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The northwest-trending Neogene Tualatin basin in northwestern Oregon is a pull-

apart basin with approximately 750 m of post-middle Miocene structural relief. Gently
tilted uplands capped by Columbia River Basalt Group surround the synclinal basin on all

sides. Integrated gravity, aeromagnetic, and seismic reflection data indicated that the
basin is underlain by 3 to 4 km of sub-horizontal, upper lower Eocene to middle Miocene

age sedimentary and volcanic rocks. Up to 300 m of Columbia River Basalt overlie these
older strata, in turn overlain by up to 400 m of late Miocene to Pleistocene, dominantly
fluvio-lacustrine sediments.
Late middle Eocene strong oblique convergence across the continental margin
generated regional northeast-trending fissures in the forearc through which the Tillamook

Volcanics and basalt of Waverly Heights erupted. Sinistral strike-slip faults, including
the proto-Gales Creek-Mt. Angel structural zone, segmented the forearc into discrete

blocks which rotated clockwise independently. A right-step in the Gales Creek-Mt.
Angel system generated northeast-directed folding and faulting adjacent to the restraining

bend, deforming rocks as young as upper Tillamook Volcanics. Regional uplift
culminated in a late Eocene unconformity which removed the arkosic Spencer Formation
northeast of the Gales Creek-Mt. Angel system, prior to subsidence of the forearc and
burial by late Eocene and Oligocene tuffaceous sedimentary strata.
The distribution of middle Miocene Columbia River Basalt Group flows shows no

evidence of a structural or topographic Tualatin basin at that time. The syndine initiated
along the present southwestern margin of the basin in late Miocene time, in response to

uplift of the Coast Range and Portland Hills anticines to the southwest and northeast,
respectively. A late Pliocene decrease in convergence and consequent relative increase in
the oblique component of convergence reactivated the Gales Creek-Mt. Angel structural

zone as a dextral shear zone. The right-step acted as a releasing bend, allowing
extension, increased subsidence and normal faulting along the basin margins, and

volcanism within the basin. Subsequent development of transverse folds and reverse
faults, northwest-trending riedel shears, northeast-trending antithetic faults, and basinmarginal normal faults, is consistent with classification of the Tualatin basin as a pull-

apart basin in a dextral wrench system.
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GEOLOGY, STRUCTURE, AND TECTONIC HISTORY OF THE TUALATIN
BASIN, NORTHWESTERN OREGON

INTRODUCTION

Geologic setting
The Cascadia subduction zone is an active convergent margin between the eastdipping Juan de Fuca plate and the North American plate (Figure 1). The Puget and
Willamette Valley lowlands and the adjacent Coast Ranges comprise a forearc basin
which has existed since the early middle Eocene (Niem and Niem, 1984), when oblique
rifting of the western margin of North America produced the oceanic basement which
underlies much of the forearc (Wells and others, 1984; Snavely, 1987; Snavely and

others, 1993; Wells et al., 1994). Volcanic and volcaniclastic rocks predominate within
the forearc sequence, although hydrocarbon-exploration efforts have focused on

interspersed arkosic sandstone units. Variations in the rate and direction of oblique
convergence along the continental margin generated cycles of regional uplift and
subsidence (Wells and others, 1984) and eventual segmentation of the forearc into
structural sub-basins (Niem and Niem, 1984; Snavely and others, 1993).
The Tualatin basin is the northwestern most of the structural and topographic subbasins within the Willamette Valley, a north-draining lowland between the Oregon Coast

Range and Cascade Range of Oregon (Figure 2). The Tualatin basin is separated from
the adjacent basins by gently tilted or folded uplands capped by Columbia River Basalt

(Figure 3). The basin is bounded to the north and northeast by the Portland Hills
(Tualatin Mountains), to the south by the Chehalem, Petes, Cooper and Bull Mountain
highlands, and to the west and southwest by the foothills of the Oregon Coast Range
(Figure 4).
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Figure 1: Tectonic and geographic setting of the Pacific Northwest. Heavy box with
pattern shows the location of the study area. Major strato-volcanoes of the Cascade
arc are shown as open triangles (from Riddihough, 1984).
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Figure 2: Physiographic map of the northern Willamette Valley, showing the locations of
major uplands, basins, streams and cities. The boundary of the study area is shown with a
thin black line. Uplands of greater than 100 m elevation are shaded: ChM, Chehalem
Mountains; CM, Cooper Mountain; EH, Eola Hills; NWB, northern Willamette basin;
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Figure 3: Simplified geologic map of the Tualatin basin. The geologic units are
described in detail on Plate 1. Crosses represent 15 minutes of latitude and longitude.

Western Oregon is notable for its lack of historical seismicity (Bott and Wong,

1993; Yelin et al., 1994). Historical crustal earthquakes in northwestern Oregon have
generally been attributed to the Portland Hills fault (Dehlinger, and Berg, 1962;
Dehlinger et al., 1963; Heinrichs and Pietrafesa, 1968) and the Mt. Angel fault (Werner et

al., 1992; Madin et al., 1993; Bott and Wong, 1993). That other, possibly seismogenic
structures may exist in the study area is suggested by relatively high structural relief and

youthful topography. Rapid urbanization and a temperate climate conducive to rapid
weathering have erased many of the subtle geologic features which help to identify

potentially active faults. Less direct methods of study, such as geophysical methods and
water well log interpretation, provide an avenue to identify otherwise hidden structures
and to evaluate their history.

Scope of work
Within the study area lies the western lobe of the rapidly expanding Portland
meiropolitan area, including the coalescing cities of Beaverton, Tigard, Tualatin, and
Hil]Lsboro, as well as Newberg, Forest Grove and many smaller communities. This study

was undertaken as part of "Search for active faults in the Willamette Valley, Oregon,"
and complements the earlier work of Erik Graven (1990) and Ken Werner (1990) in the

southern and northern Willamette Valley, respectively. It is summarized by Yeats et al.
(1991).

The objectives of the thesis are:

compile the available surficial and subsurface geologic and geophysical data,
thereby providing the basic tools necessary for other researchers to estimate future
seismic activity and model ground response;

identify potentially active structures in the Tualatin basin area;
determine the quantity, timing, and character of motion on these structures,
when possible;

establish the tectonic setting and style of deformation responsible for the
formation of the larger tectonic features (e.g. the Tualatin basin, Cooper and Bull
Mountain uplifts, and the Gales Creek-Chehalem Mountains structure); and
reconstruct the tectonic history of the basin.

7

+

+

+45°45'

'I

S

]Bk

cY

c.

4

Q V

1'

.i ualatin

JB

R.

J+45°30'

e

Fh

Tualatin R.

Y.
N
I

.

/

+ 4501 5
123°

Figure 4. Map showing the locations of cities, major streams, and geographic features
discussed in the text. Cities: B, Beaverton; Bk, Banks; FG, Forest Grove; H, Hilisboro;
N, Newberg; Y, Yanihill Major highlands: BM, Bull Mountain; ChM, Chehalem
Mountains; CM, Cooper Mountain; DH, David Hill; Fh, Farmington hills; GP, Gales
Peak; Kh, Kinton hills; PH, Portland Hills; PM, Parrett Mountain; RH, Red Hills of
Dundee. Geologic units from Figure 3.
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METHODOLOGY

Compilation
Plate 1 is a digital geologic map of the Tualatin basin compiled at a scale of

1:100,000. The geologic data were digitized either from original sources or from a
preliminary version of the map published as Plate 1 C of Yeats et al. (1991). The sources
used in the compilation and a description of the geologic units are included on Plate 1.
Inconsistencies in contact relationships between source maps were resolved using aerial
photos and some field checks.
The cultural and topographic base is derived from portions of the Nehalem River,
Yamhill River, and Oregon City, Oregon and the Vancouver, Oregon and Washington
U.S. Geological Survey 30 minute by 60 minute 1:100,000 metric-scale digital maps.
Labeling of geologic units follows the conventions of Yeats, et al. (1991).

Structure contour map on top of Columbia River Basalt
The structure contour map shown on Plate 1 shows the inferred altitude of the top
of Columbia River Basalt Group within the Tualatin basin, contoured at a 100 m interval.
The contours are constrained by water well data, elevation estimates calculated or
generated from seismic reflection profiles, and from a few petroleum exploration wells.

Water wells and borings
Water well logs available from the Oregon Department of Water Resources, and
logs of engineering boreholes provided by Oregon Department of Transportation, the
U.S. Geological Survey, and private engineering firms were collected and selected

borings located in the field. Ian Madin of Oregon Department of Geology and Mineral
Industries provided a database of borings for the eastern half of the thesis area (east of

123° W). The author collected logs and located borings in the western half of the study
area.

The located borings were plotted on 7½-minute U.S. Geological Survey
topographic quadrangle maps and the Universal Transverse Mercator coordinates and
elevation of each located well were estimated from the quadrangle maps to within 10

meters and 10 feet, respectively. Location information and a summarized log for each
located boring were then compiled into a database for analysis and plotting purposes. A
total of 899 located wells and borings within the Tualatin basin were examined in this
study.

The logs used are not a comprehensive collection of all wells and borings in the
area; logs collected by the author were selectively chosen for depth, detail of logging,

evidence of basalt, and/or in an effort to provide complete coverage. Boring logs
collected by Madin were, in part selected for information regarding the character and
thickness of the Willamette (flood) silt.
Well logs were used to determine the thickness and character of the postColumbia River Basalt Group sediments within the basin, to determine the thickness of
the Columbia River Basalt Group (CRBG), and to identify the lithologies of the rocks
beneath the CRBG.
Considerable variation exists in the interpretation of well cuttings and cores by

drillers, engineers, and geologists. The interpretation of the logs herein is based in part
on this author's experience with local geology (i.e., pre-conceived notions), consistency
with other borings in the vicinity, and familiarity with individual drillers.
In some locations, borings may penetrate Boring Lava, Columbia River Basalt,

possibly older volcanic units, or some combination of the three. Where sufficient data
density exists, borings with ambiguous interpretations were not used; in other cases, an
interpretation was made and the ambiguity noted in the summarized logs.
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Seismic reflection data
Approximately 100 km of proprietary multichannel seismic reflection lines were
obtained for the purpose of mapping the elevation of the Columbia River Basalt within
the basin, as well as identifying faults and other shallow structures within the basin.

These data were collected as part of a search for petroleum in 1984 and 1985. The lines
presented in this study use a Vibroseis energy source, 24-fold stack, a floating datum, and

are unmigrated. The locations of the survey lines are shown on Plate 1 as thick lines.
For the purpose of producing the structure contour map, and in the absence of
reliable velocity information, the seismic data were correlated to nearby borings which

penetrated the top of Columbia River Basalt. The two-way travel-time to the top of the
Columbia River Basalt was estimated to within 005 second (every 10 shot points or 2200
feet) along the lines. At the projected locations of selected wells, an average velocity for
the sedimentary section was calculated using equation (1):
Velocity = (Elevationdam - Elevationbasalt)
2- way travel - time /2

(1)

Velocities between well control points were interpolated linearly with respect to linedistance, and the elevation of basalt calculated using equation (2):

Elevationb1t = Elevationdam - (Velocity x 2- way travel - time /2)

(2)

The calculated average velocity varies from approximately 5120 ft/sec on the
western flanks of the Portland Hills to about 5550 ft/sec in the deepest portion of the

basin beneath Hillsboro, with an average value of approximately 5310 ft/second. A
contour map of the calculated velocities is presented in Figure 5. The calculated
velocities are very close to that of water, about 5000 ft/second, which is consistent with
the poorly lithified, water-saturated nature of the sedimentary sequence.
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Figure 5: Contour map of calculated average seismic velocities for the Mio-Pleistocene
sedimentary section, in feet per second. Heavy lines indicate the locations of seismic
reflection lines. Geologic units from Figure 3.
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STRATIGRAPHY
At least three kilometers of volcanic and sedimentary rocks overlie the early

Eocene oceanic basement in this area. The stratigraphic relationships between the units
described below are summarized in the stratigraphic columns presented as Figure 6.

