormberg, 1992).

One of the objectives of this thesis is to determine the reservoir potential of the

slightly older, middle Eocene, micaceous arkosic turbidite sandstones in the Fork Creek

member of the McIntosh Formation. This unit could be a potential deeper target of

exploration below the Cowlitz Formation elsewhere in the region. The hydrocarbon

source rock potential of the deep-marine mudstones within the Fork creek member and

the overlying Lebam member are also evaluated.

RESERVOIR POTENTIAL

Six sandstone samples from the Fork Creek member were analyzed by Petroleum

Testing Service Incorporated in Bakersfield, California to determine porosity and

permeability (Appendix VI). Four of the samples (SM 91-24, SM 91-25, SM 91-29,

and SM 91-81) were collected from fresh stream cut exposures along Fork Creek (Fork

Creek measured section; Plate 2). Sample SM 90-21-2 is from a more weathered

outcrop of the member exposed in a road cut (NE 1/4, NE 1/4, Sec. 21, T12N R7W).

All the samples analyzed from the Fork Creek member are fine- to medium-grained,

moderately to poorly sorted, micaceous, arkosic sandstones deposited by high

concentration turbidity currents. No basaltic sandstones were analysed because are

generally more indurated and have more well developed authigenic clay cement. In

addition to the five samples from the thesis area, one sample was analyzed from the
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micaceous arkosic sandstone exposed in the Tenino Quarry near the type locality of the

McIntosh Formation (SE 1/4, Sec. 18, T16N R1W). This sample is a coarse-grained,

poorly-sorted, sandstone deposited in a fluvial environment in the upper portion of the

McIntosh Formation.

Effective porosity for all the samples analyzed ranges from 10 to 22% (average

16%). Effective porosity is a measure of the percent of interconnected pore spaces in a

rock. It is effective porosity that is important in determining the permeability of a

sandstone. The total porosity was not determined for any of the samples, but is

generally 5 to 10% higher than the measured effective porosity (Levorsen, 1967). One

interesting observation is that for all the samples tested, the measured porosities are

higher than the visual porosity estimates made from thin section. Visual estimates of

porosity range from 1 to 15% (average 8%). This discrepancy may be due to the

presence of micropore spaces in the sandstones not identified with the petrographic

microscope and/or incomplete impregnation of the sandstone billets with dyed epoxy

(blue) prior to cutting the thin section.

Permeability is the property that permits the passage of a fluid through the

interconnected pores of a rock (effective porosity) without damage to, or displacement

of, the rock particles. The unit of measurement of the permeability of a rock in the

petroeum industry is the darcy. Darcy's law can be written as:

k APQ_A L

Where Q is the flow rate, k is the permeability constant of the medium, 1.1 is the fluid

viscosity measured in centipoises, A is the cross-sectional area, AP is the change in

pressure, and L is the length over which the pressure drop occurs. Thus, a porous

medium has a permeability of one darcy when a viscous fluid will flow through it at a

rate of one centimeter per second per square centimeter of cross sectional area under a

pressure or equivalent hydraulic gradient of one atmosphere per centimeter.
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Penneability measurements are typicaily given in millidarcy (md), 1 darcy equals 1000

miflidarcy. Air is commonly the fluid used in measuring permeability because it has

little to no reaction with the rock and does not cause any permanent change in the

permeability of the sample. Permeability measurements made with air are comparable

with one another, but are generally a little higher than the permeability of the rock with

oil, gas, or salt water under reservoir conditions (Levorsen, 1967).

The measured permeability (air) of the samples analyzed ranged from 0.4 to 6.2

md (average 2.6 md). Values in this range (<5 md) are generally thought of as "tight

sands" and are much lower than those measured in the producing C and W sandstone

of the Mist gas field (average 200 md) (Armentrout and Suek, 1985).

The micaceous arkosic sandstones of the Fork Creek member of the McIntosh

Formation are generally well-indurated with a dominantly authigenic smectite clay

cement with lesser amounts of late stage, coarsely crystalline zeolite and calcite cements

(see petrography section). Although the porosity of the sandstones is generally good

(average 16%) the permeability of the sandstones is typically very low (average 2.6

md). This suggests that the formation of authigenic clay rim cement, although not

completely filling pore spaces, is likely blocking the smaller passages or pore throats

that connect the pore spaces (see diagenesis section) making these sandstones poor

reservoir quality.

Porosity and permeability of these sandstones could possibly be enhanced by the

development of secondary porosity during deep burial and diagenesis. Dissolution of

early-formed calcite cement, as well as chemically unstable minerals, and feldspar

grains is recognized in the micaceous arkosic turbidite sandstones of the Fork Creek

member (see diagenesis section). Schmidt and McDonald (1979) and Surdam et

al.(1979) have determined that carbonic acid and organic carboxylic acids are formed

during maturation of organic material and kerogens. In laboratory experiments the

presence of these acids has led to dissolution of carbonate cements and feldspar grains.
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Heald and Larese (1973) reported up to 4.4 % feldspar dissolution porosity in the

Cambrian Mt. Simon sandstone in Ohio. Under proper conditions of burial and

porewater chemistry, continued dissolution of framework grains could enhance both

the porosity and permeability of the sandstones in the Fork Creek member.

HYDROCARBON SOURCE ROCK POTENTIAL

Four mudstone samples from outcrops of the Fork Creek member and the

overlying Lebam member were analyzed for source rock potential and maturation by

Humble Instruments and Services in Humble, Texas. All the samples analyzed were

collected from fresh outcrops of dark gray or black, marine mudstone exposed in

stream cuts and stream beds. Three of the samples (SM 91-21, SM 9 1-53 and SM 91-

70) were collected from the Fork Creek measured section (Plate 2). The fourth sample

(SM 91-108) was collected along Falls Creek (NW 1/4, NE 1/4, Sec. 14, T12N R7W)

approximately 15 m below a 30 m thick porphyritic basaltic sill. Samples SM 91-21

and SM 91-108 are from mudstone interbeds within the Fork Creek member, samples

SM 9 1-53 and SM 9 1-70 are from mudstones in the overlying Lebam member (Plate

2).

The quality of a source rock is defined in terms of the amount and type of organic

matter (kerogen and bitumen) and the stage of maturation. This can he differentiated

and evaluated by optical microscopic (e.g., vitrinite reflectance) and physiochemical

methods (e.g., Rock-Eval pyrolysis). Vitrinite reflectance is used to visually determine

the type and maturation level of solid organic matter (vitrinite) within a sedimentary

rock. Rock-Eval pyrolysis gives a bulk analysis of total organic carbon (TOC), type of

organic matter (hydrogen index versus oxygen index), thermal maturity (T max) and

transformation ratio (TR). Optical and physiochemical techniques are best used in



* T max data not reliable due to low S2 value

HI - S2 x 100 / TOC

01 - S3 x 100 / TOC

TR - Si / (Si + S2)

Figure 63. Rock-Eval and vitrinite reflectance data of outcrop samples from the McIntosh Formation in the thesis area.

SAMPLE# LOCA11ON TOC wt. % Si S2 S3 HI 01 Ro Tmax °C TR

SM 91-21 NW 114, NW 1/4, Sec. 16 0.55 0.05 0.49 0.13 89 23 0.476 430 0.092
T12N R7W

SM 91-53 SW 1/4, SW 1/4, Soc. 4 0.74 0.06 0.83 0.18 113 25 0.494 427 0.067
T12N R7W

SM 91-70 NW 1/4, SE 1/4, Sec. 5 0.79 0.05 0.71 0.25 90 32 0.47 434 0.065
T12N R7W

SM 91-108 NW 1/4, NW 1/4, Sec. 14 0.69 0.02 0.01 0.21 2 34 0.958 440 0.66
T12N R7W
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conjunction with one another to describe the source rock potential and thermal maturity

of rock samples (Tissot and Welte, 1978).

Total organic carbon for all four samples range from 0.55 to 0.79% (average

0.67%) (Figure 63). These values are on par with TOC values for outcrop samples of

marine mudstone within the upper Eocene Cowlitz Formation in the vicinity of the Mist

gas field (average 0.65%), reported by Armentrout and Suek (1985). Berkman (1990)

reported average TOC values of 1.15% for mudstone samples from outcrop and core of

upper Eocene to lower Oligocene strata in the vicinity of Mist. Coal samples from the

Cowlitz Formation have higher T0C value which range from 9.53 to 43.25%

(Berkman, 1990). Armentrout and Suek (1985) reported a range of 0.79 to 7.22%

TOC for siltstone and sandstone samples exposed in outcrop in the coal-bearing, upper

Eocene Skookumchuck Formation in the vicinity of Centralia, Washington,

approximately 30 miles east of the thesis area. Tissot and Welte (1978) suggested that

the lower limit for generating hydrocarbons from nonreservoir shales is 0.5% TOC.

Thus, the samples of the Fork Creek and Lebam members are marginally lean source

rocks based upon TOC (Figure 63).

The type of organic matter is also an essential measurement of source rock

potential, which is usually determined from the ratio of the hydrogen index (HI) to

oxygen index (0!). Hydrogen index is calculated by [S2ITOC] and oxygen index is

determined by [S3IT0CI (Figure 63). Si represents the hydrocarbons already in the

rock which are volatilized by moderate heating from 200° to 250° C. S2 values relate to

the amount of hydrocarbons and related compounds generated by pyrolysis of insoluble

kerogen at 250° to 550° C. S3 represents the the CO2 and H20 released by the

cracking of the kerogen.

A plot of the hydrogen index versus oxygen index shows that the organic matter

of three samples (SM 91-21, SM 91-53, and SM 91-70) consists primarily of type III

kerogen and has a low potential for oil with some potential for the generation of natural



1000
Type I kerogen

900 -

II kerogen

Increasing
Mairi JfIncreasin

Oil Proneness

Type Ill kerogen

Type IV kerogen

Potential weathering

200

0 20 40 60 80 100 120 140 160 180 200

OXYGEN INDEX (01)

Figure 64. Classification of kerogen types using hydrogen and oxygen indices

determined from Rock-Eval pyrolysis. Samples are primarily composed of type III

kerogen (terrestrially derived plant matter) with a low potential for oil but possibly a

source for generating gas. One thermally over mature sample (SM 9 1-108), contains

residual organic matter (type IV kerogen) with little to no potential for further

hydrocarbon generation.

800

700

600 I

300

200

100

0

500

400



201

gas (Figure 64). Type III kerogen is derived mainly from terrestrial plant debris and is

the main type of kerogen found in coal (Tissot and Welte, 1978). Type HI kerogen is

generally gas-prone, although coal has been considered to be a source for oil generation

under the right conditions (Tissot, 1984). The hydrogen and oxygen index values of

sample SM 91-108 indicate that it is composed of residual organic matter (type IV

kerogen). Type IV kerogen is a form of "dead carbon" that is deeply altered by

subaerial weathering, biological oxidation, or thermal maturation. This kerogen type

has no potential for generating liquid hydrocarbons but may still generate limited

quantities of dry gas (Tissot, 1984).

