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PREFACE

This report summarizes results of geological, geophysical and geochemical
investigations in a largely volcanic rock covered region in southwestern Washington
that has been identified as underlain by thick marine sedimentary rocks. The work was
funded by the Deep Source Gas projects at the Morgantown Energy Technology
Center. A lengthy period of cooperation between METC and the USGS has involved
geophysical surveys designed to locate deeply emplaced sedimentary rocks associated
with fossil and active subduction zones and non-subduction suture zones. This report
represents a synthesis of several geophysical and geological data sets and is a
duplicate of a final report to be submitted to Department of Energy.

EXECUTIVE SUMMARY

Limited possibilities exist for new hydrocarbon exploration regimes in the Pacific
Northwest. Our goal in this presentation is to outline recent knowledge concerning
a possible new exploration environment in the State of Washington. This frontier area
occurs in southwestern Washington where extensive geophysical studies have been
used to outline a proposed sedimentary basin hidden beneath volcanic rocks in the
southern Cascades region (Stanley et. al, 1992). Electrical geophysical imaging using
themagnetotelluric (MT) method first detected thick, electrically-conductive sequences
believed to be associated with Eocene to Oligocene marine sedimentary rocks. The
conductive section occurs at depths from about 1 km t0o 10 km in the southern
Cascades region with thicknesses up to 10 km. Careful consideration of physical
properties and the correspondence of the morphology of the units to known fold sets
suggests that the high conductivities are related to discrete lithologic/stratigraphic
units rather than to variations in intrinsic temperature or fluid variations.Based upon
a study of regional geology and structure, we interpret that the anomalous conductive
section is one dominated by marine shales of Eocene and older in age. Other possible
lithologies that have been evaluated for the conductive section include non-marine
sedimentary units of Tertiary age, highly altered volcanic flows, and pre-Tertiary
metasedimentary rocks with large percentages of graphite. We refer to this
anomalously conductive region as the southern Washington Cascades conductor
(SWCC, Fig. 1).

Based upon evidence from the MT surveys, a large scale seismic reflection
program was implemented by the Department of Energy. The surveys utilized a 1000-
channel sign-bit recording system with five Vibroseis source units. Downsweeps of
the vibrators was employed with recording out to 15 seconds, although there was
generally very little usable information in the seismic data below



about four seconds two-way travel time. The data have been released on CD-ROM
(Zilman, 1992) as USGS Open File Report 92-714. In addition, a high-resolution
aeromagnetic survey of the suspected marine basin region has been completed and
is available as USGS Open File Report No. 92-251 (Abrams, 1992). Although no new
gravity data have been acquired, modeling of existing data has proved useful in
examining certain aspects of the geology in the region.

The region in question has been examined using several types of data in
addition to MT, seismic, magnetic, and gravity. Specific geological mapping tasks have
been completed through funding by the Department of Energy and the USGS in the
western part of the proposed basin near Morton, WA. Other regional geological
studies using wells and outcrops done as part of the USGS Evolution of Sedimentary
Basins programs have added information that constrain the possible nature of the
SWCC rocks and their tectonic setting. Recently, evaluation of patterns of seismicity
in the SWCC region has demonstrated the likelihood of several parallel and step-over
strike-slip faults that may have produced the proposed basin or altered its geometry.
In addition, the seismicity patterns trace the axis of key anticlinal structures and
thrusts.

The strongest evidence for the nature of the conductive rocks is their shallow
depths in the Morton antiform near Morton, WA and the Carbon River antiform just
west of Mount Rainier. The Morton antiform and Carbon River antiforms are cored
with Eocene Puget Group sedimentary rocks of both marine and nonmarine origin
interpreted from surface measurements, seismic reflection and MT data. These units
were largely deposited in a series of interconnected basins east of the terrane
boundary between the Coast Range province (underlain by Eocene marine basaltic
basement) and the Cascades/Pre-Tertiary province (underlain by a diverse basement
of pre-Tertiary rocks). Puget Group strata exposed in the core of the antiform are
deltaic in origin and consist of alternating intervals of nonmarine and shallow marine
rocks. Eisewhere in the region, the Puget Group rocks are underlain by fine-grained
marine strata of the Raging River Formation (Johnson, 1992); similar and older marine
rocks probably underlie the Morton area. Samples of the Raging River Formation
contain significant amounts of organic matter, but are overmature and do not yield
reliable petroleum source-rock data. Occurrence of numerous coals indicates some
possibility for methane sourced from the coals.

Vitrinite reflectance data from an AMOCO stratigraphic test well in the Morton
antiform range from R,=1.34 to 0.96 percent (depths of 524 m and 171 m,
respectively). Samples from two surface sections on the west flank of the antiform
have R, values of 0.59 to 0.78 percent. Samples from a section in Coal Canyon on the
east flank of the antiform have values ranging from 0.40 to 0.52 percent. Samples















reflection data generally obtained. The system of late Tertiary sedimentary basins
west of the Cascades (Fig. 2) has been interpreted as containing largely immature
source rocks, but with some good reservoir rocks (Armentrout and Suek, 1985).
These basins formed on basement consisting of oceanic basalts of the Coast Range
province, and are filled with 3-5 km of marine sandstones, shales, and minor volcanic
rocks. The only producing field with ongoing development in the Pacific Northwest
is the Mist gas field, west of Portland, Oregon (Fig. 2).

Eocene to Miocene sedimentary units in the Olympic Peninsula appear to
contain good source rocks (Snavely, 1987) and some oil has been produced from the
coastal zone of the Peninsula and in the Grays Harbor basin to the south (Braislin and
others, 1971). Methane is venting from a fault zone on the north side of the Olympic
Peninsula (Kvenvolden and others, 1987). Organic geochemical analyses by
Kvenvolden and others (1987) suggest that the deep parts of the Olympic melange
assemblage are mature for oil and gas, and Snavely (1987) suggests that the highest
potential for oil and gas generation in the western Washington region occurs in the
thick, accretionary melange-wedges of the Olympic Peninsula.