Early to middle Eocene undifferentiated volcanics
The core of the central and northern Oregon Coast Range is composed of thick
sequences of lower to middle Eocene submarine and lesser subaerial tholeiitic basalt with
subordinate tuffaceous marine siltstone, basaltic sandstone and localized conglomerate

(Snavely and Wagner, 1964). These rocks include the Tillarnook Volcanic Series of
Warren and others (1945) and the partially equivalent Siletz River Volcanic Series of

Snavely and Baldwin (1948). Subaerial alkalic basalts accumulated near former eruptive
centers to form seamounts and oceanic islands (e.g., Tillamook Volcanics). The volcanic
rocks are interbedded with marine siltstone and lesser sandstone of the lower middle

Eocene Tyee and middle Eocene Yarnhill Formations. Based on interpretation of largeaperture seismic studies, the thickness of these volcanic sequences southwest of the study
area is between 25 and 35 km (Tréhu et al., 1994).

West of the Tualatin basin, these volcanic rocks have been subdivided to include
the Siletz River Volcanics of early Eocene age (Wells et al., 1994), the upper-lower to
lower-middle Eocene basalt of Hembre Ridge, and the middle Eocene Tillamook

Volcanics (Wells et al., 1983, 1994). Widespread diabase sills compositionally
equivalent to the extrusive volcanics intrude the sedimentary strata and locally comprise
the majority of the exposed section (Wells et al., 1983, 1994; Thorns and others, 1983).
East of the study area, in the vicinity of Portland and Oregon City, the tholeiitic
Eocene basalt of Waverly Heights coincides with a pronounced gravity high, and may
represent the uppermost portion of an oceanic island (See Potential Field Data section)..
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The volcanic units have not been differentiated in the study area, but limited
geochemical data from Thorns and others (1983) and Beeson and others (1989b) suggest
that Hembre Ridge chemical type flows and sills beneath and intruding the Yamhill
Formation in the southwest portion of the study area are the oldest volcanic rocks
exposed there.

These units remain undifferentiated in parts of the study area (see Plate 1). Some
rocks in the southwest mapped as Tertiary intrusions (Ti) or Yamhill Formation (Em)
may contain older volcanic rocks. Areas mapped as Ev may contain strata of the Yamhill
Formation, Tillamook Volcanics, or younger Tertiary intrusive rocks.

Siletz River Volcanics
The Siletz River Volcanics are interpreted to represent oceanic crust formed in

situ in a rift basin marginal to western North America. Bukry and Snavely (1988) revised
the age of Siletz River Volcamcs to Paleocene to early Eocene in age (coccolith zones
CP9 to CP1O), consistent with the restriction of Siletz River Volcanics exposed in the

northern Oregon Coast Range (west of the study area) to early Eocene by Wells et al.

(1994). Duncan (1982) reported K-Ar ages ranging from 50.7±3.1 to 58.1±1.5 Ma from
samples collected in the central Oregon Coast Range. Although unexposed in the study
area, mapped exposures of Siletz River Volcanics occur about 15 km southwest of the
study area (Wells et al., 1994) and these rocks may underlie much of the Willamette

Valley (Werner, 1990, Graven, 1990). Seismic reflection lines at the western margin of
the northern Willamette Valley show gently east-dipping Siletz River Volcanics
underlying the Yamhill Formation beneath the Eola Hills (Werner, 1990).

Basalt of Hembre Ridge
Low potassium (<0.2% K2O) tholeiitic basalt flows, pillow lava, tuffs, breccias of

the lower to lower middle Eocene basalt of Hembre Ridge underlie the lower middle
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Eocene Tyee and upper middle Eocene Yamhill Formations in the northern Oregon Coast

Range (Wells et al., 1994). Foraniinifera from sedimentary interbeds in the upper portion
of the formation are referred to the Ulatisian stage and nannoplankton referred to CP12a

or b (Wells et al., 1994). However, compositionally equivalent diabase sills intrude the
Tyee and Yamhill Formations (Wells et al., 1994) and therefore must be late middle
Eocene or younger in age.
In the southwest portion of the study area, thick sequences of gabbroic and
diabase sills intrude the lower portion of the Yanihill Formation (Schlicker, 1962;

Schlicker and Deacon, 1967; Al Azzaby, 1980; Thoms and others, 1983). Major element
geochemistry reported by Thorns and others (1983) show these sills to be low in
potassium, closer to the basalt of Hembre Ridge in composition than to Siletz River

Volcanics or Tillamook Volcanics. Samples collected along Hagg Lake contained 0.20
and 0.24% K20, samples from near Gaston contained 0.13% K20, and two samples from
the North Fork of the Yamhill River contained 0.05 and 0.13% 1(20. A sample from
Panther Creek, a tributary to the Yamhill River south of Carlton, contained 0.35% 1(20
(Thorns and others, 1983).

Tillamook Volcanics
In the Tillamook Highlands west of the study area, Wells et al. (1994) mapped up
to 10 km of subaerial flows, consisting of high-titanium tholeiitic to alkalic basalt and
lesser dacite and rhyolite, overlying submarine tholeiitic basalt, breccia, and lapilli tuff.
This upper middle Eocene sequence is believed to have erupted quickly; radiometric ages
generally cluster between 42 and 44 Ma (R. A. Duncan, personal communication to Wells

et al., 1992). The bimodal petrochemical assemblage is generally lacking in andesitic
compositions between 54 and 62% Si02 (Wells et al., 1994).
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At Gales Peak (Plate 1 and Figure 4), the volcanic rocks mapped by Wells et al.
(1983, 1994) as Tillamook Volcanics? are underlain by the Yanihill Formation to the
southwest and overlain by rocks equivalent to the late Eocene Hamlet Formation of Niem

and Niem (1985) to the northeast (Alan Niem, personal communication, 1996). Niem
and Niem (1992) reported a K/Ar whole rock date of 39.4±1.5 Ma from a basalt sample
recovered about 3 km southwest of Gales Peak (R. Wells, written communication to
Niem, 1991).

Middle to late Eocene basalt of Waverly Heights
Weathered, zeolitic basaltic lava and associated sedimentary rocks exposed in the
banks of the Willamette River about 5 km south of Oregon City, were originally included
by Trimble (1963) as part of the Skamania Volcanic Series of probable Eocene to

Miocene age. Beeson and others (1989b) correlated these rocks to exposures in the
Waverly Heights area of metropolitan Portland and named them Eocene basalt of

Waverly Heights. R. Duncan (personal communication, 1984, to Beeson and others,
1989b) obtained K-Ar dates of approximately 40 Ma from two flows near Oregon City.

The high-titanium tholeiitic basalt of Waverly Heights is approximately coeval to the
Tillamook Volcanics, but chemical analyses of the unit reported in Beeson and others
(1989b) average only 0.35% K2O, more similar to the older basalt of Hembre Ridge in the

northern Oregon Coast Range and the Crescent Formation in Washington (Wells, et al.,
1994).

The basalt of Waverly Heights is not exposed within the study area, though low
1<120 sills intruding the Yamhill Formation in the southwestern portion of the study area

may be related to the Waverly Heights eruptive center. Typical exposures of the
sequence near Waverly Heights in the Lake Oswego quadrangle are characterized by a
deeply weathered zone greater than 10 m thick, except where the Willamette River or the
late Pleistocene Spokane Floods have scoured away the weathered material (Beeson and
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others, 1989a, 1989b). Fresh exposures reveal subaerial flows with sparse to abundant
plagioclase phenocrysts or glomerocrysts (Beeson and others, 1989b). The chemistry of
the basalt of Waverly Heights is very similar to the overlying Columbia River Basalt
Group, but does not match individual Columbia River Basalt Group flows and is lower in

K20. Marine strata interbedded with the basalt of Waverly Heights are not exposed, but
are inferred to occur in the shallow subsurface on the basis of water well and engineering
borehole data (Beeson and others, 1989b).
Based on interpretation of aeromagnetic and gravity data, the basalt of Waverly
Heights are interpreted as a subaerial portion of an Eocene oceanic island constructed
adjacent to the continental margin, approximately coeval to the Tillamook Volcanics (see
Potential Field Data section).

Yamhill Formation
The type section of the Yamhill Formation is located about 25 km southwest of
the study area along Mill Creek, where approximately 1,500 m (5,000 feet) of laminated
tuffaceous mudstone, siltstone, and minor sandstone of late middle to late Eocene age
overlie Siletz River Volcanics and Tyee Formation (Baldwin et al., 1955; McWilliams,
1973)). Baldwin et al. (1955) described three units which comprise the Yanihill

Formation at Mill Creek: a lower dark gray shale and siltstone unit with minor limecemented sandstone about 150 m (500 feet) thick, a middle fossiliferous chioritized
basaltic sandstone unit about 150 m thick, grading upward into approximately 1,200 m

(4,000 feet) of massive- to faintly-bedded micaceous siltstone and mudstone. The
Yamhill Formation overlies the Siletz River Volcanics, basalt of Hembre Ridge, and
Tyee Formation with angular unconformity outside the study area (McWiffiams, 1973;
Wells and others, 1983, 1994).

Baldwin et al. (1955) assigned the type section to the lower Narizian, later revised

to upper Ulatisian and lower Narizian Stages by Snavely and others (1969). Exposures in
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the central and northern Coast Range are referred to coccolith zones CP13c to CP14a
(Bukry and Snavely, 1988), based on sparse coccolith assemblages, whole-rock ages of
the overlying Tillamook Volcanics ranging from 40 to 44 Ma (Niem and Niem, 1985),
and a 43.2±1.8 Ma date from a widespread zeolitized gabbroic sill intruded into the lower
Yamhill Formation (from plagioclase separates; L. Pickthom, written communication to
Bukry and Snavely, 1986; see previous section).
In the southwest portion of the study area, Schlicker (1962) differentiated the
older mudstone correlatable to the type Yamhill Formation from the overlying Spencer

Formation sandstone, but did not describe the unit in detail. Schlicker and Deacon (1967)
mapped the Yamhill Formation and described the gently east-dipping, well-indurated
mudstone, siltstone, and local basaltic or tuffaceous sandstone less than 300 m (1,000
feet) thick near Hagg Lake, thickening southward to approximately 600 m (2,000 feet)

along the Yamhill River. The lower part is locally intruded by basalt and gabbroic dikes
and sills 15 to 60 m (50 to 200 feet) thick (Schlicker, 1962; Schlicker and Deacon, 1967;

Thoms and others, 1983). Based on foranuniferal analyses by Rau (written
communication to Schlicker, 1962), Schlicker and Deacon (1967) assigned the Yanihill
Formation in this area to the lower upper Eocene (A-2 Stage of Lamming). Isolated

exposures of steeply northeast-dipping, Eocene mudstone on the southwest side of Gales
Creek adjacent to Gales Peak were included by Schlicker and Deacon (1967) in the
Yamhill Formation, as shown on Plate 1, but may be more appropriately assigned to the
upper Eocene Hamlet Formation of Niem and Niem (1985) (Alan Niem, personal
communication, 1996).

Thoms and others (1983) recognized two members in the Yamhill Formation

overlying and intercalated with mafic intrusive rocks. The lower member consists of
about 400 m (1300 feet) of well-indurated thin-bedded tuffaceous and micaceous
mudstone and siltstone, with subordinate volcanic to feldspathic litharenite sandstone.
The laminated to graded turbidite sandstone commonly exhibits partial Bouma sequences

00000SpU003

000 00 -

.1

-

spuoos

ci c'i

0

a.)

a)
c

E
--4

o

o
C.)

-

a.)

uo
c'

'-

0E
0
1.4

a.)
a.)

a.)
1-4

)

.

-.