Visual identification of kerogen types indicates that samples SM 91-53 and SM

9 1-70 (both from mudstones in the Lebam member, Plate 2) are composed mainly of

amorphous organic debris (>50%) with lesser amounts of herbaceous plant debris (0 to

20%) and trace amounts of woody plant debris (Humble Instruments and Services,

written comm., 1992). Herbaceous plant debris was the primary type of organic

material identified in sample SM 91-108. Amorphous organic debris includes algal and

planktonic remains with some terrestrial plant material such as pollen, and is indicative

of type II kerogen (Tissot and Welte, 1978). Type II kerogen is frequently considered

as having a good petroleum potential, but the amorphous organic debris which is

observed in the samples from the Lebam member is severely oxidized and has lost

most, if not all, of its generating character (Jarvie, writ. comm., 1992).

Thermal maturity of organic matter is commonly measured by vitrinite reflectance

(Ro), a visual measure of the reflectance of coal macerals (mainly vitrinite) and kerogen

in reflected light. The range of vitrinite reflectance values indicative of maturation

levels capable of generating liquid hydrocarbons ("the oil window") has been

determined to be between 0.5 to 0.7 % and 1.3% Ro (Tissot and Welte, 1978) (Figure

65). Reflectance values below 0.5% are indicative of immature rocks. Between 1.3
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Figure 65. Approximate boundaries of the oil and gas zones in terms of vitrinite

reflectance. From Tissot and Welte (1978).
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and 2% Ro, wet gas and condensate gas can be produced. Ro values above 2% are in

the zone where dry gas (methane) is produced.

The average vitrinite reflectance values for the three samples collected from the

Fork Creek measured section (SM 91-21, SM 91-53, and SM 91-70) range from 0.470

to 0.494% Ro and suggest that these rocks are thermally immature (Figure 63). Few

points (5) were observed in sample SM 91-108 but these indicate an average Ro value

of 0.958%. Further visual analyses of sample 108 in transmitted light suggests that the

organic matter or kerogen is thermally overmature for the generation of any liquid

hydrocarbons but may still be capable of generating dry gas (Jarvie, writ. comm.,

1992). Sample 108 was collected from a mudstone outcrop approximately 15 m below

a 30 m thick basaltic sill. The relatively high thermal maturation of this sample is

probably the result of baking by the nearby intrusion. The local maturation of thermally

immature strata by local basaltic intrusions has been proposed to be the source for at

least a portion of the thermogenic gas produced from the Mist field in northwest

Oregon.(Niem and Niem, 1985; Mumford, 1988; and Berkman, 1990; Stormberg,

1992).

The transformation ratio (TR) (also known as the production index) and the

temperature maximum (T max), from Rock Eval pyrolysis analyses are also useful in

determining the thermal maturation of organic matter in a rock. The temperature

maximum (T max) represents the temperature of the maximum hydrocarbon generation

during pyrolysis. Temperature maximums in the range of 400° to 435° C correspond to

immature source rocks while temperatures between 435° arid 460° correspond to mature

source rocks (Tissot and Welte, 1978) (Figure 66). T max values for the rocks

sampled in the thesis area correlate well with the vitrinite reflectance values discussed

earlier. The samples from the the Fork Creek measured section range from 427° to 434°

C and are indicative of thermally immature source rocks. Sample SM 91-108 has a T

max value of 440° C which indicates marginal thermal maturity although this
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temperature may not be reliable due to the low S2 value measured (Jarvie, written

comm., 1992).

The transformation ratio (TR) is the ratio of [Si! (Sl+S2)]. TR values generally

increase with increasing thermal maturity with values from 0.1 to 0.4 considered to be

in the oil generation zone (Tissot and Welte, 1978) (Figure 66). TR values for the three

samples collected along Fork Creek range from 0.065 to 0.092 with a trend of

increasing maturation with deeper burial (Figure 63; Plate 2). The sill baked sample

SM 9 1-108 has a TR value of 0.66 indicating that it is thermally overmature, although

this may also be unreliable due to the low S2 value.

In summary, the three samples (SM 91-21, SM 91-53, and SM 91-70) collected

from mudstones of the Fork Creek member and Lebam member of the Mcintosh

Formation exposed along Fork Creek (Fork Creek measured section; Plate 2) are all

organically lean, immature source rocks with low potential for oil and some potential

for generating natural gas. Amorphous organic debris typical of type II kerogen and

favorable for the generation of oil is observed in samples from the Lebam member (SM

9 1-53 and SM 91-70), but is strongly oxidized and has lost its potential for generating

oil. This may be due to subaerial weathering of the outcrop or microbial degradation of

the organic matter.

Sample SM 9 1-108, collected from a mudstone outcrop approximately 15 m

below a basaltic sill in Falls Creek (NW 1/4, NE 1/4, Sec. 14, T12N R7W), is

organically lean and appears to be thermally overmature and has already generated any

liquid hydrocarbons possible, but may yet be capable of generating dry gas. Thermal

maturation of this sample is likely due to baking of the immature strata by the nearby

intrusion.

Large gabbroic intrusions associated with the middle Eocene CrescentFormation

and / or the middle (?) to late Eocene Grays River Volcanics are exposed in the

southeastern portion of the thesis area and have been mapped by others further to the
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Figure 67. Idealized schematic cross sections showing vertical and lateral stacking

pattern of successive sand-rich deep-sea fan deposits. From Nilsen (1990).
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east (Wells, 1981; Henriksen, 1956). In the subsurface, these intrusions could be

responsible for local thermal maturation of otherwise thermally immature mudstone

strata of the McIntosh Formation.

TRAPS

In the Mist gas field of northwest Oregon, production is from the deltaic to

shallow-marine Clark and Wilson (C and W) sandstone of the middle to late Eocene

Cowlitz Formation. The Mist gas field occurs on an asymmetrical anticline along the

southeast flank of the Nehalem arch. The productive traps of the gas field are complex

and consist mostly of small drag folded anticlinal blocks bounded by northwest-

trending, high-angle, oblique-slip faults and subordinate east- and northeast-trending

faults (Alger, 1985; Berkman, 1990; Armentrout and Suek, 1985). Overlying the

producing Clark and Wilson sandstone of the Cowlitz Formation at Mist are thick

sequences of Cowlitz shales and late Eocene to early Oligocene tuffaceous mudstones

of the Keasey Formation, a lateral equivalent of the Lincoln Creek Formation. These

units act as seals for the underlying reservoir rock of the Clark and Wilson sandstone

(Berkman, 1990; Stormberg, 1992).

The fault pattern in the thesis area is very similar to that observed at Mist.

Numerous northwest-trending oblique-slip faults are observed which appear to truncate

a subordinate set of northeast-trending faults formed in a wrench tectonic setting

starting in the late middle Eocene. The thesis area is located on the north east flank of

the Willapa hills anticlinal uplift. Wells (1981) mapped a series of en echelon

northwest-trending folds on the southern flank of the Willapa Hills uplift. These fold

axes are typically offset by numerous cross-faults which if present in the subsurface

could act as structural hydrocarbon traps. However, no folds were recognized in the

thesis area.
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In the thesis area, the fine- to medium-grained micaceous arkosic amalgamated

turbidite sandstones of the Fork Creek member of the McIntosh show the best (but

modest) potential for a hydrocarbon reservoir if buried outside the thesis area (see

section on reservoir potential). These sandstones are overlain by approximately 450 m

of mudstone, siltstone and thin, very-fine- to fine-grained, micaceous arkosic, distal

turbidites of the Lebam member which can act as a seal in the subsurface. Mapping in

the thesis area determined that at numerous locations, arkosic sandstones of the Fork

Creek member are offset and juxtaposed against basalts of the underlying Crescent

Formation and mudstones and siltstones of the overlying Lebani member by northwest

trending oblique slip faults. If these fault contacts are present in the subsurface they

may act as structural traps for hydrocarbons

Stratigraphic traps for hydrocarbons within the McIntosh Formation may include

pinching-and fining-out of the turbidite sandstones to the west or channelization of the

sandstones within the marine mudstones. Lateral migration and progradation of fan

lobes with intervals of deposition of basinwide intervening shale deposits can result in

stratigraphic pinch-outs of sandstones and reservoir geometries shown schematically in

figure 67 (Nilsen, 1990). Onlap of the arkosic sandstones of the Fork Creek member

onto highs of oceanic basalts of the Crescent Formation may also form stratigraphic

pinch-outs (Figure 58) and subsequent hydrocarbon traps.



QUATERNARY DEPOSITS

Quaternary deposits in the thesis area consist primarily of undifferentiated alluvial

deposits (Qal on Plate 1). These deposits are located along the Willapa River in the

northern portion of the area and some of the larger creeks, such as the lower portion of

Fork Creek in the northwest corner of the area and Fern Creek and the lower portion of

Falls Creek, both of which flow into the Wilapa River in the northern portion of the

thesis area (Plate 1). Recent alluvial deposits consist of poorly sorted, subangular to

rounded basalt cobbles, sand and silt.

Mass movement of the sedimentary rock units is ubiquitous throughout the thesis

area. Most mass movement is due to soil creep and slumping. Mass movement is

generally evidenced by chaotic "jackstraw" tilting of trees, anomalous structural

attitudes and hummocky topography. Due to the intense vegetation in the area slump

and slide scars are generally reclaimed within a span of a few years. Logging roads in

the area commonly display local tension cracks and washouts due to active landslides.

Although locally common, due to the small aerial extent and heavy vegetation, few

landslides are mapped in the thesis area (Plate 1). The best exposed landslide is located

above Falls Creek (NE 1/4, NE, 1/4, Sec. 14, T12N, R7W), where roughly 50 m of

amalgamated sandstones of the Fork Creek member is exposed in a series of slide

scarps approximately 350 m long (Figure 27).
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CONCLUSIONS

The geology of the middle and upper Eocene volcanic and sedimentary strata of

the 36 square mile of the Lebam region in southwest Washington was examined and

mapped during the course of this study. The main conclusions deduced from this

investigation are:

Basaltic seamounts of submarine lava, breccia, and local intrusions of the Crescent

Formation were actively forming near the continental margin of North America

(55.7 Ma to 48.7 Ma, based on radiometric dates) during deposition of

continentally derived micaceous arkosic sediments of the lower Mcintosh

Formation (Fork Creek member) in a deep-marine marginal slope basin;

Based on major and trace element geochemical analyses, Tertiary intrusions of

gabbro and porphyritic basalt mapped in the thesis area are of two different

petrologic types; the first type are subalkaline, tholeiitic basalts similar to those of

the early to middle Eocene Crescent Formation (48.7 Ma); the second type are high

titanium, alkaline basalts similar to basalts of the middle to upper Eocene Grays

River Volcanics (41.4 Ma); these dikes and sills intrude both the pillow basalts of

the Crescent Formation and the micaceous arkosic sandstones of the Fork Creek

member (informal) of the McIntosh Formation in the thesis area;

The middle Eocene Fork Creek member of the McIntosh Formation represents a

sand-rich turbidite mid fan system deposited during a lowstand in relative sea-level

in a deep marine basin laterally confined by active and inactive volcanic seamounts

and oceanic islands represented by the basalts of the Crescent Formation;

The middle to upper Eocene deeper marine siltstones and mudstones of the

overlying Lebam member of the Mcintosh Formation documents a sea level
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transgression possibly resulting from thermal subsidence of the basin at the

cessation of local volcanic activity in the middle to late Eocene.