Drilling in the Puget Lowland of Washington (Fig. 2) has not resulted in
production, but many wells have produced shows of oil and/or gas. Gas seeps in the
Black Diamond, WA area (Mullineaux, 1970) and eisewhere in the Puget Lowland are
believed to derive from coal bed methane at shallow depths. Testing of the Phillips
State No. 1 well drilled east of Tacoma (fig. 2) produced a measurable quantity of
high-paraffin oil at depths of 7060-7120 feet (Brown and Ruth Laboratories, 1982).

Extensive hydrocarbon exploration has been carried out in the Columbia River
Plateau (Fig. 2), based upon initial, non-commercial, gas discoveries by Shell Oil Co.
(Northwest Oil Report, 1983). This gas appears to have come from Tertiary
nonmarine sediments in which flow is restricted by porosity-plugging authigenic
minerals derived from volcanic clasts. Much speculation has developed concerningthe
possibility that the Plateau is underlain by Mesozoic sedimentary rocks similar to those
that crop out in the Blue Mountains, Oregon (Kleinhaus and others, 1984; Miller,
1989).



GEOLOGICAL/TECTONIC SETTING

The SWCC occurs partially within the Cascade Range that extends from
northern California to British Columbia; volcanos of the Cascades (Fig. 2) represent the
magmatic arc associated with post 36 Ma subduction of the Juan de Fuca plate and
its predecessors. The Cascades magmatic arc may have begun to develop about 44
Ma with andesitic dikes that intruded the Crescent Formation (Snavely, 1987) and
certainly was well established by 36 Ma at the time of eruption of the thick
Ohanapecosh Formation volcanic flows near Mt. Rainier (Fig. 2). Pre-Tertiary crustin
the region is composed of Mesozoic and older accreted terranes, volcanic arcs, and
underplated magmatic rocks. This older accreted crust is exposed in the North
Cascades (Fig. 2) of Washington and in the Blue Mountains and Klamath Mountains
of Oregon. .

A key feature of the geology of the Pacific Northwest margin is a terrane of
oceanic basalts (Fig. 2), called "Siletzia" by Irving (1979), that forms the basement
in western Oregon and Washington. The oceanic basalt assemblage is represented by
the Siletz River Volcanics in Oregon (Snavely, MacLeod, and Wagner, 1968), Crescent
Formation in Washington (Cady, 1975), and Metchosin volcanics on southern
Vancouver Island (Muller, 1977) and is estimated by Duncan (1982) to have a volume
of 250,000 km?. Gravity and magnetic data have been analyzed by Finn (1989) who,
along with Stanley and others (1987 and 1989), interpret that the Siletzia units extend
underneath the region between the Black Hills and Mount Rainier (Fig. 2).

Crescent Formation basalts and similar rocks in Oregon that form the basement
rocks west of the Cascades are now widely believed to have formed in a continental-
margin rift setting (Wells and others, 1984; Snavely, 1987; Babcock and others,
1992). Consistent with this interpretation, Johnson (1984, 1985) and Johnson and
others (1994) suggested that the eastern margin of this rifted terrane was a dextral
strike-slip fault, the Puget fault. Northward motion of the Coast Range block along
the Puget fault. was accommodated to the north by south-directed thrusting on
southern Vancouver Island (Clowes and others, 1987) and by folding and faulting
within the Coast Range block in the Straits of Juan de Fuca and on the northern
Olympic Peninsula (Snavely, 1987). Johnson (1984, 1985) suggested that most
strike-slip motion on the crustal boundary occurred prior to the late Eocene, after
which strike-slip motion diminished and was distributed on several fault zones in the
southeastern Puget Lowland (Johnson and others, 1994).

Synchronous with Eocene rifting in the Coast Range province, the eastern pre-
Tertiary basement province experienced significant transtensional deformation,
characterized by dextral strike-slip faulting, formation of rapidly subsiding sedimentary
basins, and uplift and(or) intrusion of crystalline rocks (Johnson, 1985). Eocene
sedimentary rocks form units as thick as 6,000 m or more occur in these pull-apart
structures and comprise some of thickest nonmarine sequences in North America
(Johnson, 1985). Pull-apart basins are rifts or graben structures caused by the effects
of differential movement on strike-slip faults. Other terms roughly synonymous with



pull-apart structures are "rhombochasm" (Carey, 1958) and wrench grabens (Belt,
1968); terminology and a review of tectonic aspects of this type of structure is given
in Mann and others (1983). Subsidence in the Coast Range province following
extrusion of the Crescent Formation was much slower and probably of thermal origin
(Johnson and Yount, 1992).

Due to their different histories, there are significant contrasts in Eocene basin
geology across the Cascades-Coast Range crustal boundary. In the Seattle area,

Johnson and others (1994) describe major differences in thickness and facies of early
and middle Eocene strata from west to east across the crustal boundary. In the
southwest Washington area of the DOE seismic survey, there is also a major increase
in thickness of Eocene strata from west to east across this zone. In the Chehalis
basin (see discussion below) west of the zone, the thickness of the Eocene section
from the Crescent basaltic basement to the base of the Northcraft Formation is about
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2 km. In the Morton antiform east of the zone, there is as much as 4-8 km of Eocene
strata below the base of the Northcraft Formation. This thickness contrast and other
aspects of the regional geology of southwest Washington area are described later in
this report in sections on the Chehalis basin and the Morton antiform.

In the area of the DOE seismic survey (Fig. 3), Stanley and others (1987, 1992)
used diverse geophysical data sets to suggest this boundary occurs in the vicinity of
Bear Canyon on the east flank of the Chehalis Basin (Fig. 4), and coincides
approximately with the Saint Helens zone (SHZ) of Weaver and Smith (1983). The
DOE network of seismic reflection lines in southwest Washington transects this major
north-trending crustal boundary between basement rocks of the pre-Tertiary Cascade
province to the east and the Eocene Coast Range province to the west, with the
proposed sedimentary complex of the SWCC caught between. This contactis covered
by late Eocene and younger rocks and can be located and characterized only on the
basis of geophysical data. ,

Western Washington lies at the southern end of a belt of dextral slip related to
oblique convergence of the Juan de Fuca plate and its predecessors, such as the Kula
and Farallon plates. From several hundred to several thousands of km of strike slip
have been postulated for the borderland terranes of British Columbia, the Yukon
Territories, and Alaska in post-Cretaceous time (Irving, 1983; Irving and others, 1980;
Jones and others, 1977). Misch (1977) and Davis and others (1978) postulated that
the Straight Creek fault (Fig. 2) might have about 190 km of right-lateral displacement.
Price and others (1985) suggest that the Fraser Fault (northern extension of Straight
Creek fauit) had about 70 km of offset since the mid-Cretaceous. Motion on the fault
system must have ceased by time of intrusion of the Chilliwack batholith in Oligocene
time (Price and others, 1981). Detailed study of the southern end of the Straight Creek
fault by Tabor and others (1984), found a Tertiary history of dominantly vertical
movement. However, they interpret that horst-and-graben structures and en-echelon
fold axes in the Eocene Swauk Formation suggest early Eocene right-lateral shear
along the Straight Creek fault.