QCQ

a)-4a)
c

UI
-

.
cd

.-a)
a)

uI

0

.-

0

ID!
0Ccj

z

20

and is in part palagonitic and carbonaceous. The upper member consists of about 210 m
(700 feet) of laminated to massive micaceous mudstone. Basaltic sandstone in the lower
member is probably correlative to the middle Yamhill Formation in the type section along

Mill Creek. The lower member contained a lower Narizian mid-bathyal foraminiferal
assemblage consistent with deposition as a turbidite sequence in the upper distal part of a

submarine fan or on a continental slope. The upper member contained mid- to upperbathyal foraminifera referable to the Narizian Stage (possibly upper Narizian).
The Cooper Mountain well (see Plate 1) penetrates 1517 m of upper Ulatisian to
lower Narizian massive bathyal micaceous siltstone, mudstone, and tuffaceous sandstone
with minor tuff and gravely sandstone interbeds correlated biostratigraphically to the

Yamhill Formation (McKeel, 1984). The upper portion of the interval is poorly to
massively bedded and fossiliferous. The lower portion contains massive sandstone and
rare thin conglomeratic beds and is pervasively fractured and veined. These strata
underlie volcanic tuffs, flows and breccias which probably represent the epiclastic apron

of the nearby Waverly Heights eruptive center. The underlying plagioclase porphyritic
(intrusive?) rocks may also correlate to the basalt of Waverly Heights. The lithologies
correspond to those mapped by Thorns and others (1983) overlying and intercalated with

intrusive rocks to the southwest. Neither the Klohs nor Barber wells (see Plate 1)
penetrate lower Narizian or older sedimentary strata (McKeel, 1984). Geochemical
analyses are not available for the volcanic and intrusive rocks in any of these wells.
The deepest strata imaged by seismic reflection profiles in the western portion of
the basin probably correlate to the Yamhill Formation overlying the undifferentiated

Eocene volcanic rocks. A strong reflector at the base of the relatively transparent section
interpreted as Yamhill Formation, at approximately 2.2 seconds two-way travel time in
Figure 7, may be either Siletz River Volcanics (oceanic crust) or volcanic and/or intrusive
rocks correlative to the basalt of Hembre Ridge, Tillamook Volcanics, or basalt of
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Waverly Heights. Interpretation of gravity data suggests a thicker sedimentary section
than is probably imaged in the seismic reflection section shown in Figure 7.

Spencer Formation
The Spencer Formation, as originally defined by Turner (1938), consists of
marine shale and basaltic sandstone of Tejon-Cowlitz (late Eocene) age exposed about

16 km (10 mi) southwest of Eugene. Vokes and others (1951) revised the Spencer
Formation to include a lower shale member (Lorane Shale) and Turner's Comstock
Formation as the upper member. Vokes and others (1951; 1954) mapped the revised
Spencer Formation from the type location northward as far as 44° 45'N and reaffirmed its

correlation to Tejon-Cowlitz age rocks. Schlicker (1962) recognized the similarity of
micaceous arkosic sandstone exposed in the southwestern Tualatin basin to the type
Spencer Formation and mapped a narrow exposure of Spencer sandstone from Gales Peak
to the southern margin of the study area.
Al Azzaby (1980) and Thoms and others (1983) defined two members of the
Spencer Formation in this area. Thorns and others (1983) described a lower member of
massive to faintly bedded, friable, micaceous, carbonaceous lithic arkose to feldspathic
litharenite ranging in thickness from a few meters north of Hagg Lake to more than

300 m (1000 feet) thick south of Patton Valley (Figure 4). Carbonized plant debris and
wood are common. Massive bedding and bioturbation predominates, although very thin
pumiceous beds occur locally. The upper member consists of medium to thickly bedded,
micaceous, carbonaceous, feldspathic siltstone and mudstone, with occurrences of minor
sandstone beds and lenses of pebble conglomerate increasing southward (Al Azzaby,
1980; Thoms and others, 1983). Macrofossils are locally common (Thorns and others,
1983) and carbonized wood fragments and coal beds occur (Al Azzaby, 1980).
The depositional environment of the lower member is interpreted as outer neritic

grading upward to inner neritic, possibly intertidal (Thorns and others, 1983). The lower
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member probably correlates to the middle sandstone member of Yokes and others (1951)
and to the Clark and Wilson sandstone of the Cowlitz Formation in the Mist gas field

(Thorns and others, 1983). The upper member was deposited in deeper water at upper
bathyal depth, based on the finer grain size and foraminiferal fauna (Thorns and others,

1983). Molluscan fauna place the lower member in the "upper Eocene" of Weaver
(1942) and foraminiferal assemblages known no lower than upper Narizian occur in both
members (Thorns and others, 1983).

In the Scoggins Valley, the average thickness of the Spencer Formation is
approximately 400 to 450 m (1,300 to 1,500 feet), thickening to the south (Thorns and

others, 1983). The contact with the underlying eroded Yamhill Formation is probably
unconformable (Schlicker, 1962; Al Azzaby, 1980), although Thorns and others (1983)

reported a conformable contact. Local variations in mapped thickness may be attributed
to pre-existing topography on the underlying Yamhill surface, depositional variation, and
erosion of the upper Yamhill member prior to deposition of the Spencer Formation.
Al Azzaby (1980) restricted the Spencer Formation more narrowly than Thorns
and others (1983), assigning fine-grained strata conformably overlying the Spencer
sandstone as the Stimson Mill beds instead of including it as the upper member of the

Spencer Formation. While the definition of Thorns and others (1983) is closer to
accepted usage, much of the compilation relies on the more extensive mapping of Al

Azzaby (1980). Therefore, with the exception of the area between Gales Peak and Patton
Valley, the upper Spencer Formation is included in the undifferentiated EoceneOligocene strata (OEm) on Plate 1.

Late Eocene undifferentiated volcanics (subsurface only)
In the subsurface, the Klohs well penetrates approximately 650 m (2150 feet) of
zeolitized basalt and gabbro, welded tuffs and subordinate tuffaceous sandstone and
conglomerate at a depth of 775 m, underlying basaltic siltstone and sandstone of probable

23

Refugian age (McKeel, 1984). The Cooper Mountain well penetrates zeolitized basaltic
lava, breccia, and tuffs interbedded with Narizian to Refugian tuffaceous, micaceous
mudstone, claystone, and sandstone from 863 to 1301 m depth (2830 to 4270 feet), which

overlie lower Narizian sedimentary strata (McKeel, 1984). The Barber well penetrates
1498 m (from 2055 to 6970 feet depth) of late Eocene volcanic agglomerate, basalt,

'andesite', and volcaniclastic sediments overlying older Eocene volcanic rocks. The
relative close proximity of these wells to the Waverly Heights eruptive center (see section
on Potential Fields Interpretation) suggests that at least a portion of these strata may be

correlated to that unit. However, occurrences of "welded tuffs" and "andesite" noted in
well logs suggest a possible correlation to the calc-alkaline late Eocene Goble Volcanics
exposed along the southwest side of the Columbia River about 50 kilometers to the north,
or to the Eocene to Oligocene Skamania Volcanic Series exposed northeast of Portland

(Trimble, 1963). Based on potential field data and seismic reflection lines, these volcanic
rocks thin westward and probably extend westward only as far as Hillsboro.

Oligocene-Eocene marine sedimentary rocks
Undifferentiated Eocene and Oligocene marine sedimentary rocks unconformably
overlie the Spencer Formation and unconformably(?) underlie the Scappoose Formation

and Columbia River Basalt Group in the study area (Plate 1). In the northwestern portion
of the study area and beyond, these strata have been subdivided into the upper Eocene
Keasey Formation and the uppermost Eocene and Oligocene Pittsburg Bluff Formation

(R. Van Atta, unpublished mapping, 1985; Wells et al., 1983; 1994). The thickness of the
unit is variable.

In the vicinity of Hagg Lake, the lower portion of this unit (Gries Ranch
Formation of Al Azzaby) is composed of approximately 650 m (2,100 feet) of
fossiliferous, carbonaceous, cross-bedded to cross-laminated basaltic sandstone, thin- to
thickly-bedded fine pebble to fine cobble basaltic conglomerate, minor siltstone, and a
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single 10 m thick rhyolitic litharenite (Thorns and others, 1983). The rhyolite tuff is a
widespread marker horizon in the northern Oregon Coast Range (McKnight et al., 1995).
Deposition of the lower unit occurred in a shallow neritic to very near-shore, high-energy
environment, based upon sedimentary structures and broken and disarticulated molluscan

macrofossils and shell lags. The upper unit consists of approximately 775 m (2,550 feet)
of tuffaceous, micaceous, thin- to thick-bedded and parallel- to cross-laminated
concretionary siltstone deposited in an outer neritic or upper bathyal environment, based
on macrofossils and foraminiferal fauna, respectively (Thorns and others, 1983).
Molluscan fauna collected by Thorns and others (1983) from these units
correspond to the upper lower Refugian Stage, equivalent to uppermost Keasey and
lowermost Pittsburg Bluff Formations, and foraminifera referable to the lower Refugian
Stage were found in the upper portion of the upper member (Thoms and others, 1983).
Schlicker and Deacon (1967) report lower Oligocene (Refugian) and upper Oligocene
(Zemorrian) foraminiferal assemblages from the same area.
Equivalent sedimentary strata are present in the subsurface beneath the eastern

portion of the basin. The Cooper Mountain well (Plate 1) penetrates approximately
650 m of tuffaceous, mudstone, siltstone, sandstone, and minor conglomerate of probable
Refugian or younger age (McKeel, 1984) beneath the Columbia River Basalt Group and

overlying altered mafic volcanics of probable late Eocene age. The Klohs well penetrates
at least 1300 m of Refugian and Zernorrian age strata (McKeel, 1984) composed of
tuffaceous and carbonaceous siltstone, claystone, and sandstone, overlying altered basalt

flows, welded tuffs(?), and intercalated basaltic sedimentary rocks. The Barber well
penetrates about 400 rn of similar strata overlying Eocene volcanic and volcaniclastic

rocks. The presence of radiolaria in Zemorrian strata penetrates by the Klohs well
indicate open marine conditions in the southern Tualatin basin during late Oligocene time
(McKeel, 1984).
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Tertiary intrusive rocks
Eocene to Miocene age mafic sills and dikes are found throughout the Coast
Ranges of western Washington and Oregon (Warren and others, 1945; Vokes and others,
1954; Wells, 1981; Wells et al., 1983; Niem and Niem, 1984; Niern et al, 1992;

Moothart, 1993). Rocks of the southwest portion of the study area and the highlands
farther west are extensively intruded (Wells et al., 1983, Wells and others, 1994); in some

areas the percentage of intrusive rock exceeds that of host rock (Wells et al., 1983). The
intrusive rocks occur in the contact area between the lower Eocene Siletz River/Crescent
Volcanics and overlying middle- to late-Eocene marine sedimentary sequences (Thorns
and others, 1983; Wells, 1981) as well as between and within the sedimentary units

(Thorns and others, 1983; Wells et al., 1994). Some intrusions are aligned within fault
zones.

Vokes and others (1954) regarded the intrusions as probably late Eocene to

Oligocene in age. The mafic intrusive rocks within the Tualatin basin invade volcanic
and sedimentary strata ranging in age from middle Eocene to latest Eocene or early

Oligocene. Thick, highly magnetic, concordant gabbroic and diabasic sills intrude the
Yarnhill Formation and older rocks, while thin, sub-vertical intrusions of diabase and
basalt occur in the upper Eocene and Oligocene sedimentary strata.

There appear to be several stages of intrusion: Wells et al. (1994) note the
occurrence of intrusive phases of the basalt of Hembre Ridge and Tillamook Volcanics in
the Oregon Coast Range and this author suggests that these rocks and intrusive
equivalents to the basalt of Waverly Heights and possibly Goble Volcanics may occur

within the study area. Elsewhere, geochemistry, petrography, and field relations have
been used to distinguish between different intrusions. These data are generally lacking in
the study area, so for the purpose of this study, the smaller, isolated bodies are generally
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included in this unit and the extensive concordant sills within the Yamhill Formation are
mapped as undifferentiated early to middle Eocene volcanics.

Scappoose Formation
The middle Miocene Scappoose Formation as defined by Van Atta and Kelty
(1985) consists of fluvial sandstone, conglomerate, and mud rock intercalated with fine-

grained shallow marine to estuarine sediments. Basalt cobbles within the fluvial
conglomerates of the Scappoose Formation are correlated with low-magnesium flows of
Grande Ronde Basalt of the Columbia River Basalt Group on the basis of major- and
minor-element geochemistry (Kelty, 1981; Kadri, 1982; Thorns and others, 1983; Van

Atta and Kelty, 1985). The Scappoose Formation intertongues laterally with and is
locally invaded by flows of Grande Ronde Basalt and is overlain by later flows of Grande
Ronde and Wanapum Basalt of the Columbia River Basalt Group.
North of the study area in the Nehalem Valley, the Scappoose Formation includes
a lower unit composed of nonmarine conglomeratic, micaceous lithic arkose

intertonguing laterally with a nonmarine tuffaceous, micaceous mudstone. The lower
unit is overlain by a shallow-marine micaceous, highly tuffaceous and fossiliferous
siltstone grading upward into, and laterally intertonguing with fluvial arkose (Van Atta

and Kelty, 1985). The Scappoose Formation unconformably overlies Keasey and
Pittsburg Bluff formations in this area (Van Atta, 1985; Van Atta and Kelty, 1985). The
formation may be as much as 350 m thick, although it varies considerably (Van Atta and

Kelty, 1985). Scappoose Formation underlies the Columbia River Basalt Group in the
foothills north and northwest of Banks (Van Atta, 1985).