The predominantly micaceous arkosic and lithic arkosic turbidite sandstones of the

Fork Creek member were derived primarily from erosion of a mixed granitic,

metamorphic and intermediate volcanic source such as the Ominca Crystalline Belt

in the Okanagan Uplift Region of southeastern British Columbia and northeastern

Washington, the North Cascades and the intermediate volcanics of the Western

Cascade calcalkaline arc in Washington or Challis arc of Idaho along with minor

basaltic sandstone from erosion of a local Crescent intrabasinal oceanic island

source;

Paleocurrent measurements from the turbidite sandstone of the McIntosh Formation

in the thesis area indicate that paleodispersal patterns of turbidity currents were

mainly to the southwest and northwest although some are highly variable and the

flows were possibly diverted around basaltic paleohighs of the Crescent Formation;

7.Glauconitic, lithic arkosic sandstones of the basal portion of the overlying latest

Eocene and early Oligocene Lincoln Creek Formation represent mollusc-bearing,

bioturbated, shallow-marine, outershelf sandstones deposited as a condensed

section during a highstand of relative sea-level;

Porosity measurements of sandstones from the Fork Creek member exposed in

outcrop generally indicate good to moderate porosity, although the formation of

authigenic pore-lining iron-rich smectite clays during diagenesis has significantly

reduced permeability and suggests that the turbidite sandstones of the Fork creek

member are of marginal reservoir quality;

Source rock evaluations of fresh mudstones exposed in outcrops of both the Fork

Creek member and the Lebam member of the McIntosh Formation indicate that

these strata are generally organically lean source rocks composed primarily of

terrestrially derived herbaceous plant material (Type III kerogen) with some minor
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oxidized amorphous organic debris (Type II kerogen); the mudstones are typically

thermally immature although heating by proximal Eocene basaltic intrusions has

locally resulted in thermal maturation of sedimentary strata and maybe a more

widespread, overlooked maturation process for generation of economical quantities

of natural gas.
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SAMPLE # LOCATION ROCK UNIT FIGURE

NW 1/4, SW 1/4, TI2N R7W Fork CK. mbr. / Crescent Fm. Appendix IX
NW 1/4, NE 1/4 SEC. 35, TI2N R7W Crescent Fm. Figure 7
S 112, NW 1/4, SEC. 22, TI2N R7W Crescent Fm. Figure 8
CENTER SEC. 35, TI2N R7W Crescent Fm. Figure 9
NE 1/4, SW 1/4, SEC. 27, TI2N R7W Crescent Fm. Figure 10
CENT. SE 1/4, SEC. 29 TI 2N R7W Tertiary mt. / Fork Ck. mbr. Figure ii

SM 91-188A SE 1/4, NE 1/4, SEC. 1, TI2N, R8W Mcintosh volcanics mbr. Plate I
SM 91-204 NE 1/4, SW 1/4, SEC 26, T12N R7W Tertiary intusives Plate I
SM 91-143 SE 1/4, SEC 35, TI2N RTW Tertiary intrusives Plate I
SM 91-100 NW 1/4, SE1/4, SEC 14, T12N R7W Tertiary intrusives Plate I
SM 91-139 SW 1/4, SE 1/4, SEC. 27, TI2N R7W Tertiary intrusives Figure 13, Plate I
SM 91-179 SE 1/4, SE 1/4, SEC. 29, TI2NR7W Tertiary intrusives Plate I
SM 91-211 NW 1/4, NW 1/4, SEC 25, T12N R7W Tertiary intrusives Plate I, Figure 21
SM 91-197 SW 1/4, SE 1/4, SEC 20, TI 2N R7W Tertiary intnlsives Plate I
SM 91-86 SW 1/4 SEC. 16, Ti 2N R7W Crescent Formation Plate 2, Plate i,Fig. 19
SM 91-135 NW 1/4, NW 1/4, SEC 27, TI2N R7W Crescent Formation Plate I
SM 91-171 SW 1/4, NE 1/4, SEC 31, TI2N R7W Crescent Formation Plate 1
SM 91-174 NW 1/4, SE 1/4, SEC 28, TI2N R7W Crescent Formation Plate I
SM91-187 NE 1/4, NE 1/4, SEC 29, TI2N R7W Crescent Formation Plate 1, Figure 18
SM 91-206 SW 1/4, SE 1/4, SEC. 23, TI2N R7W Crescent Formation Plate 1
SM 91-198 SW 1/4,SE 1/4. SEC 20, TI2N R7W Tertiary intrusives Plate 1, Figure 22
SM 91-199 SE 1/4, NW 1/4, SEC 20 T12N R7W Tertiary intrusives Plate I
SM 91-224 NE 1/4, NE 1/4 SEC. 14, T12N R7W Tertiary intrusives Figure 23, Plate I
SM 91-27-25 SE 1/4, SE 1/4, SEC 27, TI 2N R7W Tertiary intrusives Plate 1, Figure 24
SM 91-142 SW 1/4, NE 1/4, SEC 35, TI2N R7W Crescent Formation Plate 1, Figure 20
SM 91-98 SE 1/4, SE 1/4, SEC. 14, TI2N R7W Tertiary intrusive Plate I

NW 1/4, NW 1/4, SEC 15, TI2N R7W Lebam mbr.
NE 1/4, NE 1/4, SEC 14, TI2N R7W Fork Creek mbr. Figure 26,27
NW 1/4, SEC. 6, TI2N R7W McIntosh Volcanics mbr. Figure 33
NE 1/4, SEC 15, TI2N R8W Mcintosh Voicanics mbr.
SW 1/4, NW 1/4 SEC 5, TI2N R7W Mcintosh Volcanics mbr.

SM 91-85 SW 1/4, SEC 16, TI2N R7W Fork Creek mbr. Plate 2
SM 91-87 SW 1/4, SEC 16, T12N R7W ik Creek mbr. Figure 29. Plate 2

NE 1/4, NW 1/4, SEC 14, T12N R7W 1Lbam mbr. Figure 30
SM 91-47 NE 1/4, NE 1/4, SEC 8, TI 2N R7W Lebam mbr. Figure 31,32,37

Cent. SE 1/4, SEC. 5, TI2N R7W Lcbam mbr.
SM 91-176 SW 1/4, SW 1/4, SEC 29, TI2N R7W Fork Cxeek mbr. (?) Figure 40,43
SM 91-177 SW 1/4,5W 1/4, SEC 29, T12N R7W Fork Creek mbr. (?) Plate I
TENINO A SE 1/4, SEC 18, TI6N R1W Mcintosh Fm.
Meglar SS CENT. SEC 24, T9N RI OW Meglar Sandstone
SM 91-24 NW 1/4, SEC 16, TI 2N R7W Fork Creek mbr. Plate 2
SM91-25 NW l/4,SECI6,TI2NR7W ForkCreekmbr. Plate2
SM 91-26 NW 1/4, SEC 16, TI2N R7W Fork Creek mbr. Plate 2
SM9I-29 NW I/4,SEC I6,TI2NR7W ForkCmekmbr. Figure34,Plate2
SM 91-36 SE 1/4, SE 1/4, SEC 8, TI2N R7W Fork Creek mbr. Plate 2
SM 91-47 SE 1/4, NE 1/4. SEC 8, TI2N R7W Lebam mbr. Figure 37, Plate 2
SM 91-56 NW 1/4, SE 1/4, SEC 5, TI2N R7W Leham mbr. Plate 2
SM 91-67 CENT. SEC 5, T12N R7W Lebani mbr. Plate 2
SM 91-68 CENT. SEC 5, TI2N R7W Lebam mbr. Plate 2, Figure 38
SM 91-81 SW 1/4, SW 1/4, SEC 16, TI2N R7W Fork Creek mbr. Figure 43, Plate 2
SM 91-84 SW 1/4,5W 1/4, SEC 16, TI2N R7W Fork Creek mbr. Plate 2
SM 91-87 SW 1/4, NW 1/4, SEC 16, TI2N R7W Fork Creek mbr. Figure 36, Plate 2
SM 91-92 SW 1/4, NW 1/4, SEC 16, TI2N R7W Fork Creek mbr. Plate 2
SM 91-106 SW 1/4, NE 1/4, SEC 14, TI2N R7W Fork Creek mbr. Plate 1, Appendix IX
SM 91-125 NE 1/4, NE 1/4, SEC 14, TI2N R7W Fork Creek mbr. Plate 1, Appendix IX
SM 91-127 NE 1/4, NE 1/4, SEC 14, T12N R7W Fork Creek mbr. Plate I, Appendix IX
SM 91-148 SE 1/4, SW 1/4, SEC 35, TI2N R7W Fork Creek mbr. Plate I
SM 91-156 NW 1/4, NW 1/4, SEC I, TIIN R6W Fork Creek mbr. Plate 1, Appendix IX
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SM 91-160 NW 1/4, NW 1/4, SEC I, TIIN R6W Fork Creek mbr. Plate I, Appendix IX

SM 91-175 NE 1/4, NW 1/4, SEC 33, TI2N R7W Fork Creek mbr. Plate I

SM 91-216 NE 1/4, NE 1/4, SEC 3, TI2N R7W Lincoln Creek Fm. Figure 54, Plate I

SM 91-217 NE 1/4, NE 1/4, SEC 3, T12N R7W Lincoln Creek Fm. Plate I

NE 1/4, NE 1/4, SEC 3, TI2N R7W Lincoln Creek Fm. Figure 53

NE 1/4, NE 1/4, SEC 4, TI2N R7W Lincoln Creek Fm. Figure 53

FAULT NE 1/4, SW 1/4, SEC 27, TI2N R7W Figure 57

FAULT NE 1/4, SE 1/4, SEC 35, TI2N R7W

M 90-21-2 NE 1/4, NE 1/4, SEC 21, TI2N R7W Fork Creek mbr. Plate I

SM 91-21 NW 1/4, NW 1/4, SEC, 16 TI2N R7W Plate 2

SM 91-53 SW I/4,SW 1/4, SEC 4, TI2N R7W Lebam mbr. Plate 2

SM 91-70 NW 1/4, SE 1/4, SEC 5, TI2N R7W Lebam mbr. Plate 2

SM 91-108 NW 1/4, NE 1/4, SEC 14, TI2N R7W Fork Creek mbr. Plate I
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SM91 SM91 SM91
-- __--

SM9I
- -

SM91 SM91 SM9I SM91 SM91 SM91

86 100 135 139 143 171 - 174 179 187 197

Date 7-Apr-92 7-Apr-92 7-Apr-92 7-Apr-92 7-Apr-92 7-Apr-92 7-Apr-92 7-Apr-92 7-Apr-92 8-Apr-92