Paleomagnetic data document significant block rotations of the Coast Range
(Simpson and Cox, 1977; Globerman and Beck, 1979; Magill and others, 1981; Wells,
1989). There is agreement among these various authors that the Coast Range has
undergone a relative clockwise rotation with respect to the North America craton of
about 25° in the north and up to 75° in the south. There have been several models
proposed by Simpson and Cox (1977) and Wells (1989) to explain this rotation. The
most current analysis by Wells (1989) includes paleomagnetic data from the Black
Hills (outcrops of Siletzia) near Olympia, Washington (Fig. 2); this information indicates
that much of the overall rotation of the Coast Ranges was taken up in individual block
rotations, probably associated with dextral shear.

In the middle Eocene, feldspathic-quartzose deltaic sediments (Armentrout and
Suek, 1985) prograded across Oregon and Washington, filling the gaps between the
seamounts. Isolated, but active volcanic centers developed within the prograding delta
system, leading to eruption of the basalt to andesitic Tukwila and Northcraft
Formations (Fig. 2). Marine shales and siltstones of units such as the Mcintosh and
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Raging River Formations (Snavely and others, 1958) formed the basement for this
deltaic system. The Cascades magmatic arc was the source of voluminous felsic lavas
and ash flows of Oligocene age like the Ohanapecosh Formation that filled a
continental depression in the area of the present Cascades and eastern Puget Lowland
(Fig. 2). The Miocene Columbia River Basait Group (Fig. 2) erupted from 17 to 6
m.y.b.p. (McKee, Swanson, and Wright, 1977), flooding the continental-sediment-
filled, backarc basin east

Pre-Tertiary basement rocks of the Cascades include diverse metamorphic,
igneous, and sedimentary rocks that comprise several distinct crustal terranes with
allochthonous and(or) exotic origins. Final stages of accretion/assembly of these
crustal terranes occurred by the Late Cretaceous, after which these rocks formed the
"stable framework™ of the Washington continental margin. The southernmost
exposures of pre-Tertiary rocks in the Washington Cascades occur in the Rimrock Lake
inlier (Miller, 1987; Miller and others, 1993), south-southeast of Mount Rainier and
about 15 km east of the east end of DOE seismic line 3 (Fig. 3).

Deep Well Information
Several deep wells near the SWCC provide the best information about deeper

parts of the Eocene stratigraphic section. The deepest well in the SWCC region is the
Phillips State No. 1 (TD 12,920’) that was completed east of Tacoma (Fig. 1). The
well penetrated alternating sequences of sandstones, siltstones, shale, and coals of
the Puget Group, interpreted in a report by Brown and Ruth Laboratories (1982) to be
marginal marine facies. The upper 7120 feet of the section contains about 50%
sandstone/siltstone and 50% shale. From 7120 to 7660 feet, greenish-gray, volcanic
rocks of the Tukwila Formation were encountered. Below 7660 feet shales dominate,
traces of coal start to appear, and zeolites fill most of the fractures. Greenish-gray
volcanic rocks were also noted at 9320-9540 feet. Below 12,560 feet to TD, the well
section consists of 100% shale. The induction electrical log for the Phillips well
indicates resistivities for the upper 7200 feet of 40-60 ohm-m. Resistivities decrease
rather steadily below this point to 15-20 ohm-m at the bottom of the well. This
pattern is to be expected from the changes in the ratio of sandstones to shale; zeolites
below 7660 feet also contribute to lowered resistivities.

An organic geochemical study of core and cuttings from the Phillips well (Brown
and Ruth Laboratories, 1982) showed that the upper 7800 feet of the well had
vitrinite reflectances of approximately 0.4% to 0.6%, whereas the section below this
depth had reflectances more typically near 1%. The vitrinite reflectance values of the
section below 7800 feet reflect maturity of the organic material compatible with oil
generation (Tissot and Welte, 1980). This increase in thermal maturity of the organic
material may be due to a thermal pulse connected with the Tukwila volcanic center.
Measurable quantities of a high-paraffinic oil were extracted from the interval 7060-
7120 and probably migrated in from below the measured section, because the zone
in which they were found is thermally immature. The high vitrinite-reflectance values
below 7200 feet in the well may increase with depth so that underlying pre- and lower
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Eocene marine units may be increasingly mature, but this scenario is dependent upon
whether the maturation recorded in the Phillips well is indeed due to volcanism from
the Tukwila magmatic center (Eocene) and later Cascades plutonism and not just to
deep burial. Walsh and Phillips (1983) present evidence from coal rank data for
increased thermal maturation associated with the Oligocene to Holocene Cascades
magmatic arc. The Phillips State No. 1 well is within 30 km of Mount Rainier, the
largest volcanic center in the Cascades, and the combined thermal effect of this
volcano, earlier Cascades vents, and the Tukwila volcanic center was just enough to
put the rocks at depths greater than 7200’ in the oil window. This observation
suggests that the thermal maturation problem must be evaluated carefully.