Along the northern and western margin of the Chehalem Mountains, the
Scappoose Formation consists of at least 330 m (1100 feet) of predominantly marine
tuffaceous mudstone, siltstone, and micaceous, fossiliferous cross-bedded and crosslaminated arkosic sandstone underlying and intercalated with the Grande Ronde basalt
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(Thorns and others, 1983). Arkosic sediments are intercalated with Columbia River
Basalt Group in the Spring Hill core hole (Thorns and others, 1983) and the Butte Cowan

well (Plate 1). Two water wells southeast of the Spring Hill corehole (Plate 1)
encountered marine strata with abundant shell fragments overlying several hundred feet

of Columbia River Basalt. Basaltic conglomerate within the exposed and subsurface
Scappoose section is correlated to early flows of low-magnesium Grande Ronde basalt.
The contact with the underlying Oligocene? strata is apparently conformable or
disconformable in this area (Thorns and other, 1983).

Scappoose Formation is not exposed elsewhere within the basin. Both the Cooper
Mountain and Klohs wells penetrate tuffaceous and arkosic sediments beneath the
Columbia River Basalt Group which may correlate to the Scappoose Formation or to the
older undifferentiated Oligocene-Eocene strata.
The Scappoose Formation was deposited in a near-shore marine to fluvial and/or

deltaic environment (Thorns and others, 1983; Van Atta and Kelty, 1985). To the north
in the upper Nehalem River basin and to the south in the McMinnville quadrangle,
Scappoose sediments overlie an erosional unconformity with up to 245 m (800 feet) of
relief (Van Atta and Kelly, 1985), comparable to that existing within the Tualatin basin

today. However, south of Forest Grove and beneath the Chehalem Mountains
sedimentation may have been nearly continuous from Oligocene time up to and after the
arrival of the Middle Miocene Columbia River Basalt Group flows in the area.

Columbia River Basalt Group
Warren and others (1945) mapped the Columbia River Basalt Group in

northwestern Oregon as Columbia River lava of middle or late Miocene age. In general,
the Columbia River Basalt Group is composed of aphyric to sparsely plagioclase-

porphyritic tholeiites with a groundmass of glass, plagioclase, and augite, in addition to
other minor mineral constituents (Waters, 1961; Beeson and others, 1985, 1 989a; Reidel
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and others, 1989). Beeson and Moran (1979) and Beeson et al. (1985), using detailed
major- and minor-element geochemistry and paleomagnetism, produced a detailed
geochemical and magnetostratigraphic framework which enabled them to map the gross
distribution of individual Columbia River Basalt flows and flow units within western
Oregon (Beeson and Moran, 1979; Beeson and others, 1985, 1989a; Reidel and others,
1989; Tolan and others, 1989). The stratigraphic nomenclature used for the Columbia
River Basalt Group in this study is shown in Figure 8 and Table 1.
Columbia River Basalt Group flows probably covered the entire study area east of

the Coast Range foothills and possibly farther west (see Figure 9). Two formations of the
Columbia River Basalt Group reached western Oregon; the lower to lower middle
Miocene Grande Ronde Basalt and the middle Miocene Frenchman Springs Member of

the Wanapum Basalt (Beeson and others, 1989a,b). Low-Mg flows of Grande Ronde
Basalt began to invade western Oregon in the early Miocene (16.5 to 15.6 Ma) (Reidel

and others, 1989). Several flows of Grande Ronde Basalt entered the Portland area prior
to the extrusion of R2 Wapshilla Ridge Member over nearly the entire distribution area of

the Columbia River Basalt Group, including the present Portland and Tualatin basins.
These early flows probably filled existing drainages and topographic lows, forming
abnormally thick lobes (Beeson and others, 1989a).
The distribution of individual Columbia River Basalt units within the study area is

poorly constrained. At least six members of Grande Ronde basalt have been identified
within the area, and three chemically-distinct flow units of the Frenchman Springs
Member of the Wanapum Basalt are known (Reidel and others, 1989). The Grande Ronde
Basalt units probably covered the entire study area east of the Gales Creek-Mt. Angel
structural zone, while members of Wanapum Basalt have only been identified in the
southern half of the area (Tolan and others, 1989), with the exception of a single
occurrence in a water well near Hillsboro (Doyle Wilson, personal communication,

1996). Table 1 summarizes the units identified within the study area.
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Figure 8. Stratigraphic nomenclature for the Grande Ronde Basalt and Wanapum Basalt
of the Columbia River Basalt Group, (modified from Reidel and others, 1989). LowMgO and High-MgO Grande Ronde Basalt subdivisions are those of Swanson et al.
(1979). Units which are known to occur in the study area are marked with an asterisk
(from Beeson and others, 1989a). N, normal magnetic polarity; R, reversed magnetic
polarity; T, transitional magnetic polarity; E, excursional magnetic polarity.
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The mapped limits of the Grande Ronde Basalt and Wanapum Basalt in western

Oregon are shown in Figure 9. Only a thin sequence of low-Mg Grande Ronde Basalt are
found in the northern portion of the Chehalem Mountains (Al Azzaby, 1980; Thorns and
others, 1983), whereas later high-Mg Grande Ronde and Wanapum Basalt flows are

present farther south along the structure (Al Eisa, 1981; Thorns and others, 1983). This
distribution suggests that the Tualatin basin did not exist as a topographic depression

during emplacement of the Columbia River Basalt Group. More likely, flows followed
and filled fluvial channels and other local depressions. The existence of marine
Scappoose Formation interbeds within the Grande Ronde Basalt in the northern
Chehalern Mountains observed by Thorns and others (1983) is the only known occurrence
of marine deposition of Columbia River Basalt in the Northern Willarnette and Tualatin

basins (Beeson and others, 1989a). The near absence of Wanapurn Basalt in the deeper
portions of the basins suggests that neither was actively subsiding during in the middle
Miocene.

Table 1. Columbia River Basalt Group units in the Tualatin basin (Beeson and others,
1989a,b; Reidel et al., 1989). N = normal polarity, R = reversed polarity, E =
excursional. R2 and N2 are informal rnagnetostratigraphic designations of Swanson et al.
(1979).
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The Columbia River Basalt Group unconformably overlies units ranging in age

from late Eocene to Oligocene or younger within the study area. The low-Mg flows of
Grande Ronde Basalt grade laterally into the Scappoose Formation and both the Grande
Ronde Basalt and Wanapum Basalt overlie Scappoose Formation strata in the study area.
A thin sedimentary interbed correlative to the Vantage Formation is locally
present between the Grande Ronde and Wanapum Basalts within the study area (Al Eisa,

1981; Beeson et al., 1985; Beeson and others, 1989a). The Klohs well penetrates 6 m of
clay and sandstone at 82 m depth, probably correlative to this horizon, and Al Eisa (1981)
observed the sedimentary interbed in a number of locations in the Chehalem Mountains.
The resolution of water well logs is not sufficient to identify the relatively thin interbed.

Late Miocene-Pleistocene undifferentiated sediments
Overlying the Columbia River Basalt Group in the Tualatin basin are up to 450 m
of unlithified to poorly lithified quartzo-micaceous sediments of late Miocene to

Pleistocene age (Wilson and Peterson, 1996). The thickness of these deposits is
constrained by several hundred water wells located within the basin and by seismic

reflection profiles which cross the basin (see Plate 1 and Figure 5). They consist of
discontinuous layers of mud, silt, silty sand and some fine basaltic gravel, interpreted to
be dominantly fluvial-channel and overbank and lesser lacustrine deposits (Schlicker and

Deacon, 1967). In water wells, the sediments are typically underlain by a red or redbrown clay up to 30 m thick, sometimes containing clasts of basalt, interpreted to be the

laterized upper surface of the Columbia River Basalt Group. Samples of the sediments
from borings consist predominantly of quartz, feldspar, and muscovite, with lesser
amounts of pyroxene and other heavy minerals.
Surface exposures occur only on the southwestern flank of the Portland Hills
(Madin, 1990), where upwarping and faulting prevented their coverage by the Willamette
silt (Plate 1). The catastrophic flood deposits of the Willamette Silt (Affison, 1933, 1935,
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1978) unconformably overly and obscure the Columbia River Basalt Group and younger

sedimentary deposits within the basin at elevations less than approximately 100 m. In the
subsurface, the undifferentiated unit may include the Helvetia formation, Sandy River
Mudstone and Troutdale equivalents of Schlicker and Deacon (1967) and Trimble (1963),
the loessal Portland Hills silt (Trimble, 1963; Lentz, 1977, 1981), and the Willamette Silt.
These sediments were correlated in age to the Troutdale Formation and Sandy

River Mudstone of Trimble (1963) by Schlicker and Deacon (1967). Madin (1990)
considered them to be equivalent to the Sandy River Mudstone of late Miocene to late
Pliocene age (Beeson and others, 1991), which they resemble in gross lithology and

stratigraphic position. However, heavy mineral and geochemical analyses of sediments
from the Portland and Tualatin basins indicate that the depositional systems have been
mostly isolated from each other since late Miocene time (Wilson and Peterson, 1996).
Their analyses indicate no Cascadian fluvial influence and suggest a Coast Range source
for the sediments.

Seismic reflection profile IT-il' (Figure 10) shows the typical sonic character of
the sedimentary sequence overlying the strong Columbia River Basalt Group reflectors

(Mba) beneath the basin. The location of the seismic profile is shown in Figure 13. In the
Tualatin basin and northern Wiliamette basin (Werner, 1990), the acoustic section may be
divided into lower and upper, mostly-transparent packages separated by a series of

laterally-extensive strong reflectors. In the Tualatin basin, these reflectors (R) may
correspond to a thin silicified layer and diatom-rich horizons of late Pliocene or early

Pleistocene age (Doyle Wilson, personal communication, 1996). These horizons
approximately correlate with a depositional hiatus between lower, late Miocene to early
Pliocene deposits ("lower sedimentary sequence," PMf) and overlying late Pliocene to
Pleistocene deposits ("upper sedimentary sequence," PPII) (D. Wilson, personal
communication, 1996).
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Regardless of their origin, the reflectors provide a marker-horizon similar to the

top of Columbia River Basalt against which deformation may be compared. The upper
sedimentary sequence is approximately 230 m thick near the center of the basin (D.
Wilson, personal communication, 1996), thinning toward the margins of the basin.
Seismic reflection profiles show that the southwest dip of Columbia River Basalt
Group and late Miocene to Pleistocene sediments on the southwest limb of the Portland
Hills gradually decreases southwestward toward Dairy Creek (Figure 10), which follows

the axis of the Tualatin basin syncine (Plate 1 and Figure 13). Although the seismic lines
are oblique to the trend of the Portland Hills, distinct segments of relatively constant dip

in both the Columbia River Basalt and overlying sedimentary section are apparent. The
dip of the reflectors decreases upward in the section, suggesting growth of the Portland
Hills began as early as middle Miocene time and has continued into the Pleistocene.