Unnormallzed Results (Weight %):
S102 49.10 48.96 48.68 49.88 44.38 48.75 48.19 48.62 48.36 48.25

Al203 16.38 16.75 13.68 13.95 14.76 15.96 14.70 14.01 13.84 15.36

1102 1.923 3.052 2.465 3.095 4.455 1.921 2.001 3.581 2.792 1.851

Fe0 9.63 11.15 12.39 12.92 14.00 10.84 11.51 13.62 13.38 11.36

MnO 0.189 0.167 0.178 0.191 0.184 0.184 0.194 0.199 0.226 0.245

CeO 12.51 9.03 11.03 8.05 6.50 11.23 11.79 9.18 11.83 11.53

MgO 6.57 4.19 7.24 5.03 7.42 6.50 7.97 5.52 5.81 6.41

K20 0.27 1.11 0.50 1.40 2.78 0.42 0.26 0.82 0.15 0.21

Na20 2.66 4.49 2.45 4.31 2.50 3.12 2.24 3.85 2.83 3.98

P205 0.191 0.340 0.265 0.415 0.817 0.186 0.193 0.462 0.284 0.175

Total 99.42 99.24 98.88 99.24 97.80 99.11 99.05 99.86 99.50 99.37

Normalized Results (Weight %):
S102 49.38 49.34 49.23 50.26 45.38 49.19 48.65 49.69 48.60 48.56

Al203 16.48 16.88 13.84 14.06 15.09 16.10 14.84 14.03 13.91 15.46

1102 1.934 33.08 2.493 t3.12 t4.56 1.938 2.020 83.59 32.81 1.863

Fe0 9.69 11.24 12.53 13.02 14.32 10.94 11.62 13.64 13.45 11.43

MnO 0.190 0.168 0.180 0.192 0.188 0.186 0.196 0.199 0.227 30.25

CaO 12.58 9.10 11.16 8.11 6.65 11.33 11.90 9.19 11.89 11.60

MgO 6.61 4.22 7.32 5.07 7.59 6.56 8.05 5.5:3 5.84 6.45

K20 0.27 1.12 0.51 1.41 2.84 0.42 0.26 0.82 0.15 0.21

Na20 2.68 4.52 2.48 4.34 2.56 3.15 2.26 3.86 2.84 4.01

P205 0.192 0.343 0.268 0.418 30.84 0.188 0.195 0.463 0.285 0.176

Trace Elements (ppm):
NI 63 23 74 16 30 56 88 33 55 55

Cr 184 43 239 37 18 188 287 39 126 165

Sc 44 30 48 32 18 43 47 34 47 46

V 321 324 353 303 227 304 331 352 413 314

Ba 51 296 149 414 1173 136 139 313 I 29 164

Rb 4 23 8 31 44 8 4 16 1 5

Sr 234 446 191 353 399 288 208 484 231 312

Zr 119 217 169 227 346 128 129 247 177 118

V 30 33 40 37 33 27 32 35 43 29

Nb 10.1 t37 17.5 143 384 12.2 12.5 346 18.2 9.8

Ga 24 22 19 21 25 22 23 26 25 21

Cu t160 84 8186 50 32 3157 142 64 8206 3153

Zn 87 103 103 3118 142 88 88 2128 112 8129

Pb 0 1 0 0 4 0 0 1 2 0

La 4 4 9 33 45 9 11 9 0

Ce 28 58 37 65 120 27 19 80 39 35

Th 2 4 2 6 7 0 1 2 3 0

Malor elements are normalized on a volatile-free basis.
"R" denotes a duplicate bead made from the same rock powder.
TotaI Fe Is expressed as FeC.

values >120% of our highest standard."f" denotes
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7

SM9I 5M91 SU91 SM91 SM91 SM9I SM9O SM91 SM91 SM91

198 199 204 206 211 224 2725 188A 100 IOOR

Date 8-Apr-92 8-Apr-92 8-Apr-92 8-Apr-92 8-Apr-92 8-Apr-92 8-Apr-92 8-Apr-92 7-Apr-92 9-Apr-92

I
S102

Unnormalized
47.39

Results
47.94

(Weight %):
43.49 48.81 47.45 49.22 47.97 52.54 48.96 49.04

Al203 11.00 16.26 14.62 14.17 16.32 17.65 18.22 14.65 16.75 16.77

1102 2.111 1.592 4.670 2.669 3.540 2.855L l.420 2.367 3.052 3.040

Fe0 11.51 10.53 14.47 12.38 11.95 10.28 9.35 11.28 11.15 11.28

PhiO 0.188 0.174 0.246 0.359 0.170 0.180, 0.155 0.148 0.167 0.164

CeO 9.58 11.31 7.28 11.57 9.97 11.43 11.64 4.24 9.03 9.00

MgO 15.12 7.99 6.89 6.34 4.89 4.58 6.85 4.59 4.19 4.19

K20 0.66 0.26 1.50 0.25 0.65 0.68 0.38 1 1.76 1.11 1.11

Na20 1.72 2.91 4.06 2.70 4.02 2.80 3.06 4.10 4.49 4.50

P205 0.238 0.137 0.819 0.272 0.394 0.343 0.137 0.419 0.340 0.339

Total 99.52 99.10 98.05 99.52 99.35 100.02 99.18 96.09 99.24 99.43

Normalized Results (Weight %):

S102 47.62 48.37 44.36 49.05 47.76 49.21 48.37 54.68 49.34 49.32

Al203 11.05 16.41 14.91 14.24
12.68

16.43
83.56

17.65
t2.85
10.28

18.37j 15.25
1.432j 2.463
9.43 11.74

16.88
83.08
11.24

16.87
t3.06
11.34

1102 2.121 1.606 t4.76
11.57 10.63 14.76 12.44 12.03

MnO 0.189 0.176 80.25 80.36 0.171 0.180 0.1561 0.154 0.168 0.165

CaO 9.63 11.41 I 7.43 11.63 10.03 11.43 11.74 4.41 9.10 9.05

MgO 15.19 8.06 7.03 6.37 4.92 4.58 6.91 4.78 4.22 4.21

K20 0.66 0.26 1.53 0.25 0.65 0.68 0.38 1.83 1.12 1.12

Na20 1.73 2.94 4.14 2.71 4.05 2.80 3.09 4.27 4.52 4.53

P205 0.239 0.138 80.84 0.273 0.397 0.343 0.1381 0.436 0.343 0.341

Ni

Trace Elements
473

(ppm):
87 37 84 14 83 I 64 17 23 25

Cr 576 244 25 232 24 122 213 44 43 42

Sc 35 45 22 51 30 31 35 26 30 28

V 238 265 240 380 348 294 237 I 217 324 329

Ba 150 35 682 46 178 162 358 356 296 281

Rb 16 3 32 4 12 9 7 43 23 24

Sr 283 314 387 226 465 481 487 304 446 445

Zr 139 101 339 174 183 194 108 242 217 215

V 23 25 32 44 29 33 24 39 33 35

Nb 24.8 9.2 t81 19.3 33.6 33.81 8.3 740 t37
22
84

Ga 15 20 1
27 23 22 25 16 25 24

Cu 112 125 37 t206 51 78 114 37 82

Zn t123 74 t143 113 96 112 67 8123 103 106

Pb 1 0 3 0 0 0 2 4 1 0

La 23 2 64 21 24 29 11 31 4 26

Ce 41 27 118 40 48 58 26 74 58 33

Th 2 0 6 3 4 2 0 41 5

Major elements are normalized on a volatile-free basis.
"R' denotes a duplicate bead made from the same rock powder. I

Total Fe is expressed as FeO.
"f denotes values >120% of our highest standard.



APPENDIX III

Microfossil checklist and paleoenvironmentai determinations.

231

70
I'll

74 85 97
1

X

6---10 13 19 22 31---==34 3 45 53

x

57 63

AnomilinL..

X

__-
Anomalina garzaazis

Ajtigthna aauafornu
Bifartna nutalli

BuhminL..

Buhinina clongata Ii
Buinntna cOWIitZcnZIJ

Bulimina jmckionauii X Cf.

Bulirnina alazanensis

Bulimina corrugata X X X

Bulimina curtissima X

Bulimina mirrocostata X X

Bultmina macilenta -

Bulimina whitei IBulimma guayabalensii awpla
X aff.Buliminclia corta

Bolivina...

Bolivzna piscilorms - x
X X

- x - x
X cf X X

, -E-_Bolivina buicurta

Bolivin. oregonenail

Bolivm. acabrata - X

Bathyaiphon X

Bathysiphon cocenica X

Cibicidea...

Cibicidea ipiralia

Cibicidea pachydertna X

Cibicide. involuta X -_-Cibicidea mcmastersi

X X

-
X

X

Cibicidea fortunatus

Cibicidea evolutuz X

Cibicides apiropunclatus

Cibicides lob.tulua - X aff. -
_____________________Cibicides pseudow clloratorffi

Cibicides cushmani

Cibicidoidea venezuelanus

X

X

X X -- -- -Cer.tosiIimina washlammi

Caucasina achencki

Chiloatomefla...

Cassidulinaglobosa X X X X X X X X

Cyclammina... X

Dentalina sobrina X ci

Dentalina...

X

X X X - X
Eggerella

Eggerella aubconica X - X

XEggereila elongata X C

Eponides... X

Eponides ycguaensis X

Eponides gaviotensis X -
XEponides minima

Eponides umbonatus X
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SA34}'LE#SM91-

1 6 10 13 19 I
2.2 31 34 3 45 53 57 63 70 74 85 97

Episwniina...

GIobobuluninL.. X X X X

OIou1zxninap.cifica
I

X X

Globigenna wilwni
X

Globigaina soldadoensis
+

G1oborotioidez X X I

Globiginatheka X ansc

Glomosptr. tharoidcs

GyL..
Gyroidini io1dani X X X cf

Gyroidina ,imicrois X

Gyroidina scalala X cf X cf

Gyroidina condoni L X

Gyroidina octocarnerata L X cf

Gyroidina guayabalerois X I

Gidina planata I
I!

Haplopbmgrnoidea I

Lenhiculinatcrryi

Lenticulinainornata

Lenticulina holcombensis X

M.rginu1ina.. X

Morozovelt. aublx,tinae I

Morozovclla aragoncnsis

Nodogenerina Lepidula j

X X X

'lectofiondicitlaria... X X X

Plectofrondicularia gracilis X

Plectofrondicularia scarsi X X

Plcctofrondicularia inultilineats X

Plcctofrondiculajiaminuta X

PufleniL.

Pullenia eocinica

Planorolalitea indiscrimmata

P1.nomtlaites pl.nocotuca

Plcurostomella... X X

Nodoaaria... X

Nodosaria longiscata X I X X X X

Nodosaria deliciae X

Nonion... X

Nonion planatum X -

Nonion applint X

Parrella...