Oil and gas shows have been documented in other drill holes in the area
northwest of Mount Rainier. Mullineaux (1970) describes a large number of oil and gas
shows from drilling on the Black Diamond anticline, a small structure sub-parallel to
the Carbon River anticline (Figs. 2,3). Mullineaux states that wells in the area of the
Black Diamond anticline produced oil and gas shows from all parts of the Puget Group.
Although the documented evidence for Mullineaux’s statements are not available, a
gas well drilled at Flaming Geyser on the Black Diamond anticline produced salt water
and continues to produce open flow of minor amounts of methane, although this gas
has been thought to be produced largely from coal beds (pers. comm., T. J. Walsh,
Washington Dept. of Natural Resources). In addition to hydrocarbon shows from wells
in the region, a small oil seep has been noted in the Bear Canyon (Fig. 4) area
(Hedges, 1949).

Snavely and others (1958) report on a drillhole of 6000’ depth in the Tenino
area that penetrated the complete section of Puget Group rocks and an extensive
section of the MclIntosh Formation. No information is available on hydrocarbon shows
in the well, but it is safe to assume that there were no producible horizons. This well
is important because of the stratigraphic information recorded on the Mcintosh
Formation, to be discussed in a subsequent section. A 10,820’ TD well completed in
the Chehalis Basin, the Shell Thompson No. 1 (Fig. 4) penetrated 7300 feet of coal-
bearing, marginal marine clastic rocks of the Eocene Skookumchuck Formation (Fig.
5) and 3500’ of Northcraft volcanic rocks.

A 8200’ depth drillhole was completed in September, 1989 by Meridian Oil
Company approximately 10 km NE of Morton, WA. Information from this hole is still
proprietary, but it is likely that the drill was still in volcanic rocks, because the
interpretation of MT profile BB’ (Fig. 2) indicates resistivities of about 150 ohm-m to
depths of 3-4 km in the vicinity of the drillhole. In addition, the geologic map of Walsh
and others (Fig. 3) indicates that the well was drilled in a syncline where it would
encounter thick Stevens Ridge or Ohanapecosh Formation volcanic rocks.

The focus of hydrocarbon exploration in western Washington has been largely
upon Eocene to Oligocene marine sedimentary systems. The rocks in these basins are
mostly too thermally immature to be hydrocarbon sources (Armentrout and Suek,
1985). The search for other sedimentary systems with mature source rocks has
brought us to investigate the possibility that proposed sedimentary rocks in the
southern Washington Cascades conductor (SWCC) constitute such viable source
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rocks. In order to evaluate the SWCC as a possibie location for hydrocarbon source
rocks, it is necessary to evaluate the available constraints upon lithology, thermal
history and paleotectonics of the SWCC. We will attempt these tasks in the following
sections, and discuss the details of recent seismic reflection data as they relate the
SWCC anomaly. However, to understand essential stratigraphic controls that are
needed to interpret the geophysical data, we will begin with a detailed discussion of
the nearby Chehalis Basin.

13



CHEHALIS BASIN

The Chehalis basin is a ~500-600 km?, three-sided depression of Quaternary
sediments bounded to the north, west, and southeast by bedrock uplifts (Fig. 4). We
discuss this basin in detail because it provides key stratigraphic information needed
to understand the SWCC and details of the main hydrocarbon play identified in the

Morton antiform (to be discussed in later stages of the report). The Chehalis basin is
bounded to the north and separated from the Puget Lowland by an uplift of Paleogene
rocks that extends eastward from the Centralia-Chehalis area to Bear Canyon. The

Willapa Hills, on the west flank of the Chehalis basin, are underlain by Paleogene and
minor Neogene rocks. The southeast flank of the basin, underlain by Paleogene
volcanic rocks and Neogene sedimentary strata, extends from Vader to the Bear
Canyon area. Two large rivers, the Cowlitz and the Newaukum, flow west out of the
Cascades and across the Chehalis basin. Geologic relationships in the Chehalis basin
and on its northern, western, and eastern flanks are shown in the schematic cross
sections of Figures 6, 7, and 8. These schematic cross sections are based largely on
data fromoutcrop and borehole studies, seismic reflection profiles, and magnetotelluric
surveys. We use the stratigraphic chart of Figure 5 as a guide to the interpretation.
Schematic Cross Section AA’

Schematic cross section A-A’ (Fig. 6) extends south from Chehalis to Olequa,
across the west flank of the Chehalis basin. The cross section roughly parallels Lauren
seismic reflection profile A2-1. Geologic control is provided by outcrops near Centralia
and Chehalis and in the eastern Willapa Hills, and by analysis of samples and logs from
the Shell Sturdevant No. 1, Shell Zion No. 1, and Earl F. Siler and J.W. Tanner Kostick
No. 1 boreholes (W.W. Rau, written commun. to Johnson, 1992, and S.Y. Johnson,
this study).

14
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At its south end, the section above the Crescent Formation basaltic basement
consists of the early Middle Eocene Mcintosh Formation and the late Middle to Late
Eocene Cowlitz Formation, which includes interbeds of the volcanic rocks of Grays
River (Henriksen, 1956; Wells, 1981; Walsh and others, 1987). Using seismic
reflection data, Ise (1985) designated part of what is here considered to be the lower
Mcintosh Formation as "unknown marine sediments”. Krehbeil (1993b) adapted Ise’s
interpretation of the seismic data in a similar cross-section. In making this designation,
Ise and Krehbiel correctly pointed out this almost certain marine section pinches out
in the subsurface of the Chehalis Basin, is nowhere locally exposed, and has not been
penetrated by boreholes. We prefer to designate these strata as a lower part of the
Mcintosh Formation, keeping with established stratigraphic nomenclature for rocks
overlying the Crescent Formation elsewhere in southwest Washington (e.g., Wells and
Rau, 1983; Rau and Armentrout, 1983; Rau and others, 1983).

To the north in the west-central part of the Chehalis basin, the Cowlitz
Formation is overlain by a section as thick as about 500 m consisting of mainly
Oligocene marine rocks of the Lincoin Creek Formation and lesser Quaternary strata.
Basinal strata dip very gently into the center of the basin where Oligocene and
younger strata reach their greatest thickness. Use of stratigraphic nomenclature for
late Middle to Late Eocene sedimentary rocks changes at the northern basin margin;
Cowlitz Formation-equivalent rocks are assigned to the Skookumchuck Formation in
the Centralia-Chehalis area (Fig. 5) following Snavely and others (1958) and Rau and
others (1983).