Boring Lava
The name Boring Lava was applied by Treasher (1942) to a unit of basalt, basaltic
andesite, and associated volcaniclastic sediments exposed in hills in the vicinity of

Boring, southeast of Portland. Flows, cinder cones and vents of Boring Lava are mapped
throughout southwest Portland, on the southwestern flanks of the Portland Hills
(Treasher, 1942; Allen, 1975; Madin (1990); Beeson and others, 1989b, 1991), and as far
west as La Butte, along the Willamette River south of Parrett Mountain (M. Beeson,

personal communication to K. Werner, 1990). Madin (1990) mapped the distribution of
the Boring Lava in the eastern Tualatin basin.
The Boring Lava consist of subaerial, light gray to gray, diktytaxitic olivinephyric and lesser plagioclase-phyric basalt and basaltic andesite (Beeson and others,

l989b; Madin, 1990). On the southwestern flank of the Portland Hills, the blocky,
vesicular lava, cinders, and breccias were extruded from local vents along the Oatfield

fault (Madin, 1990). These vents and associated flows correspond to a distinctive
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aeromagnetic anomaly pattern which may be used to locate the unit in the subsurface (see
Aeromagnetic data section), where they are interbedded with and overlie the PlioPleistocene sediments, based on water well information.
Based on seismic reflection and aeromagnetic data, intrusive equivalents of the
Boring Lava and buried vent complexes may extend beneath the northern Willamette

basin (Werner, 1990; Yeats et al., 1991) and the eastern Tualatin basin. Profile rn-rn', an
east-trending seismic reflection profile east of Hilisboro (Figure 11) images a sequence of
chaotic reflectors beneath upwarped Columbia River Basalt Group (Mba) and the late

Miocene to early Pliocene sediments (PMf). The chaotic reflectors are interpreted to be
Boring Lava (QPv) intruded beneath the Columbia River Basalt and possibly forming a

vent complex within the basin. The strong reflectors (R) are slightly upwarped. Both the
Columbia River Basalt Group and weak reflectors in PMf are truncated by the strong
reflectors, suggesting a period of non-deposition and erosion following the emplacement

of the body. The location of this feature coincides with a very weak aeromagnetic
anomaly (see aeromagnetic interpretation section).
North of Cooper Mountain (Figure 13 and Plate 1), a north-trending seismic

reflection profile IV-IV' shows similar chaotic reflectors truncating the Columbia River
Basalt and deforming both the lower and upper sedimentary sequences (Figure 12). The
body coincides with an elongate strong positive aeromagnetic anomaly (see aeromagnetic
interpretation section).

The Boring Lava ranges in age from late Pliocene to late Pleistocene.
Radiometric ages for flows in the adjacent Portland quadrangle range from 2.5 Ma to
64 ka (Beeson and others, 1991) and are both reversely and normally magnetized (Beeson
and others, 1989, 1991; Madin, 1990).
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An intrusion of Boring Lava? (QPv) truncates Mbc and Mio-Pliocene sediments (PMf) and deforms the Plio-Pleistocene sediments (PPII), suggesting a late Pliocene to Pleistocene age for the intrusion.
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STRUCTURE
The regional structure of the northern Willamette Valley consists of a moderately
east- to northeast-dipping homocline of upper Eocene to Miocene sedimentary and
volcanic rocks comprising the eastern limb of the northern Oregon Coast Range anticline.

The homodine corresponds to a steep gravity gradient (see Plate 2) between the Oregon
Coast Range and the Willamette Valley. Superimposed on this trend is the westnorthwest trending Tualatin basin, bounded on the north and northeast by the Portland
Hills (Tualatin Mountains), on the south and southwest by the Chehalem Mountains, and

on the southeast by the uplands of Petes and Parrett Mountains. In general, the structural
grain within the basin trends northwest. The southern half of the basin is complicated by
smaller east trending faults and folds and northeast-trending cross-faults. Figure 13
summarizes the locations of structural and geomorphic features discussed in the
following sections.

Folds

Portland Hills
The Portland Hills (or Tualatin Mountains) (Plate 1 and Figure 13) are underlain by a
series of northwest trending en echelon faulted anticlines, comprising a flower structure
generated by transpressive deformation (Hart and Newcomb, 1965; Beeson and others,

1 989a). The asymmetric anticines are cut by northeast-vergent thrust-faults which
locally place Columbia River Basalt Group over Miocene to Pliocene age strata east of

the study area (Beeson and others, 1991). Cumulative vertical separation on the thrust
faults is about 150 m (Beeson, 1989a; Beeson and others, 1991). The steeper northeast
limb of the Portland Hills is truncated by the Portland Hills fault, a northwest-trending
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high-angle fault with a vertical stratigraphic separation of about 200 m (Beeson and

others, 1989a). The Portland Hills are part of the Portland Hills-Clackamas River
structural zone, a zone of dextral strike-slip, oblique slip, and dip-slip deformation
extending almost 160 km from the Clackamas River drainage northwestward (Beeson and
others, 1989a).

The Portland Hills structure is probably early Miocene to Pleistocene in age

(Beeson and others, 1989a). Along strike to the northwest, Eocene and Oligocene
sedimentary rocks of the Keasey and Pittsburg Bluff Formations were uplifted and
partially dissected prior to the arrival of the first Columbia River Basalt Group flows in

western Oregon (Van Atta and Kelty, 1985). Heavy mineral analyses of sediments in the
Tualatin basin and Portland basin indicate that the basins were separate depositional

systems as early as late Miocene time (Wilson and Peterson, 1996). Grande Ronde Basalt
members as young as N2 are thinner across the Portland Hills due to syn-depositional

uplift along this structural trend (Beeson and others, 1989a). Seismic reflection profiles
on the southwest flanks of the Portland Hills image sediments of probable Pleistocene age
that are deformed by the uplift.

Chehalem Mountain homocline
The gently northeast-dipping homocline of the Chehalem Mountains (Plate 1 and
Figure 13) forms a south-southeast trending cuesta capped by Columbia River Basalt
Group, beginning a few kilometers south of Forest Grove and curving gently

southeastward to its terminus at the Sherwood fault, northeast of Newberg Limited
structural data suggest the homocine dips 6° to 9° to the northeast (Plate 1).
Tilting of the Chehalem Mountain homocline began after emplacement of the

middle Miocene Wanapum Basalt. Near-shore marine and possibly fluvial sediments of
the Scappoose Formation are interbedded with early flows of the Grande Ronde Basalt in
the Spring Hill core hole (Thoms and others, 1983). At a depth of 82 m, the Klohs well
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encountered a 6 m (20 feet) thick interbed of clay and cemented sandstone, possibly the
Vantage horizon, within the Columbia River Basalt Group section, indicating deposition
was occurring along the present crest of the structure at approximately 15.6 Ma (age of

Vantage horizon from Beeson and others, 1985). The Butte Cowan well (Plate 1) also
penetrates sedimentary interbeds within the Columbia River Basalt Group section at the

northern margin of the Chehalem Mountains. Wanapum Basalt flows are absent in the
northern portion of the Chehalem Mountain and fewer flows of Grande Ronde Basalt

occur in the north than southward along the highland. Wanapum basalts are present
along most of the Chehalem Mountains (Al Eisa, 1981; Wells et al., 1983) as well as in
the Red Hills of Dundee.

The Bald Peak fault and other northeast-trending faults inferred from
aeromagnetic and water well data segment the northwestern half of the Chehalem

Mountains (see Bald Peak fault section below). Activity on these structures may have
partially controlled the distribution of the earliest Grande Ronde Basalt. The
aeromagnetic anomalies may represent offset of the Columbia River Basalt or thickening
of Columbia River Basalt across a pre-existing structure or filled paleodrainage channel
The surface morphology, general trend, and geologic units exposed in the
Chehalem Mountains are similar to the Eola Hills farther south (Werner, 1990; Crenna

and others, 1994). I)avid Hill, northwest of Forest Grove (Plate 1 and Figure 13), may be
a northwest continuation of this structure. Seismic reflection profile V-V' (Figure 14), a
northeast-trending segment located between the Chehalem Mountains and David Hill,

shows a steep northeast-dipping monocinal section of Eocene? to Miocene age strata
which flatten northeastward within the basin.

Tualatin basin syncline
The Neogene Tualatin basin syncine trends northwestward, with its axis
approximately coincident with the lower reaches of Dairy Creek between Forest Grove
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and Hilisboro (Plate 1 and Figure 13). The location of the present-day hinge may be
inferred on the basis of drainage patterns alone; all streams in the western portion of the

basin flow toward Dairy Creek, as shown in Figure 15. The location of the late Plioceneearly Pleistocene hinge is corroborated by seismic reflection profiles I-I' (Figure 7),
which images a gently west-dipping upper sedimentary sequence (PP1f) to the east and
east-dipping PPlf to the west, and profile 11-Il' (FigurelO), which also images unit PP1f

dipping gently toward the syncine. The lower sedimentary sequence (PMf) and the
underlying Columbia River Basalt Group (Mbc) are progressively more deformed with
age.

The late Miocene synclinal hinge-line may lie farther south. Seismic reflection
profile 11-Il' (Figure 10) images thicker PMf strata south of the Dairy Creek fault and

profile V-V' (Figure 14) shows the thickest lower sedimentary sequence (PMf) at the
base of the faulted homodine that forms the David Hill-Chehalem Mountains trend
(Plate 1 and Figure 4).

The location of the hinge line also corresponds to the western extent of relatively
shallow, seismically opaque strata imaged in the seismic reflection profile shown in

Figure 7. West of the hinge, seismic reflection data image approximately 2.2 seconds (2way travel time) of subhorizontal strata. To the east, seismically opaque strata occur at
approximately 1.1 second (2-way time), obscuring the lower portion of the acoustic

section. The opaque strata are interpreted to be late Eocene volcanic and volcaniclastic
strata which dissipate seismic energy before it can reach deeper layers. The volcanics
probably emanated from a center near or northeast of the Portland Hills and Portland
basin, possibly the late Eocene Goble Volcanics or the late Eocene to Oligocene
Skamama volcanics, and probably correlate to the upper volcanic unit in the Barber well.
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The southern half of the basin consists of several generally west-northwest-trending
structural depressions separated by Cooper Mountain, Bull Mountain, and the associated

highlands of similar trend (see Plate 1). Structural interpretation in the southern basin is
limited by poor exposures, limited water well data and complex aeromagnetic data.

Cooper Mountain & Bull Mountain highlands
Cooper Mountain, Bull Mountain and the adjacent uplands bisect the southeastern

half of the Tualatin basin. Cooper Mountain, the Farmington hills, Sexton Mountain, and
a subsurface basalt high extending eastward to the vicinity of Progress (Plate 1) are
bounded to the north by the Beaverton fault zone, across which the top of the north-

dipping Columbia River Basalt is offset approximately 350 m, down to the north. These
highlands may represent an east- trending asymmetric fold which merges with the

Chehalem Mountains homocline to the west. The fold may also merge with the Portland
Hills to the east, or may be truncated by the Sherwood-Lake Oswego structure. The Bull
Mountain-Kinton hills trend immediately to the south has a similar topographic
expression, although the no bounding fault is apparent.
Several northeast-trending faults which extend northwestward from the Chehalem

Mountains to the Beaverton fault zone cut across these folds. Madin (1990) mapped
several additional unnamed faults surrounding the uplands (see Plate 1) based on water
well data.

These structures are probably late Pliocene to Pleistocene in age, although age

constraints are limited. The Cooper Mountain exploration well penetrates 292 m of
Columbia River Basalt at the sunimit of Cooper Mountain. It is one of the thickest
sections of basalt penetrated by wells in the basin, indicating that this location probably
was a topographic low during emplacement and ponding of the Columbia River Basalt

Group. Schlicker and Deacon (1967) mapped deposits of early Pliocene Helvetia
Formation (not differentiated in this study) on the flanks of Cooper Mountain, indicating
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uplift occurred following deposition of this unit. Water wells immediately north of
Cooper Mountain penetrate abundant basaltic debris (basaltic gravel, black sand, and red

clay) in the upper 60 m of basin fill, probably eroded from Cooper Mountain. The
highland was actively eroding in late Pliocene or Pleistocene time, when the upper

Pleistocene-age fill was deposited.

Faults

East Coast Range boundary
One of the most prominent features on the isostatic residual gravity map shown on
Plate 2 is a moderately steep gradient marking the boundary between the northern Coast

Range and the Willamette Valley (Bromery and Snavely, 1964). For lack of a better
term, this structural trend will be referred to as the East Coast Range structure or ECR.
The gradient extends from Vernonia southward beyond Dallas, Oregon and is made up of
two subparallel north-northeast trending segments offset by a steeper northwest-trending

segment in the southwestern Tualatin basin (Plate 2). The northwest-trending segment
corresponds to a series of northwest-trending en echelon faults west of and possibly
beneath the Chehalem Mountains, and is inferred to be an expression of late Eocene
deformation along the Gales Creek-Mt. Angel structural zone, discussed in the following
section.

The ECR is probably due both to thickened early to middle Eocene basalt beneath
the Oregon Coast Range and to the east-dipping homoclinal contact between the dense
volcanic basement and the thick sequence of sedimentary strata in the Willamette Valley.