P6cudoglandulina... X

Paeudoglandulinaconica X
I

X

Pacudoglandulina turbinatus X cf I
I

Pacudohautigerina liflhui
X

Pacudohastigerina micra X X X X X X

Quinqueloculina...
1

I

Sngurus... (radiolaria)
I

Subbotina... X X X X X X X X X X X X

Subbotina eocaenna
X
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SAMPLE#SM9I-

1 6 10 13 19

-
45 53 57

-
63 70 74 85 97

SubbotmE Angiporoidc

Subbotins Irontogu

Siicoigmoilma caiifornica X

SpiroplcctammnL.. X X X

Spiroplectammmi tejoncuhlo X

Spunplcctammma adams*

Strut.. (ri4io1ar) MStilostoinella kpidul

Trochmmina X X

Truncoroteloidez nicoli

Tnncorot*loide intcrposaa X X cf.

Truncorotaloideg collacteus X aff.

Truncorotaloides bolllwooki

Truncorotaloides soldadoecon sngulosus

Tritaxilina cold

Uvigerinachurc±i

Uvigerinaganaenzo Xcf

Uvigerin.bcccarii Xcf X X X X

t.Jvigthna elongate X

Uvigcuna nudorobosta X cf X cf. X X

Uvigecina yazoocosis X cf.

Uvigerina lodoensis miramac

Vaginulinopais aspeculiformis

Valvulinena... X

Valvulineria involuta

Valvulineria citirana x x

Valvtilineria wcicomensis x

Valvulincria tumcyensis x

Valvulinena childsi

Virgulina californiensis

Radiolaria X X

Nauclline Radiolaria X

Oatracod X

Diatoms X X X X X X X X X

Fizhresnaina x X X X

Fecal pellets

Spherical Radiolaria X X X X x X war. X X var. X

Spherical Ratiiolaria (spiney)

Sponge apiculea

Lignite X

Echiniod spines X

Discoidal Radiolaria X X

Ganuopod

Pyrite X
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-f

SAMPLE 8 SM 91-

103 124- 128 129 131 136 138 140 144 147 149 150 152 158 159 166---- 167

Amorphin
Mom1thL..

Anomalina garzaenis

Azterigenna crauafonni

Bifarinanutalli X X X

BuluninL.. X X

Bulimina clongata X

Bulimina owlizi
Buiixnuia jarksoneasi

Bulimina al&zanensis X

Buliznina cotrugata X

Buliinina curtisima

Bulimina miaocostata I

Bulimina macilenta X X

Bulimina whitci X

Bulimina guayabalenais awpla

Buliminclla cotta

Bolavina... X

Bolivina piwiforms

Bolivina sittsrta

Bolivina oregonenais

Bolivina acaiwuta
I

Bathysiphon
i

X X

Bathyaiphon eocenlca X X X X X

Cibicides... X X X X X

Cibicidea apiralis X aff.

Cibicidea pachydersna
J

X

Cibicides involuta I

Cibicides manastersi

Cibicidcs fortunatus

Cibicidea evolutus J.j
Cibicidea apiropunctatus X X X

Cibicides lobatulus

Cibicidea pacudow ellorstorfli X

Cibicides cushmani X X

Cibicidoides venezuelanus X

Ccratotailiminawashbarnei

Caucasina schencki

Otiiostotnella... X

Cassidulinaglobosa X

Cyclaxnmtna...
T

Dentalma consobrina

Dentalina... I
X X X X

Eggescila

Eggerella suboonica
I

Eggercila clongata

Eponidea...

Eponides yeguaensis

Eponidea gaviotnsis I

Eponideammirna X

Eponides umbonatus X X
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SAMPLE # SM 91

103 124 128 129 131 136 138 140 144 147 149 150 152 158 159 166 167

Epiztommi... X

Globobulmiina... X

Olobobi1imin* p.cif

Olobigczma wilsoni

Ga IllUllilU
X

-
X

X -0..
Gyvidina soldanii

Gyroidina ,imiaui

Gyroidina acalata -
Gyroidina condoni

Gyroidina ctocamezata X --Gyroidina gayabalaisit

Gyroidinaplanata - X --Haplophragmoidca

Karraiella Cofltotta

X X XVIT.XVT

jJor --- -- x --Xcf -:r'-..:::
I, i

X

--------- x x
x

Planorotalites diwnmotata -- - X -_P1anorot1aiti planocoruca

P1curostomel1a. --
________

--
X

--
x

X

X

-
-Nodossna...

Nodosaria longiscata

Nodosaria deliciae

Nonion...

Nonion planatum --Nonion applini

PaiTella...

Pacudoglandulina...

Pseudoglandulina conica

Pseudoglandulina turbmatus

Preudohastigerina lillisi --
X

XPacudohastigerina micra X X

Quinqucloculina...

Spongurus... (radiolaria) X X - X
Subbotina... X X X X X X X

Subbotina eocscuna X
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-
# SM 91-

------ _____SAMPLE
103 124 128 129 131 136 136 140 144 147 149 150 152 156 159 166 167

SubUna Angiporoide

Subbotina irootnaus X

Siigmoiinacalifomica X X Xvar.

Spsroplectammma... X

Spiroplcctaxnmina tejoneozis

Spiroplcctainmina adamii X ci. -
X

-
XStazten... (radiolaria)

Stiloatoincila Iepidula -
Trocbammina

Tnma,rot*loidcs nicoli X

Truncorotaloides inteeposila

Tnancorotaloides collacteus

Tnsncorotaloides bollinooki X X X

Truncorotaloides soldadoeosts angulosus X

Tritaxilina colei X

Uvigeona churchi X

Uvigerina garzaensis

Uvigermna beccarii

Uvigain. elongata

Uvigesina nudoroixisia

Uvigermna yazoocnsts X ci.

tjvigertna Iodoassi miramae X

Vagmnulinopsis aspauliformis X

Valvulinesia...

Valvulineria involute

Valvulineria chirana

Valvulineriawcicomensis X X

Valvulinecia tuzneyensn

Valvulinas. ci. ild.i X

Virgulina califonuecai. X sf1.

Radiolarta

NassellineRadiolaria X X X X

tracod

Diatoms X

Pishranasss

Fecal pellets

SphericulRadtolaria XX X X X X X X X X X X X X

S1therical Radiolaria (spiney) X

Sponge spicules

Ugnite

Echiniod spines X

Discoidal Radiolaria I

X X

Gastropod

Pyrite 1 x
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SAMPLE I SM 91- _________-_____ EEE168 Rak:I:t:1,VI 191 194 205 210 214 219 220 225 228

Allomotpbin*

Anomaima.

Anomalmi garzaenaiz

Altcng&na crusaforniis X

Bifarina nutalli

BuInnioL.. X

Bultmina elongata

Buhinma ewlitzenaiz

Bunajackaonatins
Bulimina alazanamis

Bulimina ormgata

Bulimina cuxtisgima

Bulimina miaocoutata

Bulimina macilenta

Bulimina whitei

Bulimina guayabalensti awpla

Buliminclla curta

Bolivina...

Bolivina piaciformi

Bolivma basicurta

Bolivina oregonenais

Bolivma acairata
- X var.Bathysiphon

Bathyziphon eocenica X

Cibicides... -
Cibicidea pira1is

Cibicides pachyderma

Cibicides involut.

Cibicide. mnasLersi

Cibicidea fortunatus

Cibicide, evolutus

Cibicides apiropunct.tus

Cibicidea lobatulua

Cibicides pseudow ellorstorifi

Cibicides cushmani

Cibicidoides veneruelanus

Ceratolvalimina washsirnei

C.ucana,chencki X

chilogtomelia...

Cauidulina globosa

Cyclammina... X

Dentalina consobrina

Dcntalina... X X

Eggerella

Eggerell. subconica

Eggerell. elongata

Eponidea...

Eponides yeguacosis - 4

Eponides gaviotensis

Eponidcs minima

Eponides umbonatus
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SAMPLE 8 SM 91- -
168 170 178 186 189 190 191 194 )5 210 214 219 220 225 228

EpiiuminL.. X

G1obobu1imina..

Glob ilimm cifk*

G1obigina wilwni

Globigenna ,oldadoaisii

Globorot2loidc5

Globigennitheki

Glomopiri cbaroides

GyroidüiA...

Gyroidin o1danii

Gyroidina simiensi L
Gyroidina scalata

Gyroidina condoni

Oyroidin octoInta
Gyroidina guayabalonsis

Gyroidina planata

Haploiragnioides X

Karreridlla contorta

Lenticulina... X

Lcauculina tenyi

L.enticulina inornata X

Lenticulina holcombensis

Marginulina...

Morozovella sublxtinae

Morozovella aragonensis

Nodogenerina Lepidula

Plectofrondicularia...

PctoIrondicularia gracilis

Plectofroadicularia acarsi

Plectofrondicularia multilineata

Plectofrondicularia minuta

Pullaiia...

Pullenia eocinica

I'Ianorotalites indiacnminata

Planorotlaites planocontca X

Pleurcutomella...

Nodosana...

Nodonaria longiscata X

Nodosaria deliciae

Nonion...

Nonion planatum

Nonion applini

Parrella...

Pseudoglandulina... X

Pseudoglandulina conica

Pacudoglandulina turbinatua

Pseudohantigerina lilliul

Pseudohastigerina micra

Quinqueloculina...

Sngurus... (radiolaria)

Subbotina...

Subbotina eocaenna
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SAMPLE I SM 91-

168 170 178 186 189 190 191 194 205 210 214____----219 220 225 228

SubünaAnmides - X
Subtina frontous
Siicoiginoiins califomici X X X X ________ X

Spmm.
Srop1ectammin tejonenits

Spoplectsrninm .damsi

Strru. (rdiolana) X X

Stilostomella lepidula

Trocbammina ------
Tnincorotaloidci nicoli

Tnrncorotaloidea interposita

Truncorotaloides collacteus

Truncorotaloides ai1llrooki

Truncorotaloides soldadoensis angulosus

Trilaxiina colci

Uvigenna churchi

Uvigenna gacnsis
Uvigenna bcccarii -
Uvigezina elongate

Uvigenna nudorolaista

Uvigerina yazooensis

Uvigenna lodoesids miramac

Vaginulinopsts aspenaliformis

Valineri&..
Valvulineria involuta

Valvulinena chirana

Va1vieriawelcomcnss X

Valvulineria tumeyensis

Valvulineriachildsi X

Virgulina aliforniensia

Radiolana

Nasselline Radiolana

tracod

Diatoms

Fish remains X

Fecal pellets X

Spherical Radiolaria X X X X X X X X

Spherical Radiolaria (sptney)

Spenge spicules X X

Ugnite X

Echiniod spines X X

Discoidal Radiolaria X X X X

Gastropod

Pyrite X
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Age and paleoenvironmental determinations.
SAMPLE I LOCATION flOCK UNIT STAGE ZONE ZONE IECOLOGV DEPTH