The northern end of schematic cross section A-A’ shows a thrust fault along
the northern basin margin. This fault is a continuation of a structural zone that forms
the south flank of the Doty Hills to the west and is here referred to as the Doty fault.
Based on interpretation of seismic reflection data, the block north of the Doty fault is
characterized by a decreased depth to Crescent Formation basement and a much
thinner Eocene section than in the Chehalis basin. This relationship suggests that the
block north of the Doty fault was part of an Eocene basement high. We infer that this
high was part of a basaltic seamount centered in the Black Hills to the north, where
the Crescent is overlain by the Oligocene Lincoin Creek Formation and Eocene
sedimentary rocks are absent. Eocene sedimentary rocks may have originally thinned
over this uplift in the same way that they thin and pinch out over the Willapa Hills
volcanic high of Crescent Formation on the southwest margin of the basin (see
schematic cross section B-B’; Boswell and others, 1988; Ise, 1985). The amount of
vertical displacement on the Doty fault (about 1700 m) shown on the cross section
thus probably reflects a combination of faulting and original basement topography.
Faulting is Eocene and younger in age.

Schematic cross section B-B’

Schematic cross section B-B’ (Fig. 7) extends east through the eastern Willapa
Hills from the Ryderwood area to Vader; then northeast along the Cowilitz River into
the southern part of the Chehalis basin; then north into the central part of the basin.
The western three-quarters of the cross section roughly parallels the western part of
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Lauren seismic reflection profile A2-3. Geologic control is provided by outcrops in the
eastern Willapa Hills, and by analysis of samples and logs from the Shell Thompson
No. 1, Humble Oil and Refining Company Roscoe B. Perry No. 1, and the Selburn-
Washington Oil Corporation Wuiz No. 1 boreholes (W.W. Rau, written commun. to
Johnson, 1992, and S.Y. Johnson, this study). Boswell and others (1988) have
described seismic facies on the western portion of the Lauren seismic line, which
parallels this section. Krehbiel (1993b) used all of Lauren A2-3 line in a regional
schematic cross section that extends from the Willapa Hills into the central Cascade
Mountains.

Asinline A-A’, the stratigraphy above Crescent basement in the eastern Willapa
Hills and southern Chehalis basin consists of the lower Mcintosh Formation (unknown
marine sediments of Kreihbiel, 1993), the upper Mcintosh Formation, the Cowlitz
Formation, the Lincoln Creek Formation, and a thin layer of Miocene to Quaternary
sediment. Both Mcintosh units onlap the Crescent basement in the Willapa Hills,
indicating this area formed an Eocene basement high attributed to seamount
topography at the top of the Crescent Formation. From the Willapa Hills, Crescent
basement dips gently northeast into the central part of the Chehalis basin.

Use of stratigraphic nomenclature in this section changes from southwest to
northeast across the line based on the appearance of the volcanic Northcraft
Formation at the stratigraphic level of the upper Mcintosh Formation (Fig. 5).
Following Snavely and others (1958) and Rau and others (1983), strata above the
Northcraft at approximately the same stratigraphic level as the Cowlitz Formation are
referred to as the Skookumchuck Formation. By stratigraphic convention (Snavely and
others, 1958; Rau and others, 1983), strata below the Northcraft are assigned to the
Mcintosh Formation. The cross section compiled by Krehbiel (1993b) along the same
transect violates this convention by designating considerable strata below the
Northcraft as part of the Skookumchuck Formation. The proportion of volcanic rocks
of the Northcraft Formation increase to the north and northeast, reflecting proximity
to Northcraft volcanic centers (Hagen, 1987). In addition, Krehbiel (1993b) interpreted
Lower Oligocene volicanic rocks of the Goble Formation to occur above the
Skookumchuck Formation in the central part of the Chehalis Basin. This occurrence
is unlikely, since the vents for the Goble Formation are considerably further to the
south, near the Columbia River.

Schematic cross section C-C’
Schematic cross section C-C’ (Fig. 8) is a regional line that extends east across
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the entire Chehalis basin to the Morton antiform. The cross section roughly parallels
the eastern part of Lauren seismic reflection profile A2-4, and DOE line 4 (Figs. 2, 3)

Geologic control is provided by outcrops on the northern margin of the Chehalis basin,
along the Tilton River, and in the Morton antiform, and by analysis of samples and logs
from the Everett Trust and Savings Bank Trustee No. 1 and the Selburn-Washington
Oil Corporation Wulz No. 1 boreholes (W.W. Rau, written comm. to Johnson, 1992,
and S.Y. Johnson, this study). Ise (1985) constructed a cross section of the Chehalis
Basin slightly to the south using the Lauren A2-3 data and Krehbiel (1993b) adapted
Ise’s interpretation combined with interpretations of DOE 1 and 2 seismic lines. We
think that geologic and geophysical controls are far better along our line C-C’,
particularly in the area corresponding to the eastern part of Lauren A2-3, because data
quality on the eastern end of the Lauren profile was very poor. The western part of
this line intersects schematic cross sections A-A’ and B-B’ (Figs. 7,8).

The geology of the Chehalis basin on the western end of line C-C’ is similar to
that described on lines A-A’ and B-B’. Strata are relatively horizontal and cut by a few
smaller faults, and a change in stratigraphic nomenciature is shown based on the
presence of the volcanic Northcraft Formation. In the eastern part of the Chehalis
basin, basinal strata are cut by a series of high-angle faults. These faults appear to
line up with both northwest- and northeast-trending structures mapped by Schasse
(1987) and Walsh and others (1987) near Bear Canyon. Cumulative east-side-up
displacement on these structures is inferred to be about 2,000 to 2,500 m, based on
offset of the presumed base of the Northcraft Formation. Faults clearly imaged on
DOE line 4 occur at about shotpoint (SP) 49, 57, 92, 99, and 130. The gray-scale
amplitude plot of the complete profile is shown in Figure 9 and details of the data at

the shotpoint where faults were interpreted are shown in Figure 10. A discussion of
processing and display procedures for the seismic data appears in a later section, but
we introduce line 4 at this point because of its importance to the stratigraphic
interpretation. Between the noted structures on the seismic line, there is a combination
of noise interspersed with panels of coherent reflectors. The inferred uplift of
Crescent basement within this zone corresponds roughly to the horst-like uplifts of
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LITHOLOGY OF ROCKS IN THE SWCC