The development of the Oregon Coast Range anticline, of which the ECR homocine is
the eastern limb, is largely post-middle Miocene.
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Gales Creek - Mt. Angel structural zone
Beeson et al. (1985) postulated the Gales Creek-Chehalem Mountains-Mt. Angel
trend as a zone of deformation extending approximately 150 km southeastward from the
northern Oregon Coast Range to Mt. Angel and possibly into the Oregon Cascade Range.
Presently, the structural zone actively accommodates combined right-lateral and dip-slip
shear to the southeast (Werner et al., 1992; Madin et al., 1993) and is similar to the
Portland Hills-Clackamas River structural zone, although narrower (Beeson and others,
1989a). The continuity of a single structure has not been established; rather, the zone is

more likely a series of en echelon fault segments and associated folds. Wells et al. (1983,
1994) mapped the northwestward continuation of the Gales Creek fault zone in the
Tillamook Highlands and Niem and Niem (1985), Safely (1989) and Mumford (1988)
continued the Gales Creek fault into the Astoria quadrangle, where invasive sills of

Columbia River Basalt are cut and a dextral sense of shear is inferred. In the study area,
the structural zone consists of northeast-dipping homoclines of Gales Peak-David Hill
and the Chehalem Mountains and a zone of northwest-trending, en echelon faults
extending southwestward from the folds about 10 km (Plate 1).

Late Eocene sinistral displacement
In the Tillamook Highlands to the northwest and the northern Willamette Valley
to the south of the study area, mapped segments of the Gales Creek-Mt. Angel structural

zone have relatively weak expression in the gravity data (Plate 2). The portion of the
Gales Creek-Mt. Angel structural zone passing through the southwest part of the study
area forms part of a right-stepping bend in the system (Figure 16) and corresponds to
steep gradients in the gravity and magnetic maps (see Potential Field Data section).
Southwest of the bend, rocks older than late Eocene age are extensively faulted and
folded in a wedge-shaped zone extending to and including the Devils Fork Fault Zone

(Wells et al., 1994) (Figure 16). North and south of the bend, the late Eocene and older
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strata are relatively undeformed, forming a gentle east-southeast-dipping homocline
(Wells et al, 1983, 1994; R. Van Atta, unpublished mapping, 1985; Yeats et al., 1991).

The Gales Creek-Mt. Angel structural zone probably initiated as a left-lateral fault
system in the late-middle to late Eocene, accommodating sinistral shear between
clockwise-rotating blocks in response to increased oblique dextral convergence along the

continental margin (Snavely and others, 1993). The right-stepping bend acted as a
restraining bend, resulting in complex east-northeast-directed compressive deformation

(prior to rotation) extending westward to, and including the Devils Fork Fault Zone. This
deformation is schematically illustrated in Figure 17. The Tillamook and Waverly
Heights eruptive centers occupy areas of extension in this model.
Sinistral faulting along the proto-Gales Creek-Mt. Angel structural zone occurred
concurrently with dextral movement along the Fulmar fault (Snavely and others, 1993),
regional uplift and segmentation of the forearc noted by Niem and Niem (1984) and
Snavely and others (1993), and to east-northeast-directed (pre-rotation) thrusting on the

Corvallis Fault (Goldfinger, 1990). Emplacement of the Tillamook Volcanics and basalt
of Waverly Heights probably predates the faulting, since the Devils Fork Fault Zone
places the upper portion of the Tillamook Volcanics against Yamhill Formation (Wells et

al., 1994). The model shown in Figure 17 attributes at least a portion of the 46° observed
clockwise rotation of the Tillamook Volcanics (Snavely and others, 1993) to block
rotations associated with faulting. Northeast-directed shortening on the Corvaffis Fault is
also consistent with this model; thrust-faulting concurrent to deposition of the late Eocene
Spencer Formation (Goldfinger, 1990) suggests that both the Corvallis Fault and the
proto-Gales Creek-Mt. Angel fault were active at this time.
Major sinistral deformation along the structural zone probably ceased in latest
Eocene time, coincident to cessation of major movement on the Fulmar fault and
culminated in a regional unconformity at the base of lower Refugian strata (Snavely and
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Figure 16: Map showing the locations of Eocene faults and folds deformed by sinistral
shear on the proto-Gales Creek-Mt. Angel structural zone in late Eocene time. Large
gray arrows indicate direction of regional shear due to clockwise rotation of crustal
blocks, indicated by arcs with arrows. Lightest gray lines bound the zone of late Eocene
deformation. DFfz, Devils Fork fault zone (Wells et al., 1994); GCf, Gales Creek Fault;
MAf, Mt. Angel fault (Werner, 1990; Werner et al., 1993). Faults and folds west of the
study area are from Wells et al. (1994).
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Figure 17: A model of upper middle to late Eocene deformation of the forearc.
(A) Increased dextral shear along the continental margin in middle Eocene time initiates
northeast-trending rift systems feeding the Tillamook and Waverly volcanic centers and
proto-Gales Creek-Mt. Angel and Corvallis Fault systems. (B) Clockwise rotation of
blocks between east or northeast-trending (prior to rotation) faults produces sinistral shear
and transpressive deformation on the Gales Creek-Mt. Angel system and thrust faulting
on the Corvallis Fault. (C) Schematic model showing expected deformation, modified
from Beck (1980), Christie-Blick and Biddle (1985) and Snavely and others, 1993).
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others, 1993). This unconformity may be represented in seismic reflection profile I-I'
above the late Eocene volcanics. Spencer Formation is apparently absent and presumably
eroded from beneath the Tualatin basin and portions of the northern Willamette basin
(McKeel, 1984) northwest of the fault zone, suggesting late Eocene differential uplift

across the structure as far southeast as Mount Angel. Thoms and others (1983) note that
the Gales Creek trend does not appreciably deform the Eocene-Oligocene (Refugian and
Zemorrian) sedimentary section southeast of Gales Peak, indicating that major fault
activity had ceased by that time.

North of the restraining bend northwest of the study area, units older than late
Eocene age (from Wells et al., 1994) have about 50 km of apparent sinistral offset with

respect to exposures of these rocks south of the bend. The outcrop pattern corresponds to
a similar offset in the ECR gravity gradient (Plate 2). The apparent sinistral offset of the
homocinal sequence across the Gales Creek-Mt. Angel structural zone (Figure 16) may
be either due to true sinistral offset of the east-dipping ECR or due to uplift southwest of

the fault producing an apparent offset of the homocline. Because both mechanisms
require the formation of the homocline prior to fault offset, the apparent sinistral offset
must be post-middle Miocene in age.

Post-middle Miocene dextral displacement
The Gales Creek-Mt. Angel structural zone deforms middle Miocene and younger
rocks from the Astoria basin (Niem and Niem, 1985) to Mt. Angel (Werner, 1990) and

possibly beyond. Slickensides and focal mechanisms provide evidence for both dextral
and dip-slip movement outside the study area (Niem and Niem, 1985; Werner et al.,
1992, Madin et al., 1993). Recently acquired high-resolution aeromagnetic and seismic
reflection data between Newberg and Mount Angel (see Figure 4) establish the continuity
of the structural zone in that area.
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In the study area, the Gales Creek Fault follows a strike valley carved in the
relatively soft Eocene-Oligocene sedimentary rocks between the resistant intrusive and
volcanic rocks of Gales Peak and the Columbia River Basalt-capped cuesta of David Hill,

as mapped by Warren and others (1945). Based on seismic reflection lines and
interpretation of gravity and aeromagnetic data, the fault or fault zone continues
southeastward east of Gaston and beneath the margin of the Chehalem Mountains, where
the geophysical trace is obscured by other, stronger signals related to the Columbia River

Basalt Group. Northeast of this trend, near Forest Grove (Plate 1 and Figure 4),
sediments of early Pliocene age or younger (unit PMf on Figure 14) are tilted
northeastward.

In the vicinity of Gaston, concordant sills intruding the northeast-dipping Yamhill
Formation occur at a depth of approximately one kilometer, estimated from surface dips.
Seismic reflection data and modeling of a high-resolution gravity survey not included in
this study (J. Meyer, personal communication, 1991) indicate that the top of Eocene
basement is offset vertically by three faults a total of 3 to 3.5 km down to the northeast,

implying a depth to basement in the Tualatin basin of about 4 to 4.5 km. Such depth is
not inconsistent with modeling of the gravity data (see Potential Field Data section).
However, the deepest horizon imaged in seismic reflection profile I-I' (2.2 seconds twoway travel-time) corresponds to only about 2 5 km depth.
The extent of the steep gradient in the gravity data (Plate 2) probably corresponds
to the portion of the fault zone which has experienced large amounts of down to the

northeast offset. Along this zone, rocks of Eocene to early Pliocene age or younger are
tilted northeastward, possibly representing a drape-fold across the faulted basement. At
least one of the faults that comprise the Gales Creek fault zone appears to be cut by the
Bald Peak fault; one of several northeast-trending faults crossing the Chehalem
Mountains.
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Bald Peak fault and parallel faults in the Chehalem Mountains
The Bald Peak lies on the southeastern, upthrown side of a northeast-trending
fault (Plate 1, Figure 13) which extends from a minor drainage 3 km east of Yamhill

northeastward across the Chehalem Mountains. Schlicker and Deacon (1967) originally
mapped the unnamed fault in the Eocene-Oligocene rocks. Gradients in the aeromagnetic
data (see Aeromagnetic interpretation section) as well as fracturing and possible vertical
offset in basalt noted in the logs of water wells, were used to extend the fault across the

Chehalem Mountains to the western margin of Cooper Mountain. Several other unnamed
faults of similar trend cross the northern half of the Chehalem Mountains (Al Eisa, 1980)
and are aligned with drainages in the Eocene rocks to the southwest, but no other
evidence supports their continuation southwestward.
The age of the Bald Peak fault is poorly constrained, but the structural trend may
have existed prior to Columbia River Basalt Group emplacement; the aeromagnetic
anomalies may be due in part to thickening or thinning of the basalt along pre-existing

structures or perhaps filling of paleodrainages. The fault apparently cuts the Cooper
Mountain-Farmington hills fold, suggesting movement as recently as early Pliocene time
(see Cooper Mountain & Bull Mountain highland section).

Sherwood fault
The northeast-trending Sherwood fault separates the northeast-dipping Chehalem

Mountains homocine from the southeast-dipping Parrett Mountain homocline (Hart and
Newcomb, 1965)(Plate 1 and Figure 13). The fault is on strike with and may be related
to the Lake Oswego fault mapped by Beeson and others (1989b) east of the study area.
The fault approximately corresponds to a broad gravity gradient between the Waverly
Heights edifice and the Tualatin basin and to a series of sub-parallel lineations visible in

the Portland aeromagnetic survey (Blakely et al., 1995). The poor quality of seismic
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reflection data preclude imaging structures in this area. To the southwest, the Yamhill
River Fault and the associated topographic low lie along strike (Werner, 1990).

The Sherwood fault is the southwestern boundary of the Tualatin basin syndine
and approximates the northwestern boundary of the Sherwood trough -- the western
extent of Columbia trans-arc lowland postulated by Beeson and Moran (1979) and
Beeson et al. (1985) to have allowed Columbia River Basalt flows to pass into western
Oregon and Washington.

Beaverton fault zone
The east-west Beaverton fault zone was inferred by Madin (1990) on the basis of
offset in the top of Columbia River Basalt as determined from water well logs. The fault
juxtaposes Miocene Columbia River Basalt and possibly older rocks to the south with
Mio-Pleistocene fluvio-lacustrine sediments on the north. Seismic reflection profile IV-

IV' shown in Figure 12 crosses the Beaverton fault zone at the northern margin of Cooper
Mountain. Based on velocities for the post-Columbia River Basalt Group sedimentary
section derived from calibration with water wells (see Figure 5), profile shows
approximately 350 m of syn- or post-Columbia River Basalt down-to-the-north
separation at Cooper Mountain (Yeats et al, 1991, and this study).

The dip of the fault plane is unconstrained. Repeated strata are not apparent in the
Cooper Mountain well. A data gap in the seismic data prevent imaging of the fault itself
or the precise location of the fault. Seismic reflection data south of the fault zone are of
insufficient quality to image strata beneath the Columbia River Basalt.
Based on water well data (Madin, 1990), the fault continues at least 3 km east of
Cooper Mountain, where the occurrence of younger Boring Lava prevents further tracing

of the fault. The fault continues west at least 7 km to the north side of the informally
named Farmington hills (Figure 4), where the fault may merge with the David HillChehalem Mountains homocline andlor the unnamed northeast-trending faults crossing
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the Chehalem Mountains to the southwest. The location of the fault zone as inferred from
water wells correlates with a magnetic boundary (see Aeromagnetic interpretation
section).