(Mallory, 1959) (LaImlngJ (Rau, 1958)
Fork Creek member

500 = 4000 orSM 91-85 Sw 1/4, sw 1/4, SEC 16, T12N R7W Fork Creek mbr, Ulatisiarr to lower B - A2 middle to lower bathyal
Narizian

SM 91-97 NE 1/4, Sw 1/4, SEC 14, T12N R7W Fork Creek mbr. marine
SM 91-103 SW 114, NE 1/4, SEC 14, TT2N R7W Fork Creek mbr. marine
SM 91-124 SE 1/4, NE 1/4, SEC 14, T12N 117W Fork Creek mbr. open marine

marineSM 91-128 lower Narizian A2 or older Uvlgna cf. U Yazooensis
or olderor older

marineSM 91-129 SE 1/4, NE 1/4, SEC 14, T12N 117W Fork Creek rnbr.
SM 91-144 SW 1/4, SW 1/4, SEC 35, T12N 117W Fork Creek mbr. open marine
SM 91-147 SE 1/4, SW 1/4, SEC 35, T12N 117W Fork Creek mbr. Eocene or older pen marine
SM 91-149 NE 1/4, NE 1/4, SEC 3, T11N 117W Fork Creek mbr. ,pper Narizlan

or older
Al or older Bulimina Schenki Plectoirond-

icularia cf. P. Jenkinsi
offshore open marine
lower middle bathyal
ppen marine

1500 - 2000 m

SM 91-150 NE 1/4, NE 1/4, SEC 3, T11N 117W Fork Creek mbr,
SM 91-159 NW 1/4, NW 1/4, SEC 1, Ti iN 117W Fork Creek rrrbr. lower Na#zian A2 Uvigerina ci. U Yazooensis uJper middle bathyal

marine
500 - 1500 m

SM 91-168 Sw 1/4, NE 1/4, SEC 35, T12N 117W Fork Creek mbr.
SM 91-190 NW 1/4, SE 1/4, SEC 20, T12N 117W Fork Creek rnbr. open marine, batpI >150 m
SM 91-191 NW 1/4, SE 1/4, SEC 20, T12N 117W Fork Creek mbr. open marine
SM 91-194 NW 1/4, SE 1/4, SEC 20, T12N 117W Fork Creek mbr. lower Narizian A2 or older Uvienna ci. U Yazooensis marine

or older or older
SM 91 -205 NE 1/4, NW 1/4, SEC 26, T12N 117W Fork Creek mbr. marine
SM 91-210 NW 1/4, NW1/4, SEC 25, T12N 117W Fork Creek mbr. lower Narizian A2 or older Uvigerina cf. U Yazooensis marine

or older or older
SM 91-225 NW 1/4, SW 1/4, SEC 21, T12N 117W Fork Creek mbr, lower narizian to A2 - 51 Uvigerirra ci. U Yazooensis to outer neritic to up.er

bathyal, open marine
50 - 500 m

opper Ulatisian Bulinrina cf. B. Jacksonensis

Cresent Formation

SM 91-136 SE 1/4, NW 1/4, SEC 27, T12N 117W Crescent Fm. lower Ulatislan 84 pre-Ulatisian u_pper middle bathyal
upper middle balhyal

marine

500 - 1500 m
500 -1500 orSM 91.138 NE 1/4, SW 1/4. SEC 27, T12N 117W Crescent Fm. Ulatisian B Vaginirlirropsis Vacavillensis

assemblage
SM 91-140 NE 1/4, NE 1/4, SEC 1, T11N R7W Crescent Fm,
SM 91-158 NE 1/4, NE 1/4, SEC 1, T1IN 117W Crescent Fm. marine
SM 91-166 SW 1/4, NE 1/4, SEC 31, T12N R6W Crescent Fm, lower Ulatislan B4 pre-Ulatlslan lower middle bathyal

offshore open marine
1500 - 2000 m

SM 91-167 NE 1/4, NE 1/4, SEC 31, T12N 116W Crescent Fm, Narlzian A2
A2 or older

Uvigerina cI. U Yazooensis
Uvigerina ci, U Yazooensis
or older

lower middle bathyal
offshore open marine

1500 - 2000 m
SM 91-170 NW 1/4, SE 1/4, SEC 31, T12N R7W Crescent Fm, lower Narizian

or older
SM 91-189 SW 1/4, SW 1/4, SEC 21, T12N 117W Crescent Fm. open marine
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SAMPLE I LOCATION ROCK UNIT STAGE ZONE ZONE ECOLOGY DEPTh

(Mallory, 1959) jLalmlng) Jlau, 1958)
LicoIn Creek Fm.

Wagner 70 NW 1/4, NW 1/4, SEC 2, T12N 117W Lincoln Creek Fm. lower Retuqian
Shell OH Co. 1 SW 114, SW 1/4, SEC 33, Ti 3N 117W Lincoln Creek Fm. Retuqian

SM 91-218 NW 114, NW 1/4, SEC 3 T12N 117W Lincoln Creek Fm.
SM 91-219 NW 1/4, NW 1/4, SEC 3 TI2N 117W Lincoln Creek Fm.
SM 91-214 SE 1/4, SE 1/4, SEC 36, T13N 117W Lincoln Creek Fm.

Lebam member

Wagner 48 SW 1/4, NW 1/4, SEC 5, T12N R7W Lebarn mbr. upper Narizian
upper Narizian

A-i
A-i

Marine
Wagner 12 SW 1/4, NW 1/4, SEC 5, T12N 117W Lebam mbr.

SM 91-74 CENT. SEC 5, T12N 117W Lebam mbr.

SM 91-70 CENT. SEC 5, T12N 117W Lebam mbr. lower Nadzian A2 Uvigenna ci. U Yazooensia lower middle balhyal
lower middle bathyal

1500-2000 m
1500-2000 mSM 91-63 NW 1/4, SE 1/4, SEC 5, T12N 117W Lebarn mbr. upper Ulatlslan-

lower Nariziar,
B1 - A2

SM 91-57 CENT. SE 1/4, SEC 5, T12N 117W Lebam mbr. lower Narizian A2
A2

Uvigerina ci. U Yazooensis
Uviqerina ci. U Yazooensis

lower middle bathyal
lower middle bathyal
Marine

1500-2000 m
1500-2000 mSM 91-53 SE 1/4, SE 1/4, SEC 5, T12N 117W Lebam mbr. lower Narizian

SM 91-45 SE 1/4 NW 1/4, SEC 8, T12N 117W Lebam mbr. Eocene

SM 91-6 SE 1/4, NW 1/4, SEC 8, T12N R7W Lebam mbr. Narizian A lower middle balhyal
lower middle bathyal
otishore pen marine

1500-2000 m
1500-2000 mSM 91-i SE 1/4, NW 1/4, SEC 8, T12N 117W Lebam mbr. lower Nadzian A2 Uvigerina ci. U Yazooensia

SM 91-131 SE 1/4, SE 1/4, SEC 9, T12N 117W Lebam mbr.

SM 91-186 CENT. SEC 24, T9N 1110W Meglarss
Lebam mbr. IndetermInate

Marine

SM 91-220 NW 1/4, SE 1/4, SEC 2 T12N R7W
SM 91-228 NW 1/4, NW 1/4, SEC 7, T12N 116W Lebam mbr. Marine

Fork Creek member

SM 91-38 NE 1/4, SE 1/4, SEC 8, T12N R7W Fork Creek mbr. Narlzlan - upper
Narlzian

A - Al Bulimina Schenki Plectofrond-
icularia ci. P. Jenkinsi

upper bathal 150 - 500 m

SM 91-34 SE 1/4, SE 1/4, SEC 8, T12N 117W Fork Creek mbr. Narizian A middle bathyal
upper bathyal

500-2000 m
150-500 mSM 91-31 SW 1/4, SW 1/4, SEC 9, T12N 117W Fork Creek mbr. A2

SM 91-22 NW 1/4, NW 1/4, SEC 16, TI2N 117W Fork Creek mbr. lower Narizlan A2 Uvlyerlrra ci. U Yazooensls
Uviqerina ci. U Yazooensls

Uvigerina cf. U Yazooensis

bathyal
middle bathyal

middle bathyal
upper to upper mIddle

upper to upper middle

500-2000 m
150 - 1500 m

500 - 2000 m
150 - 1500 m

SM 91-19 NW 1/4, NW 1/4, SEC 16, TI2N 117W Fork Creek mbr. lower Narlzlan A2

SM 91-13 SW 1/4, NW 114, SEC 16, T12N 117W Fork Creek mbr. Narizian A

SM 91-10 NW 1/4, SW 1/4, SEC 16, TI2N 117W Fork Creek mbr. lower Narlzlan A2



APPENDIX IV

Molluscan fossil report.

March 27, 1992

To: Steve Moothart

From: Ellen J. Moore

Subject: Molluscan fossils submitted for identification

SM 91-113: Lower Mcintosh Formation, N. center, Sec 14, T12N,
R7W.

Unidentified nuculanid, Saccella7 sp.

SM 91-113a:

Unidentified nuculanid, Portlandia? sp.

SM 9 1-133: Lower Mcintosh Formation, NE 1/4,SW1/4, sec.17,
T12N, R7W.

Ada sp., fragments
Unidentified nuculanid, Saccella? sp.
Unidentified nuculanid, Yoldia (Megayoldia?) sp.

SM 91-193: Lower Mcintosh Formation, SE1/4, sec. 20,T12N, R7W.

Unidentified nuculanid, Yoldia (Megayoldia7) sp.

SM91-212: Lincoln Creek Formation(?), NE1/4, sec. 1, T12N. R7W.

Unidentified gastropod
Unidentified bivalve, Katherinella? sp.

SM91-215: Lincoln Creek Formation(?), NE1/4, sec. 3, T12N, R7W.

Unidentified gastropod
Scaphopod, Den talium sp.
Unidentified gastropod, fragment
Unidentified bivalve, Ka therm ella? sp.

SM 91-215: Float.

242
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Teredo-bored wood
Unidentified bivalves

SM91-229: Lincoln Creek Formation, north edge, sec. 5, T12N, R7W.

Nothing recognized.

Age:
On the basis of these collections, I can add nothing to the age of

the two formations in your area. I suggest for the McIntosh you
follow Snavely and others, 1959, p. 1061.

The faunas in 212 and 215 from your Lincoln Creek
Formation(?) are different from those you collected from the lower
McIntosh Formation. This could just be an environmental change,
but I would go along with Lincoln Creek Formation(?).

Depositional envirnoment:

Saccella lives today off the west coast of America from Alaska
south to Chile in 7 to 1,000 m, and off southern California in shallow
water (10 to 50 m). The subgenus Megayoldia lives in sand and
mud from 10 to 1,900 m. Nothing in the faunas collected from the
McIntosh Formation restricts the depth of water.

The bivalve Katherinella may have lived between 2 and 550 m.