We have hypothesized (Stanley and others, 1992) that the conductive units of
the SWCC are composed largely of marine sedimentary rocks based upon several
observations:

(1) Interpreted resistivities of the SWCC units are about 2-5 ohm-m in most
locations. These resistivity values are very typical of marine shales and
shaley sandstones, as evidenced in MT soundings and well logs from
Tertiary basins to the west of the SWCC region. Resistivities of
nonmarine and transitional-marine sedimentary units are in the range 15-
60 ohm-m in the few deep wells in the SWCC region, including the
Phillips State No. 1 and Shell Thompson wells. Even some shales, such
as in the marginal-marine Carbonado Formation in the bottom of the
Phillips State No. 1, are not as low in resistivity as Tertiary marine units
found further to the west (Cowlitz Formation, for example), as
determined by wells logs and MT soundings in the Mist gas field and
Chehalis basin. We assume this is due to the fact that the Carbonado
Formation sampled has been flushed of marine brines in the highly
disturbed environment of the Carbon River anticline and the Cowlitz
Formation occurs in a stable basin environment where marine waters are
still in place.

(2) Shallow depths to the conductive rocks correlate well with the location of
antiforms cored with transitional marine facies of the Puget Group and
marine units such as the MclIntosh Formation. In addition, the conductive
rocks appear to surface near Bear Canyon (Fig. 4,12) coincident with
outcrops of the Mcintosh Formation. There is broad evidence in recent
studies for an extensive marine depositional period during and before the
Mclintosh Formation deposition (see discussion below on the Morton
antiform).

(3) Ise (1985) used reflection data from a profile paralleling the Toutle River in
the Chehalis Basin to demonstrate approximately 11,000’ of additional
reflective rocks beneath the bottom of a deep (10,000’ TD) well near
Toutle. The well had bottomed in the Mcintosh Formation. Ise interpreted
these reflectors to be sedimentary rocks of the Mcintosh and older
formations, and assumed about 5000’ of this unmapped section to be
the Mcintosh Formation and the remainder of the sections to be older
units.

22



ALTERNATE LITHOLOGIES FOR SWCC UNITS

Nonmarine Sediments

North and east of the SWCC region, a number of fault-bounded basins are filled
with thick nonmarine sediments (Johnson, 1985; Evans and Johnson, 1989). These
fault-bounded, or pull-apart (Mann and others, 1983) basins are interpreted to have
been caused by oblique slip on the Straight Creek, inferred Puget (Johnson, 1984a),
Leavenworth, Entiat, and Eagle Creek fault systems ( Tabor and others, 1984;
Johnson, 1985; Evans and Johnson, 1989). Syntectonic fill of the Swauk, Naches,
Roslyn, Chuckanut, and Chumstick Formations in these Washington pull-apart basins
is up to 6 km thick and consists of conglomerate, sandstone, shale, fanglomerate, and
ironstone (Tabor and others, 1982). Resistivities in these nonmarine sediments are
believed to be greater, in most instances, than the 2-5 ohm-m measured for the SWCC
and too high to be the cause of the low resistivities in the SWCC. The Swauk,
Naches, and Chumstick Formations are contemporaneous with the Puget Group, but
strictly nonmarine. There is no surface evidence for marine sediments in any of these
pull-apart systems, but older marine sequences related to such basins probably form
part of the SWCC. However, some of the thick, nonmarine complex may have been
subsequently invaded by marine fluids, especially in the near vicinity of the coastline.
Such post-deposition, subsurface invasion by seawater may explain the high salinities
recently (Hurst, 1991; Hurst, oral comm., 1993) found in the Chuckanut (nonmarine)
Formation in the Bellingham Basin flanking Puget Sound (Fig. 2).

Geothermal Fluids

It is highly probable that low resistivities in deeper parts of the SWCC are
partially due to geothermal fluids. Increased ionic mobility due to high-temperature
geothermal fluids can increase the conductivity of sedimentary rocks by several
hundred percent. The behavior of resistivity with temperature and salinity is well
documented (Olhoeft, 1985). Resistivities of porous rocks such as those of the
Swauk and Chumstick Formations can be lowered to the 1-3 ohm-m range with
formation salinities of 30,000 ppm or greater; such salinities might be present in these
nonmarine units if playa conditions existed during phases of basin development, deep
brines were forced upward into the section, of if the sedimentary section was
subsequently invaded by seawater. For the porosities of less than 10% that would
be typical for sandstones at depths of greater than 5 km, a combination of
temperatures of about 250°C and salinities of 10,000 ppm would be required to
produce the resistivities of less than 5 ohm-m measured in the SWCC. Shale-rich parts
of the Puget Group such as the Carbonado and Spiketon Formations (Buckovic, 1979)
would have to be influenced less by temperature or increased salinities to be relatively
conductive (as required by the SWCC) due to presence of clay minerals in the rocks.

The effect of temperature on resistivity in the SWCC region has been
considered thoroughly because of the presence of three major volcanic centers: Mount
Rainier, Mount St. Helens, and Mount Adams. Heat flow in the Washington Cascades
has been studied by Blackwell and others (1985), who found that temperature
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gradients in the region of the SWCC are about 30°C/km; thus, temperatures of 200-
300°C might exist in units of the SWCC at depths of 7-9 km. On the east side of the
SWCC region, near Packwood (Fig. 3), higher gradients of >50°C/km have been
mapped by Barnett and Korosec (1989); thus, even higher subsurface temperatures
are expected on this part of the cross-section. However, we believe that the
correlation of highs on the top of the SWCC with antiforms that bring Tertiary marine
units to shallower depths is an indication that the main cause of the upper part of the
SWCC is lithologic in nature. The Phillips State No. 1 well is instructive to study, since
it is located only about 30 km from Mount Rainier. Although the pervasive zeolitization
of the lower section of the well probably indicates past geothermal activity, there is
no evidence of abnormal formation temperatures in this 4.2 km hole. We believe the
present thermal effect of the volcanos in the southern Washington Cascades is limited
to the area very near them, as characterized by more extensive heat flow data from
the Oregon Cascades volcanoes (Blackwell and Steele, 1983). The correspondence
of the top surface of the SWCC to the structure of antiforms in the region argues
against the concept of increased temperatures being the primary cause of low
resistivities in the anomalous region, because we would expect low resistivities to
become shallower to the east where subsurface temperatures are higher. However,
resistivities in the deeper parts of the SWCC are very likely influenced by increased
temperatures, especially in the area near Packwood and eastward where Barnett and
Korosec (1989) have mapped high thermal gradients.