The Beaverton fault zone is late Miocene to Pleistocene in age. The Cooper
Mountain well penetrates 292 m of Grande Ronde basalt, one of the thickest sections of
Columbia River Basalt drilled in the study area, suggesting the presence of a topographic

low in the early to middle Miocene. The seismic reflection data demonstrate that the
lower portion of the sedimentary sequence is thickened closest to the fault, suggesting
growth of the fault or deepening of the Tualatin basin syncline in this area during

deposition of the lower Miocene to early Pliocene sediments. Coarse basaltic clastic
material encountered in water wells north of the fault zone indicate that Cooper Mountain
was already a basalt highland during deposition of the upper, late Pliocene to Pleistoceneage sediments.

Elmonica fault zone
Seismic reflection profiles image the Elmonica fault zone in the subsurface about

4 km north of Cooper Mountain. The fault zone (Plate 1 and Figure 13) is comprised of
two approximately east-southeast-trending faults about 750 m apart which cut the
Columbia River Basalt and are separated by a tight fold which deforms the overlying
sedimentary strata. The faults have a cumulative separation on the top of Columbia River

Basalt Group of about 60 m down to the north.
The Elmonica fault zone is best imaged on the north-trending seismic reflection

profile VI-VI' shown in Figure 18, which crosses perpendicular to the structure. The
structure obliquely crosses an east-trending seismic line twice. Weak aeromagnetic
trends are consistent with the orientation of the structure. Based on the seismic reflection
data and water wells, the fault zone probably does not continue as far west as Hillsboro.
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Columbia River Basalt (Mbc), -decreasing in the younger sediments (PMf and PP1I), suggesting a late Miocene to Pleistocene age. The fold may be expressed topographically as a gentle hill which
locally re-routes drainages (see Figure 19).
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The southern fault offsets the top of Columbia River Basalt approximately 60 m

down to the north. The reflective package (R) which separates the lower and upper
sedimentary sequences is not visibly cut by this fault, although the lower sedimentary

sequence is thickened across it. This fault is inferred to be late Miocene to early
Pliocene? in age.

Both the lower and upper sedimentary units are thinned across the fold and are

deformed by the northern fault. The lower sedimentary sequence (PMf) is thickened
(Figure 18), but not visibly cut, by the fault and is thinned and upwarped by the fold. The

upper Plio-Pleistocene section (PP1f) is thinned and upwarped by the fold, although less

so than the lower section. The fold may be expressed at the surface as a low hill which is
transected by Beaverton Creek but circumvented to the northwest by Rock Creek (see

Figure 20). Based on these data, the age of the northern fault is late Miocene to at least
Pliocene. The fold, inferred to be genetically related to the faulting, is probably late
Miocene to Pleistocene in age. The extent and orientation of the faults at depth is
undetermined.

Dairy Creek fault
The Dairy Creek fault is mapped on the basis of deformation observed in two

seismic reflection profiles (Figures 7 and 10) between Hillsboro and Forest Grove. The
fault trace parallels Dairy Creek a few hundred meters southwest of the creek. The creek
apparently follows a small syncline in the Neogene strata visible in the seismic data, of

which the fault is the southwestern boundary. The width of the syncine is less than
100 m, but its location corresponds to the axis of the Tualatin basin.

Like the Gales Creek-Mt. Angel structural zone, the Dairy Creek fault may

represent reactivation of an older structure. In seismic reflection profile i-r' (Figure 7),
the Dairy Creek fault overlies an indistinct fault? boundary between sedimentary strata to
the west and late Eocene volcanics to the east, and coincides with the margin of a broad
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Figure 19: Map of drainages possibly affected by uplift across the Elmonica fault zone.
The locations of faults where they cut Columbia River Basalt Group in the subsurface are
shown as dotted lines. The shaded area corresponds to upwarped sediments imaged in
seismic reflection profile VI-VI' (Figure 18). Pleistocene uplift on the fold may have
changed the course of Beaverton and Rock Creeks. The convex-northward path of
Beaverton and Rock Creeks is similar to that of Butternut Creek to the south, which skirts
the northern margin of the Cooper Mountain uplift south of the Beaverton fault zone.
The location of seismic reflection lines are shown by heavy dashed lines.
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positive magnetic anomaly which underlies the northern Portland Hills (see Potential

Fields section). The late Eocene unconformity imaged in this section is not visibly cut
across the boundary, suggesting that the first period of deformation ceased prior to latest

Eocene time. Concordant sills at the base of the western part of the imaged section
appear to continue at approximately the same depth east of the boundary, suggesting that
deformation may have been predominantly strike-slip.

Thus, although the fault and syncine deform the Columbia River Basalt Group
and overlying sediments only slightly, the Dairy Creek fault and the axis of the

Pleistocene Tualatin basin syndine may correspond to a pre-existing structural boundary.
Of the Neogene strata, only the upper sedimentary sequence (PPII) is thickened across the
fault, suggesting a Pleistocene age for the most recent period of deformation.

Oatfield fault
The high-angle northwest-trending Oatfield fault cuts the gentler southwest limb

of the Portland Hills anticine, juxtaposing Columbia River Basalt on the northwest with
Boring Lava and Mio-Pleistocene sediments within the Tualatin basin (Beeson and
others, 1989b; Madin, 1990). Water wells southwest of the fault penetrate Boring Lava
overlying and intercalated with about 150 m of Mio-Pleistocene age sediments above

Columbia River Basalt (Madin, 1990). Several Boring Lava vents are located along the
length of the fault, suggesting that the fault provided a conduit for emplacement or

extrusion of Boring Lava. A narrow northwest-trending low visible in the USGS
aeromagnetic data corresponds with the mapped trace of the fault and extends
northwestward at least 8 km beyond the mapped trace to the edge of the survey,
suggesting that the fault and possibly the Boring Lava may continue northwestward (see
Aeromagnetic interpretation section).

Faulting probably occurred prior to or concurrently with sedimentation. The
sediments on the downthrown side of the fault are middle Miocene to Pliocene or early
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Pleistocene in age. Part of the exposed Boring Lava is reversely magnetized (see
Aeromagnetic interpretation section) and therefore older than 700 ka (Beeson and others,
1989b).

Helvetia fault and similar northwest-trending structures
The top of Columbia River Basalt is offset up to 100 m across the northwest-

trending Helvetia fault. Water wells on the northeast side of the fault west of Helvetia
penetrate about 75 m of sediments overlying the Columbia River Basalt Group, whereas a
well 0.5 km to the west penetrates more than 160 m of sediments above the Columbia

River Basalt Group. Based on the water well logs, the fault extends from the McKay
Creek valley southeastward nearly to Orenco, trending approximately N20°-30°W. The
McKay Creek valley may be the northwest extension of this structure into the Tualatin
Mountains..

Undulation of the top of the Columbia River Basalt Group inferred from water
well data in the northern Tualatin basin suggests that similar structures may extend

southeastward from the valleys drained by the East and West Forks of Dairy Creek. The
trends become more northerly to the west.

The age of faulting is assumed to be late Miocene to Pliocene in age. Faulting
probably initiated prior to the bulk of sedimentation within the basin, suggested by

erosion or folding of the basalt along these trends beneath the sediments. Vertical
deformation of the overlying sediments is not observed along these trends in any of the
seismic reflection profiles.

Structural control of drainages
Figure 15 shows the drainage system in the study area, extracted from the digital

1:100,000 scale base maps. In the northern half of the basin, drainages incised into the
Columbia River Basalt Group or older Paleogene strata follow a northwest-trending
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structural grain. The upper reaches of the West and East Forks of Dairy Creek, McKay
Creek, and Rock Creek adhere to this pattern. This structural grain probably existed early
in the development of the Neogene basin, since the northwest-trending erosional valleys
cut into the Columbia River Basalt Group appear to continue into the basin beneath the
Mio-Pliocene basin fill (see structure contours on Plate 1).
The second order structural control is that of the Tualatin basin syncline and the

west limb of the Portland Hills anticine, which direct drainages not founded in bedrock

toward southeast-flowing Dairy Creek along the syndinal axis of the basin. Southeastflowing streams entering the basin from the north veer abruptly southwestward in the
absence of bedrock structural control.
Dairy Creek follows a linear trend along the axis of the basin, from the joining of
the West and East Forks to its confluence with the Tualatin River south of Hillsboro
(Plate 1). The Tualatin River then skirts the Farmington hills and crosses the Beaverton
fault zone, to resume a generally southeasterly course along the southwestern margin of
the Neogene basin.
South of the Beaverton fault zone, drainages emanating from the uplands of
Cooper Mountain and Bull Mountain form radial patterns with strong east-west

components in the lower reaches of streams. Most of these drainages feed the Tualatin
River, which maintains its generally southeasterly course. The present-day river valley is
underlain by up to 150 m of post-Columbia River Basalt Group sediments.
Based on these observations, the Tualatin River is antecedent to deformation
along the Beaverton fault zone and the development of the Cooper and Bull Mountain

uplands. The sedimentary sequence beneath the lower reaches of the Tualatin River is
probably the renmant of the basin-filling sequence, the bulk of which has been removed
consequent to uplift of the Cooper and Bull Mountain uplands.
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POTENTIAL FIELD DATA
The potential field data used in this study include relatively coarse gravity data
(Plate 2) and two aeromagnetic surveys (Plates 3 and 4); the first a portion of a
proprietary petroleum industry survey flown at constant barometric-altitude covering the
entire study area (industry survey) and the second a U.S. Geological Survey low-altitude
draped survey of the metropolitan Portland area, which overlaps a triangular region of the
eastern portion of the study area (USGS survey).
The utility of these data lies mainly in the differentiation of two general rock

types in the area: mafic intrusive and extrusive rocks of relatively high density (2.65 to
>2.9 g/cm3), high magnetic susceptibility (> 2 A/rn), and magnetic remanence (i.e.,
"basalt"); and sedimentary strata of relatively low density (2.20 to 2.55 g/cm3) and no

appreciable susceptibility or remanence (i.e., "sediments"). High gradients may be
interpreted as moderate to steep boundaries between rocks of contrasting density or
susceptibility, with some caveats described in the following sections.
The interpretation of the potential field data was augmented with modeling of
gravity and magnetic profiles, using GM-SYS, a simultaneous gravity and magnetic s

modeling software package provided by Northwest Geophysical Associates, Inc. The
locations of the structural and modeled profiles are shown on Figure 20. In general, the
industry magnetic survey was used for modeling due to its wider coverage and lesser

complexity. The USGS survey data were used to help delineate the smaller features not
apparent in the industry data. Two northeast-trending cross-sections transect the entire
study area orthogonal to regional strike. Profile A is a correlation section between the
Barber, Cooper Mountain, and Klohs wells, which was not modeled due to the 3-D

effects associated with the Waverly volcanic center. Profile A extends from the Red Hills
of Dundee through the Klohs and Cooper Mountain wells to the Barber well in the

Portland Hills. Profile B is a model constrained by both gravity and magnetic data and
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Figure 20: Map showing the locations of cross-sections and modeled gravity and/or
magnetics profiles discussed in text. Profile C-C' extends approximately 15 kilometers
beyond the study area to an outcrop of basalt of Waverly Heights in the Willamette
River, south of Oregon City. Geologic units from Figure 3.
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seismic reflection data, showing the interpreted distribution of volcanic and sedimentary
rocks from the western margin of the study area northwest of Yamhill to the Columbia

River northwest of Portland. An additional, partly schematic northwest-trending profile,
extending from near Oregon City to west of Banks, models the density distribution
responsible for the gravity gradient between the Waverly volcanic center and the Tualatin

basin (Profile C). Several short magnetic profiles were modeled to determine the
geometry of shallow structural and depositional features within the basin (Profiles D, E,
and F).

Relative to the magnetic surveys, the gravity data are insensitive to relatively thin,
high density, high susceptibility rocks near the surface (e.g. Columbia River Basalt Group

or Boring Lava), in part due to the coarse data spacing. Near-surface sources dominate
the magnetic signal, especially in low-altitude surveys, because the magnetic field
strength decreases proportional to the inverse of the distance cubed, while the strength of
the gravitational attraction decreases proportional to the inverse of the distance squared.
The principle utility of the gravity data lies in locating regional structural discontinuities

in "basalt" basement. The aeromagnetic data are useful in describing near-surface
magnetic bodies, potentially at the expense of imaging deeper, larger bodies (see Figure
21 for a schematic example).