Sorry I couldn't come up with anything helpful to you.
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Magnetic polarity measurements.
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SAMPLE# LOCATION UNIT MAGNETIC
POLARITY

SM 91-11 NE 1/4, SW 1/4, SEC. 16, T12N R7W Tertiary intrusive R

SM 91-16 NW 1/4, SEC. 16, T12N R7W Tertiary intrusive N

SM9I-39 NE 1/4, SF114, SEC. 8 T12N R7W Tertiary intrusive R

SM 91-76 NE 1/A, SE 1/4, SEC. 16, TI2N R7W Crescent Fm. N

SM 91-89 NE 1/4, SW 1/4, SEC. 16, T12N R7W Tertiary intrusive R

SM 9 1-93 NE 1/4, Sw 1/4, SEC. 16, T12N R7W Tertiary intrusive N

SM 9 1-98 SE 1/4, SE 1/4, SEC. 14, T12N R7W Tertiary intrusive (GRV) R

SM 91-135 NW 1/4, NW 1/4, SEC. 27, T12N R7W Crescent Fm. (TCB) R (WK)

SM 91-137 NE 1/4, sw 1/4, SEC. 27, T12N R7W Crescent Fm. N (WK)

SM 9 1-139 SE 1/4, SW 1/4, SEC. 27, T12N R7W Tertiary intrusive (GRV) R (WK)

SM 91-146 NW 1/4, NW 1/4, SEC. 2, TI iN R7W Crescent Fm. N (WK)

SM 91-153 SE 1/4, NW 1/4, SEC. 3, TI iN R7W Tertiary intrusive R

SM 91-171 SE 1/4, NE 1/4, SEC31, TI2N R7W Crescent Fm. (TCB) N

SM 91-172 NE 1/4, SE 1/4, SEC32, T12N R7W Tertiary intrusive R (WK)

SM 91-173 NW 1/4, NE 1/4, SEC. 32, T12N R7W Crescent Fm. R (WK)

SM 91-179 SE 1/4, SE 1/4, SEC. 29, T12N R7W Tertiary intrusive (GRV) R (WK)

SM 91-187 NE 1/4, NE 1/4, SEC. 29, T12N R7W Crescent Fm. (TCB) N

SM 91-197 Sw 1/4, SE 1/4, SEC. 20, TI2N R7W Tertiary intrusive (TCB) R

SM 91-199 SE 1/4, NW 1/4, SEC 20. TI2N R7W Tertiary intrusive (TCB)
SM 91-204 CENTER, SEC 26, T12N R7W Tertiary intrusive (GRV) R

SM 91-206 SW 1/4, SE 1/4, SEC. 23, T12N R7W Crescent Fm. (TCB) N

SM 91-207 NE 1/4, SW 1/4, SEC. 23, T12N R7W Crescent Fm. N

SM 9 1-221 NE 1/4, SE 1/4, SEC. 24, T12N R7W Tertiary intrusive N

(GRV) = Gray River Volcanics chemistry

(TCB) = Crescent Basalt chemistry

(WK) = Weak measurement



Steve Moothart
Oregon State University
Department of Geosciences
Wilkinson Hall 104
Corvallis, Oregon 97331-5506

Dear Mr. Moothart:

Re: Outcrop Samples
File No. 82731

Enclosed is the final report for outcrop sample analysis performed on samples SM 9 1-24,
SM 91-25, SM 91-29, SM 91-81, SM 90-21-2 and SM 92-A. For your reference, descriptions
of the laboratory procedures have been included. Should you have any questions or
comments please call either David Mazzanti, District Manager, or Roy Burlingame,
Regional Sales Representative, at the number listed above.

We appreciate the opportunity to be of service and trust these data will prove beneficial
in the development of this reservoir.

PTS:jla

End.

-jJj

APPENDIX VI

Porosity and permeability data.

July 13, 1992
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5880 DISTRICT BLVD., SUITE 1 BAKERSFIELD, CA 93313

TELEPHONE (805) 835-0311

Sincerely,

PETROLEUM TESTING SERVICE, INC.

Peter T. Schuyler
President



PETROLEUM TESTING SERVICE, INC.

Client: Steve Moothart, Oregon State University

APPENDIX VI Cont.

ANALYSIS PROCEDURES

Drill one-inch diameter plug samples using water as the bit lubricant.

Trim samples to right cylinders and clean end-surfaces of cutting material. Save end
clippings.

Package samples with preweighed aluminum foil wrap and fit with 200 mesh stainless
steel end screens.

Seat package to the samples at 300 psig confining pressure.

Extract water from samples by Dean Stark method using toluene.

Measure bulk volume by Archimedes' Principle using toluene.

Dry samples in a vacuum oven at 180 F. to stable weight.

Measure grain volume by Boyle's Law using a matrix cup.

Inspect samples for fracturing and remove packaging where appropriate.

Load samples into a hydrostatic core holder at a minimum confining pressure of 300
psig.

Describe the samples.

Report porosity, air permeability, grain density, and lithology.

File: 82731 Page 1
Date: July 13, 1992

Field: Outcrop
State: Oregon
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PETROLEUM TESTING SERVICE, INC. File: 82731 Page i
Date: July 13, 1992

Field: Outcrop
Client: Steve Moothart, Oregon State University State: Oregon

KEY EQUATIONS

Air Permeability

Ka = (2PqL1)/[(P12_P22)V]

Where:
Ka = Air Permeability, Darcy

= Atmospheric Pressure, Atmosphere
= Viscosity, cp

q = Flow Rate, cc/sec
L = Sample Length, cm
P1 = Upstream Pressure, Atmosphere

= Downstream Pressure, Atmosphere
Vb = Bulk Volume, cc

Porosity, Ambient

Vb (MaM1)/fs
Where:

Vb = Bulk Volume, cc
Ma = Sample Mass in Air, g
M1 = Sample Mass in Liquid, g

= Density of Liquid, g/cc

= [(VbVg)/Vb]lOO

Where:
= Ambient Porosity, %

Vb = Bulk Volume, cc
Vg = Grain Volume, cc

Grain Density

g Md/Vg

Where:

g
Md -
Vg =

247

Grain Density, g/cc
Cleaned and Dried Sample Mass, g
Grain Volume, cc
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PFrROLEUM TESTING SERVICE, INC.

STEVE MOOTHART FILE: 82731
OREGON STATE UNIVERSITY 10-JUL-92
DEPARTMENT OF GEOSCIENCES PAGE 1

BASIC ROCK PROPERTIES
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Air Grain
Sample Perm Por Density

Identification (md) (%) (gfcc) Description

SM 91-24 0.8 14.0 2.65 Sst: It gry, sit-rn sd, well crntd, rnic
SM 91-25 2.8 18.7 2.66 Sst: yelsh gry, sit-crs sd, well cmtd, mic
SM 91-29 &2 17.3 2.68 Sst: it gry, sit-f sd, well crntd, s calc, mic
SM 91-81 0.4 10.4 Z66 Sst: It gry, sit-rn sd, well crntd, rnic

SM 90-21-2 1.2 15.1 2.66 Sst: It gry, sit-rn sd, well crntd, mic
SM 92-A 4.4 21.9 2.65 Sst: It gry, slt-crs sd, well crntd, mic



SAMPLE ANALYSIS:

DISCUSSION

ROCK-EVAL and TOC:

Based on TOC and Rock-Eva! analysis these samples are organic lean (<1.00% TOC).
The hydrogen indices (HI) are indicative of low potential for oil with some potential for
gas.

The Tmax value is indicative of immaturity on samples SM91-21, 53 and 70 while
sample SM91-108 has insufficient potential (S2)to determine Tmax accurately.

VITRINITE REFLECTANCE:

Microscopic observations on 4 outcrop samples SM-91 No's 21, 53, 70 and 108.

Samples #21, #53 and #70 are all immature with respect to oil generation being just
below 0.5 Ro with mean values ranging from 0.44 to 0.48. Sample #108 is post mature
with too few points to be sure, but with confirmation of high maturity based on
transmitted light examination. Please refer to the attached histograms for details.

Transmitted Iiqht keroqen and Thermal Alteration Index (TAI)

The organic matter (OM) in samples #21, #53 and #70 is a yellow color indicating a
Stage 2 to 2+ level of maturity, and in agreement with the reflectance determination.
These observations indicate immaturity and that the kerogen is in a pre-oil generation
stage. Favorable amorphous organic matter is identified in all three samples in varying
percentages, please refer to the attached data sheet. You might expect higher pyrolysis
response from this favorable type of organic matter, however it is severely oxidized, and

APPENDIX VII

Source rock potential data.

REPORT

OPERATOR: OREGON STATE UNIVERSITY

SAMPLE PREPARATION: Samples were cleaned, checked for contamination,
and subsequently homogenized by grinding and passing
through a sixty (60) mesh sieve (250 microns).

Approximately 100 mg of homogenized sample was
analyzed on a Rock-Eva! plus TOC system. This
instrument provides both TOC and Rock-Eva!
pyrolysis data on the same whole rock sample.
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APPENDIX VII Cont.

has lost most, if not all, of its generating character. Based on identification of Acritarchs
in samples #21 and #53 I have indicated a marine environment of deposition for them.
Sample #108 is strongly altered to Stage 4-4+ TAI, and has already generated any
liquid hydrocarbons that were possible during its thermal history, but it may yet generate
dry gas.

Interpretation of results

Organic petrography reveals 3 of these samples are alike with one quite different
(#108). Lithology tends to mirror this two part breakdown. Sample #108 is more dense
with thin varve-like laminations, and shows oxidation effects in the thin alternating
limonite colored bands. The three other shale samples are less dense and are not
finely laminated.

Viewing the kerogen in transmitted light shows that t is poorly preserved as a result of
oxidation. This process is not used in the OM recovery process; the observed effects is
a result of primary weathering. There was no recognizable oxidation of vitrinite, which
when it occurs may increase its reflectance.
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* Tmax tht not reliable due to low S2 value

Ch Sample analysis checked:
c = sample analysis confirmed

HI = Hydrogen Index (S2 x 100 / TOC)
OI=Oxygenthdex (S3x 100/TOC)

251

ATFN: STEVE MOOTHART

OREGON STATE UNIVERSITY

SAMPLE ID. TMAX SI S2 S3 TOC Ch HI 01

SM91-21 430 * 0.05 0.49 0.13 0.55 c 89 23

SM91-53 427 0.06 0.83 0.18 0.74 c 113 25

SM91-70 434 0.05 0.71 0.25 0.79 c 90 32

SM91-108 440 * 0.02 0.01 0.21 0.60 c 2 34

PAGE 1 OF 1

Humble Instruments & Services, Inc 1032 First Street, Suite C Humble, Texas 77338



OREGON STATE UNIVERSITY: S. MOOTHART
SM91 -21
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MEAN = .476

TOTAL POPULATION STATISTICS

252

IMMATURE OIL WINDOW GAS WINDOW

COUNT: 49 MIN: .385 MAX: .531 MEAN. .475 STD.DEV.: .046

I 0.384 17 0.457 33 0.512
2 0.386 18 0.460 34 0.514
3 0.395 19 0.462 35 0.515
4 0.397 20 0.463 36 0.517
5 0.398 21 0.471 37 0.517
6 0.398 22 0.473 38 0.520
7 0.418 23 0.477 39 0.520
8 0.425 24 0.482 40 0.52
9 0.428 25 0.483 41 0.524

10 0.430 26 0.488 42 0.524
U 0.430 27 0.491 43 0.524
12 0.432 28 0.497 44 0.524
13 0.439 29 0.500 45 0.526
14 0.441 30 0.508 46 0.527
15 0.442 31 0.509 47 0.527
16 0.451 32 0.509 48 0.527

49 0.530

020 050 1 00 1 50 2 00 2 50 300

VITRINITE REFLECTANCE (Ro) %



OREGON STATE UNIVERSITY: S. MOOTHART
SM91 -53

30

25

20

15

10

0

APPENDIX VII Cont.