Stanley and others (1990) have discussed the role of similar high thermal
gradients in the Oregon Cascades (where heat flow is even higher) in producing deep
crustal conductors. Such conductors in Oregon are pseudo-horizontal and occur
regionally at depths of 11-20 km. There is a clear association of this Oregon horizontal
conductor with midcrustal seismic velocities of 6.4-6.6 km/s. This association and
other factors were used to suggest the cause of the regional conductor as
metamorphic fluids and partial melt. There is no way to distinguish such a thermally-
related conductor from the conductor that occurs in the southern Cascades, except
for the factors of morphology of its upper surface, correspondence to seismic
reflectors, and relationship to tectonic features. The most recent MT profile completed
was done across the south flank of Mt. Rainier (as part of a USGS Volcano Hazards
project), largely within the National Park using a backpack MT system. The west end
of the profile (XX’, Fig. 3) started on Eocene transitional marine rocks of the
Carbonado Formation in the Skate Mtn. antiform and the east end of the profile was
beyond the axis of the Cascades volcanos. This profile has not been completely
modeled, butindicated that the SWCC units dip almost eastward almost monotonically
to depths of about 25 km, where they disappear on the east. There is no apparent
shallowing near Mt. Rainier, suggesting that our assumption that the conductor is
largely caused by a specific lithology and pore fluid is correct; higher geothermal
gradients do not appear to affect the depth to this anomalous conductor.

Authigenic Minerals
Itis possible that deeper parts of the SWCC may correspond to altered volcanic
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rocks that are conductive due to development of authigenic minerals such as zeolites
and smectites. We have earlier mentioned the presences of zeolites below 7200 feet
in the Phillips State No. 1 well (Fig. 2). Volcanic flows with high percentages of ash
generally become quite conductive when hydrothermally altered, because the high
silica content and large surface-area of ash allows rapid conversion to zeolites and
smectites. These authigenic minerals are highly conductive due to their ability to
maintain high ion-transfer capability. Electrical geophysical studies in Newberry
volcano, Oregon and Long Valley caldera, California, by Fitterman and others (1988)
and Stanley and others (1976) show that tuffaceous volcanic flows can have
resistivities as low as 2-8 ohm-m. These resistivities are approximately equal to those
in the SWCC and although the Tertiary volcanic rocks studied electrically in the region
have resistivities of about 30-500 ohm-m, this does not exclude older, more ash-rich
flows at depth as a constituent of the SWCC. The development of zeolites and
smectites can lower the resistivities of marine and nonmarine sedimentary rocks, as
well as volcanic rocks. The extensive zeolites in the lower part of the Phillips State No.
1 lower resistivities, but not dramatically, probably because they mainly fill fractures;
in ash-rich volcanic or sedimentary rocks where the ash is in depositional layers, the
continuous, layered distribution of the authigenic minerals is more effective in lowering
resistivities.

Pre-Tertiary Conductive Rocks

Conductive rocks older than Tertiary could be the cause of the SWCC, because
unmetamorphosed marine shales and mudstones of any age are generally quite
conductive (2-20 ohm-m) and graphitic metasedimentary rocks can be very conductive
(1-5 ohm-m, Stanley, 1989; Stanley and others, 1990a). The only pre-Tertiary rocks
mapped in the region of the SWCC are those in the Rimrock Lake inlier (Ellingson,
1972; Miller, 1989). The Rimrock Lake inlier (Figs. 2,3) consists of a Jurassic igneous
complex of trondhjemitic to gabbroic rocks, some metamorphosed to amphibolite
grade, and a Jurassic-Cretaceous tectonic melange of mainly arkose and mudstone.
Somewhat similar rocks, generally occurring as phyllites, are found along the western
margin of the North Cascades (Fig. 2). MT soundings on the melange portion of the
Rimrock Lake inlier indicates high (> 200 ohm-m) resistivities at depths greater than
0.5 km, suggesting these units are thin and are probably underlain by more
metamorphosed versions of the melange or by intrusive rocks. On the western flank
of the North Cascades, other Mesozoic metasedimentary units have resistivities of
200-600 ohm-m, thus are probably not a cause of the SWCC.

Summary of Lithologies

In the preceding discussion regarding lithology, we outlined reasons for our
preferred interpretation that conductive rocks in the SWCC correspond to Eocene, and
possibly older, marine sedimentary rocks. These marine sedimentary rocks could have
been deposited as part of a forearc basin/accretionary prism or in a marine pull-apart
structure. Slightly less probable for the proposed lithology of the SWCC units, in our
view, is that of highly altered volcanic rocks. Ranking third in probability for the SWCC
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lithology is a section of nonmarine sediments beneath the lower part of the Puget
Group. Of lowest probability for the SWCC lithology are Mesozoic metasedimentary
units like those in the Rimrock Lake inlier or other older rocks. High temperature
geothermal fluids and possibly even partial melt may play a role in reducing resistivities
in the deepest part of the SWCC, but the distribution and attitude of the highly
conductive rocks are such that we believe that these factors are less important than
lithologic ones, at least for hydrocarbon exploration depths.

SEISMIC REFLECTION DATA

Acquisition and Processing

In order to study details of the SWCC, a deep reflection profiling program was
initiated in the region. The survey was done along six profiles (Figs. 1,3 and Appendix
B) by Geophysical Systems, Inc. under contract to the U.S. Department of Energy
using a 1000-channel, sign-bit system (Zoback and Wentworth, 1986; Gimlin and
Smith, 1980). Five vibrators with a peak force of 27,240 Ibs (12382 kg) were used
with a modified downsweep from 8-32 or 8-48 Hz. Vibrator point spacing ranged from
40 m to 120 m. Receiver-group spacing was 30 m on line 1 and 20 m on the
remainder of the DOE seismic lines. After the initial test survey involvingline 1, ray-
trace models of deep structure appearing in the data was done to more effectively
plan the later surveys across the SWCC. Data processing generally followed the flow
chart below:
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CROOKED LINE GEOMETRY

REFRACTION STATICS

SPHERICAL DIVERGENCE AND INELASTIC ATTENUATION CORRECTION

DECONVOLUTION

CDP SORT

VELOCITY ANALYSIS

RESIDUAL STATICS CALCULATION

VELOCITY ANALYSIS

RESIDUAL CA

LCULATION

COMMON MID-POINT STACK

F-X SPATIAL DECONVOLUTION

PHASE CORRECTION TO ZERO PHASE

BAND-PASS FILTER

TRACE BALANCE

Data were stacked with a maximum of 256-fold coverage, following the steps
above with two or more passes of residual statics and including horizontal
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deconvolution (F-X deconvolution) for some of the data (lines 1-3). The latter
technique is a predictive method to correlate events from trace to trace and produces
a minimum numbers of artifacts when compared to the coherency filtering sometimes
applied to poor-quality reflection data. Crooked line geometry corrections were
important because of the irregular profiles, and this correction failed to clean up some
of the data, notably on line 6.

In addition to the Vibroseis surveys, minor testing was done with dynamite
sources; these latter tests proved promising, but the difficulties and costs involved
with dynamite surveys in this region of high tourism made extensive dynamite
surveying impossible. Crustal scale seismic refraction surveys have also been
completed by the USGS along a north-south profile across the northern part of the
SWCC, but the data were very poor over the volcanic covered area and interpretations
have not been completed to date.

Shotpoint and CDP (common-depth-point, Sheriff, 1984) locations for the
seismic survey are contained on the CD-ROM (Zilman, 1992). The complete shotpoint
data set is shown on Figure 3, with each tenth shotpoint labeled. The decade
numbers on Figure 3 can be correlated with the tables in Appendix C to derive actual
shotpoint numbers. The CDP path for each of the seismic profiles are quite
complicated because of the non-linear nature of the profiles, thus the seismic sections
actually follow a ground path that cuts across the bends in the highways used for the
data acquisition and the CDP track is very wide, averaging a great deal of the
subsurface. Because of the degree of geological complexity, this CDP averaging is the
cause of the some of the poor data quality, and only a dense 3D survey would
adequately image the complex structures. An approximate 3D survey was
constructed in the region of the Morton antiform using the CDP’s from lines 1, 2, 4,
and 5, but because the survey had not been acquired as a 3D survey, the decimation
in fold caused by selection of 3D CDP bins caused the data to be incoherent below 1
sec travel time. Thus, the constructed 3D data along the nine lines was not useable
for study of structural aspects of the Morton antiform, as had been hoped. A possible
approach to conducting surveys like that across the SWCC in future studies in the
region or in similar areas might be the use of wide-line-profiling (WLP) as described by
Michon (1993). This method uses a sequence of shotpoints offset from a linear profile
to produce a modified 3D survey at a much lower cost than a normal 3D survey. The
resulting data is processed in terms of calculated dip for coherent horizons. The
advantage in this method is that complex sets of reflection sequences can be
separated into events from unique horizons. It seems to us that the irregular access
roads normally found in mountainous regions like that of the SWCC would lend
themselves well to this type of modified 3D survey. We intend to investigate the
possibility of applying the WLP processing methods to selected portions of the
Washington DOE data.

Velocity analysis for the stacked record sections was done using automated
normal moveout (NMO) and dip-move out (DMO) routines, tested by common mid-
point (CMP) stacking (Sheriff, 1984; Cordier, 1985). It was found that this automatic
velocity analysis was not completely satisfactory due to the geological complexity that
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made the CMP stacks of poor quality in some sections. Considerable fine tuning of the
automatic picks was done to try to improve the data coherency. This generally
amounted to fixing the velocities over time bands and along trace spans to remove
some of the variability introduced by the automatic velocity analysis. This appeared
to help the data coherency in several instances, especially on lines 1 and 2 where
most of this adaptive velocity picking was done.

Grau (1993) has addressed the problem of obtaining seismic velocity
information from reflection data in complex regions. He defines a complex region as

one in which CMP stacking and post-stack migration make it difficult or impossible to
conduct conventional processing operations. He recommends a variety of techniques
to assist in complex regions, including pre-stack migration. In spite of the obvious
difficulties in obtaining coherent reflection horizons and deriving good velocity models,
pre-stack migration was not attempted on the Washington data because of the very
large computer expenditures required for this process on 1000 channel data. Such
processing might improve portions of the data, but no tests have been done to date.

The actual velocities for most of the survey are poorly known because of the
lack of wells in the SWCC region. Only wells from the nearby Chehalis Basin were
available for sonic log studies. Sonic logs from several of these wells are included in
Appendix C. The best of these logs for velocity analysis is the relatively deep
Thompson No. 1 (location in Fig. 4). This sonic log is provided in Appendix B and is
shown in Figure 15 along with stacking velocity profiles from the automatic picker at
four selected CDP’s. The log in Figure 15 has been scaled vertically to a velocity of
12,000 feet/sec to display with the stacking velocities. The sonic log indicates
velocities in the Lincoln Creek/Skookumchuck marine sandstones and shales of 8-
13,000 feet/sec down to a depth of about 8000’ where volcanic flows of the
Northcraft Formation have higher velocities of 14,000-19,000 feet/sec. Below the
Northcraft, the Mcintosh Formation has velocities of about 15,000 feet/sec. The
exponential increase in velocity with depth in the sedimentary rocks reflects the
compaction of the sandstones and shales and increased cementation with depth.
Older sedimentary rocks will also have higher velocities than younger ones, reflecting
the time rate of compaction and metamorphism. Higher temperatures will also
increase the metamorphism of sedimentary rocks, generally leading to higher
velocities. All of these factors make it difficult to assign accurate velocities to deep
sedimentary units in the study area. However Gregory (1977) has used empirical
formulas t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>