VITRINITE REFLECTANCE (Ro) %

MEAN = .494

TOTAL POPULATION STATISTICS

253

COUNT: 53 MIN: .439 MAX: .555 MEAN: .494 STD.DEV.: .031

1 0.438 19 0.486 37 0.507
2 0.443 20 0.486 38 0.508
3 0.444 21 0.489 39 0.511
4 0.447 22 0.490 40 0.516
5 0.450 23 0.490 41 0.519
6 0.450 24 0.492 42 0.520
7 0.452 25 0.492 43 0.522
8 0.455 26 0.492 44 0.522
9 0.455 27 0.495 45 0.522

10 0.456 28 0.496 46 0.529
11 0.461 29 0.496 47 0.531
12 0.464 30 0.498 48 0.535
13 0.467 31 0.499 49 0.537
14 0.467 32 0.501 50 0.542
15 0.47 33 0.501 51 0.548
16 0.473 34 0.505 52 0.554
17 0.474 35 0.505 53 0.554
18 0.483 36 0.505

IMMATURE OIL WINDOW GAS WINDOW

0.20 0.50 100 1 50 2 00 250 300
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OREGON STATE UNIVERSITY: S. MOOTHART
SM91 -70

100150200 250

VITRINITE REFLECTANCE (Ro) %

MEAN = .470

TOTAL POPULATION STATISTICS
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COUNT: 53 MIN: .371 MAX: .537 MEAN: .470 STD.DEV.: .039

1 0.371 19 0.450 37 0.491
2 0.372 20 0.453 38 0.494
3 0.404 21 0.453 39 0.497
4 0407 22 0.459 40 0.498
5 0.413 23 0.460 41 0.501
6 0.419 24 0.462 42 0.503
7 0.433 25 0.465 43 0.509
8 0.433 26 0.471 44 0.512
9 0.435 27 0.474 45 0.515

10 0.438 28 0.476 46 0.518
11 0.441 29 0.477 47 0.520
12 0.442 30 0.479 48 0.523
13 0.442 31 0.479 49 0.527
14 0.444 32 0.48 50 0.529
15 0.445 33 0.482 51 0.530
16 0.447 34 0.482 52 0.533
17 0.447 35 0.483 53 0.536
18 0.448 36 0.483

GAS WINDOWIMMATURE OIL WINDOW



30

25

20

15

10

APPENDIX VII Cont.

OREGON STATE UNIVERSITY: S. MOOTHART
SM91-108

020 050 100 1.50 200 2.50 300

VITRINITE REFLECTANCE (Ro) %

- MEAN = .958

TOTAL POPULATION STATISTICS
COUNT: 5 MIN: .505 MAX: 1.380 MEAN .958 STD,DEV.: .381

255

I 0.505
2 0,512
3 1.073
4 1.318
5 1,380

GAS WINDOWIMMATURE OIL WINDOW
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APPENDIX VIII

Paleocurrent measurements.
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Location Rock unit Structural Mode Current Sedimentary
Attitude Direction Structure

NE 1/4 Sec 21, Fork Creek 120/2100 bidirectional 174-354° Rill

T12N R7W member unidirectional 9° Flute
unidirectional 354° Flute

Center Sec 27 Fork Creek 15°/302° bidirectional 171-351 Current un.

T12NR7W member

SW 1/4 Sec I Lebam 16°/322° unidirectional 0° Flute

T12N R8W member unidirectional 340° X lams.

NE 1/4 Sec 14 Fork Creek 09°/342° uni 233° Flute

T12NR7W member

Fork Creek Fork Creek I 6°/3 18° bidirectional 30-210° groove

Section member

Fork Creek Fork Creek 16°/332° unidirectional 83° Flute

Section member bidirectional 60-240° Groove
unidirectional 74° Flute

Fork Creek Fork Creek 17°/290° unidirectional 155° Flute

Section member

Fork Creek Lebam 15°/015° unidirectional 210° Xlam.

Section Member idirectional 80° Flute

Fork Creek Lebam 20°/316° bidirectional l57337* Groove

Section Member unidirectional 300° Pebble imb.

NW 1/4 Sec 15 Lebam 08°/294° unidirectional 260° Xlam

TI2N R7W Member bidirectional 150-330° Xlam

N. Center NW Lebam 16°/030° bidirectional 150-330° Channel

1/4 Sec 2, member
T12N R7W

NW 1/4 Sec 2 Fork Creek 15°/355° bidirectional 50-230° Groove

T11NR7W Member

SW 1/4 Sec 29 Fork Creek 18°/324° unidirectional 219° Flute

TI2N R7W member unidirectional 243° Flute
unidirectional 220° Flute
unidirectional 254° Flute

NW 1/4 Sec 1 Fork Creek 04°/315° unidirectional 0° Flute

T11NR7W member?

Paleocurrent directions are uncorrected for strutural attitude and tectonic rotation
Struwral attitudes are in dip/dip direction (azmith) notation



APPENDIX IX

Measured Sections

LEGEND

Pillow basalt

Arkosic sandstone

Basaltic sandstone / breccia

Siltstone / mudstone

Igneous sills and dikes

Mudstone rip ups and clasts

Planar to cross laminated and convolute bedding

Bioturbation

0 Concretions

Chaotic bedding

Covered interval

Thinning upward sequence

Thickening upward sequence

Unidirectional paleocurrent measurement

171°-351° Bidirectional paleocurrent measurement

SM 91-140 SAMPLE LOCALITIES

x Geochemistiy sample

F Foraminifera sample

R Porosity and Permeability sample

S Source rock analysis sample

p Magnetic polarity sample
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Lebam member of the McIntosh Formation measured section
NW 114, NW 114, Sec. 15, T12N, R7W

150°-330

260'

>

259

Finely laminated siltstone with interbedded fine to medium grained arkosic
turbidite sandstone beds. some sandstone beds are very well indurated and
appear concretionaiy. Siltatone to shale ratio increases in upper portion of
section.

Interval covered by slide debris

Rhythmically bedded sandy siltstone and very fine- to fine grained
micaceous arkosic turbidite beds. Sandstone beds are planar to finely cross
laminated with sharp bea and gradational tops in to the overlying siltstooe
(Bouma T bcd e?) Silstone is finely laminated with discontinuous zones of
veiy fine arkosic sandstone. Some bioturbation with poorly preseived
vertical burrows.

Coarse- to mcdium-grained, normally graded, micaceous arkosic sandstone
with mudstone rip ups and mica- and en naceous-rich planar to cross
laminated uppermost portions (Bouma T abc). Clastic sandstone dike
extending from top bed, ininiding overlying slltstone and flue-grained
sandstone. Likely a dewatering feature.

SOIL
5 m.

40 ft
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Johnson Creek - Fork Creek member of the Mcintosh Formation
measured section: NW 1/4, NW 1/4, Sec. 1, T1IN, R7W

SM9L.138 I

Micaceous, urkosie turbidite sandstone wtth intercalated nm' -c to finely
bedded very weathered, tan to orange FeO stairird stitsionc urbidite
sandstones typically display weak to well develon-, graded -ddang with
sharp basal contacts and preserved load and scour marks. P,.nar and fine
cross laminated bedding is seen in few of the topmost portia.. of the
sandstone beds. Sandstone ginserally contains 1-5% pebble cad Ethic
dusts (chert). Mudsione rip aps are present in sorrte beds a- ,eell as
vertical burrows

Discontinaous arlsosic sandstone bed due to soft sedinwot losuug or
slumping. Intercalated discontinuous and chuotm bedded s. tooe
Abundant rip apr and few widely dispersed chert pebbles. i'-iely bedded
siltstone wtth very fine-gi-ained. discontinuous sandstone m. .lgers,
commonly bioturbuted.

Massive, tnicaceoas, arkosic sandstone with abundant mads ic np ups
and discontinuous and convolate siltstone beds Sandstone . iornnully
graded with pebble sized chen darts dispersed through out . .' beds.

Rhythmically bedded arkasic sandstone with ustercalated silt's ne and
madstone Sandstone beds bane sharp bases with son-a coc,roo'auan of
pebble sized clats and mudsione np up clasts Soft sedirnie- loud
snuctures and scour marks are preserved, Twc snll devnia-cJ thinmng
and finning upward sequences are observed
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Naselie River - Fork Creek member of the Mcintosh Formation
measured section: SW 1/4, SW 114, Sec. 29, TI2N, R7W

Finely-crystalline basalt atith weak to moderately developed pilouts

Interval not exposed due to vegetation and logging road

Very weathered siltstooe bedding not well preserved.

Amalgamated, massive, ss'ell indurated, micaceous, arkosic sanustone
Base of beds display scour storks (flute casts). Some vertical burrows arc
present in basal portion and rare chcrt pebbles.

2tr 243 225 234'

Massive volcanic lithic sandstone. Poorly aorted edth pebble stood.
subrounded, altered basaitac dusts. Mudstone rtp ups are abundant in basal
portion of bed and decrease in size and abundance upwards. Faint planar
bedding in upper portion of bed.

Rhythmically bedded, smcaceous, arkosic, turbidite sandstone. Beds
typically display moderately lowell developed normal odsng satin thirr
planar to miss laminated and convolute bedded, mica- and carbonaceous-
rich uppermost portions. Basal contacts of sandstone beds are tvpsaalb,
sharp and irregular wttb load and scour marks present. Mudstove op ups
er-c common with small 2 mm to 5 mm chat pebbles also present

Very weathered siltstone Bedding is not well preserved

3011....,..

20 fL,_

5 m._

10 ft.,,_

t'" "' Finely nystalline basalt with well developed pillows

Ooaiaaiz.e

>
a.
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APPENDIX X

Ar 40 - Ar 39 dating data.

SM91-187 Crescent P basalt

39Ar/4OAr

10 20 30 40 50 60 70 80 90 100

% argon 39

I

53.9 +1- 3.1

I I I I I I I I I

0.05
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SM91-206 Crescent P basalt

39Ar/4OAr
0.05
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SM91-224 Crescent basalt

% argon 39

0.0040

36Ar
/4OAr

0.0000
0.00 0.06

39Ar/4OAr
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SM91-139 Grays River basalt

41.4 +1- 0.7

I I I I I I I I I

39Ar/4OAr
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