Gravity
Figure 22 is a complete Bouguer gravity map for the northern Willamette Valley

between 44°30' and 46° N latitude and 124° and 122° W longitude, contoured at an
interval of 5 mGal. Most gravity stations used are those presented in Werner (1990),
incorporating data from the Defense Mapping Agency, U.S. Geological Survey, Oregon
State University, Northwest Geophysical Associates, Inc., Beeson et al., (1975), Jones

(1977), Perttu (1981), and Goldfinger (1990). Additional stations within the study area
were supplied by ARCO Oil and Gas Co. Ansel Johnson of Portland State University
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Figure 21: Schematic gravity and magnetics model showing the differing resolving
power of the two methods for identifying shallow, small structures vs. deep, large
structures. V = gravity station; 0 = aeromagnetic station. The higher station density and
"edge-effects" enable the magnetic data to resolve small, shallow bodies not revealed by
the coarsely-spaced gravity data.
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provided a compilation of unpublished data within the Portland basin from several

Portland State University theses. Figure 23 shows the locations of all gravity stations
incorporated into the gravity maps.
Simple Bouguer correction and terrain correction values used were those provided

by the respective sources. No attempt was made to recalculate the reduction values
provided. The data were gridded at 250 meter spacing and visually inspected for
(extreme) single-point anomalies or "bullseyes", which were removed from the dataset.
The remaining stations were regridded at 500 meter spacing to produce the contoured
map presented as Figure 22.

Station density in the Willamette Valley is highly variable. In the study area
(45° 15' to 45°45' N, 123° 15' to 122°45'W), the nominal spacing of gravity stations is

one station per three square miles (Gerry Connard, personal communication). In portions
of the Portland metropolitan area the station density is considerably higher; in some
portions of northwestern Oregon, the distance between stations may be 15-20 km.
Therefore, the interpretive value of the gravity data is generally limited to intermediate-

to large-scale features. No gravity stations are present on the Gales Peak upland.

Isostatic residual gravity map
The largest features recognizable on Figure 22 are the positive Bouguer anomaly
associated with the Tillamook Volcanics (Bromery and Snavely, 1964) and a large
negative anomaly associated with the western Cascade Range (Blakely and Jachens,

1990). The shape and extent of smaller, more localized anomalies are difficult to resolve
because they are superimposed on gradients associated with these regional features. In
order to facilitate interpretation of the shorter-wavelength structures (generally associated
with shallower sources) which may be overwhelmed by the long-wavelength signal
(generally associated with deeper sources), a regional component of the gravity field must

be removed to isolate the residual field. Several methods of calculating or approximating
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Figure 22: Complete Bouguer gravity anomaly map of the northern Willamette Valley.
Contour interval is 5 mGal. Elevations greater than 100 m are shaded. See Figure 23 for
locations of gravity stations included in this map.
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a regional field are available (e.g. polynomial-fitting, see Thiruvathukal and others
(1970), frequency-filtering used by Werner (1990)), depending upon the scale of the

problem (Blakely, 1994). Simpson and Jachens (1989) provide a summary of several
techniques.

Isostatic correction was chosen for its relative simplicity and reproducibility,
although it would not be expected to reduce significantly the magnitude of the Coast

Range anomaly, which is both a topographic and Bouguer high. The digital topographic
data and software required to calculate the isostatic correction are readily available to the

public from the U.S. Geological Survey. The isostatic correction was calculated and
applied to the gridded data shown in Figure 22 to produce an isostatic residual anomaly

map of the Northern Willamette Valley, which is included as Plate 2. The methodology
used was the same as that used by Jachens and others (1989) to produce an isostatic

residual gravity map of the United States. Included on Plate 2 are the locations of all
gravity stations incorporated into the isostatic residual gravity map.
Using digital topographic and bathymetric data, the program AIRYROOT
(Simpson and others, 1983) was used to calculate the first order, long-wavelength
anomalies expected ii the topographically-induced load was locally compensated by deep
density distributions, according to the Airy-Heiskanen model of isostatic compensation

(Simpson and others, 1983; Jachens and others, 1989). The calculated regional field was
then subtracted from the Bouguer gravity to produce the isostatic residual anomaly map,

shown as Plate 2. Parameters used to calculate the isostatic regional were: topographic
density, 2.67 g/cm3; sea-level crustal thickness, 30 km; and density contrast across the
base of the modeled crust (the "Moho"), 0.3 g/cm3.

Topography and bathymetry data extending at least 166.7 km beyond the gravity

stations are required as input to AIRYROOT. Combined topographic and bathymetric
data for the region extending from 41° to 49° North latitude and -126° to -120° West
longitude were extracted in the form of a grid of 5-by 5-minute cells from the Geophysics
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Figure 23: Map of the northern Willaniette Valley showing the locations of gravity
stations used in this study as small crosses. Stations included are those used by Werner
(1990), additional proprietary petroleum industry data in the Tualatin basin, and stations
from several Portland State University theses (A. Johnson, personal communication,
1991; see text for list of individual sources).
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of North America database. The 5-minute data were manually shifted about 2 km
southwestward to match true coastline and stream locations. The grid values were then
converted from an Albers projection to a UTM projection consistent with the base maps

used in this study. Elevations from the gravity stations used in the Bouguer gravity map
were preferentially included when the re-projected data were gridded and contoured. The
isostatic effects of topography and bathymetry beyond 166.7 km were not considered in

this process. Figure 24 is a contour map of the isostatic regional gravity field calculated
by AIRYROOT for the Willamette Valley.

Maximum horizontal gradient
In a potential field where the attraction is directed vertically, as is generally true
of the gravitational field, the maximum horizontal gradient should directly overlie the

lateral boundary between two blocks of contrasting properties (i.e. density). Blakely and
Simpson (1986) provide a program called BOUNDARY which automatically locates and

ranks gradient maxima in gridded datasets. BOUNDARY returns the X- and Ycoordinates of maxima, the magnitude of the gradient, and the number of directions (N-S,

NE-SW, E-W, SE-NW) in which the value is a maximum. When the resulting maxima
are plotted; linear sequences of maxima are inferred to overlie density boundaries.
Rankings of two to three generally provide the most reasonable results (Blakely and
Simpson, 1986).

BOUNDARY was applied to the isostatic residual grid, and the resulting maxima
were plotted as open circles, scaled according to the relative magnitude of the gradient.
The results are shown in Figure 25, superimposed on the topography and geologic

mapping. Prominent anomalies and gradients are labeled and will be treated in depth in
the Discussion section.
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Figure 24: Isostatic regional gravity map calculated by AIRYROOT for the northern
Willamette Valley. Contour interval is 2 mGal.
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Figure 25: Gravity gradient maxima calculated from the isostatic residual gravity map
shown on Plate 2. Size of circles is proportional to the steepness of the gradient. The
diffuse NNW trending zone of gradient maxima in the western Tualatin basin marks the
approximate location of density boundaries associated with the Gales Creek fault zone in
this area.
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Structural interpretation
As a first approximation, the isostatic residual gravity map in Plate 2 provides a

regional image showing relative depth to Eocene volcanic basement. West of the study
area, the Coast Range isostatic high corresponds to early Eocene Siletz River Volcanics
and upper middle Eocene Tillamook Volcanics tens of kilometers thick, forming the

exposed core of the northern Oregon Coast Range (Bromery and Snavely, 1964). The

highest gravity values roughly delineate the thick pile of Tillamook Volcanics. The
middle to late Eocene Waverly volcanic edifice reaches the surface at Oregon City and in

downtown Portland, roughly along the apex of a well-defined gravity high. Between
these volcanic highs, the Eocene to Pleistocene section overlying basement at the center
of the Tualatin basin low consists of up to 4.5 km of predominantly sedimentary strata.
Eocene volcanic basement apparently shallows beneath the Portland Hills, and the

Portland and northern Willamette basins. The steep gradient between the Tillamook high
and the Tualatin basin low suggests a more steeply-dipping contact between volcanic and
sedimentary strata than is indicated elsewhere.
As mentioned, the isostatic correction did not significantly reduce the magnitude

of the gravity gradient coincident with the ECR. Isostatic compensation, because it
commonly occurs at deep levels (like the crust-mantle interface), produces a long-

wavelength gravity anomaly; this long-wavelength effect may be seen in Figure 24, the
contour map of the calculated isostatic correction. The existence of the dramatic isostatic
high indicates that the Oregon Coast Range is undercompensated, at least locally.
The Airy-Heiskanen model of compensation assumes that compensation will
occur locally (directly beneath the Coast Range, in this case), which may not be

appropriate for a region of active subduction. The model does not account for the
existence of a subducting plate, or for the effects of that plate on the continental crustmantle interface.
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Tréhu et al. (1994) inferred 25 to 35 km of high-velocity (and probably high
density) crust beneath the Oregon Coast Range south of the Gales Creek-Mt. Angel

structural zone, directly overlying the Juan de Fuca Plate. A low-velocity/low-density
"root" was not inferred from their data. The load of the Coast Range appears to be
distributed over the rigid Juan de Fuca Plate; compensation, if it occurs, occurs

regionally. Thus, a different isostatic model might be more appropriate, one which takes
into account the rigidity of the subducting Juan de Fuca Plate.

Eastern Coast Range gradient
The east-dipping contact between the mafic Oregon Coast Range core rocks and
the overlying sedimentary strata provides the density contrast which produces the

observed ECR gradient. Both south and north of the study area, the ECR trends
approximately N20°E and has a gradient of 2-2.4 mGallkm. The relative uniformity of
the gravity gradient is suggestive of a gradual deepening of dense basement, as opposed

to a near-vertical fault contact. The Oregon Coast Range anticline and the ECR
developed after middle Miocene emplacement of the Columbia River Basalt Group.

Gales Creek-Mt. Angel structural zone
The Gales Creek-Mt. Angel structural trend crosses the ECR at an oblique angle

with an apparent sinistral sense of offset. The gravity gradient changes trend from N20°E
to approximately N20°W along this structural zone and steepens to 5.5-6 mGallkm. The
apparent left-lateral offset of the ECR along the Gales Creek-Mt. Angel structural zone is
estimated to be 40 to 50 km, assuming that individual fault segments in this area strike

approximately N40°W and the vertical the component of motion is small. North of the
mapped Gales Creek fault zone mapped by Wells et al. (1994) in the Tillamook
Highlands, the axis of the Coast Range uplift also has an apparent sinistral sense of offset

of a similar order of magnitude (their Figure 1). Conversely, the apparent offset in the

76

gravity gradient and the homodinal strata may be caused by up to 3.5 km of down-to-thenortheast vertical offset, although the gravity data do not indicate large amounts of
vertical offset south of the study area.
A diffuse string of gravity gradient maxima extends from Gales Creek to the
western margin of the Red Hills of Dundee, showing the approximate location of the

boundary between Eocene basement and the Tualatin basin fill (Figure 25). Although
multiple fault segments comprise the Gales Creek-Mt. Angel structural zone in this area,
the station density is insufficient to locate, the individual faults. The maximum horizontal
gradients in Figure 25 approximate the location of the structural zone at a regional scale.
The Profile B (Figure 26), a northeast-trending gravity model, shows a cumulative

basement relief of about 3 km across the Gales Creek-Mt. Angel structural zone. The
profile extends from south of Patton Valley (Figure 20 and Plate 1) to the Columbia River

northeast of the study area, crossing the deepest portion of the basin (Plates 1 and 2). The
steepest part of the modeled basement-sediment contact is located beneath Gaston, where
the offset is about 1.5 km, somewhat less than the 3 to 3 5 km offset estimated from
seismic reflection data and a model of a high-resolution gravity profile, which were
examined by me but not available for this compilation (J. Meyer, personal

communication, 1991). The magnetic data were not modeled, but the anomaly shapes
suggest that basement must not be deeper than about 2.5 km, which is more consistent

with thickness of sedimentary strata imaged in the seismic reflection profile I-I' (Figure
7).

However, the model shown in Figure 26, like all geophysical models, is not a

unique solution; densities used in the model shown are approximate. The gravity data are
not inconsistent with the interpretation of a basin 4 to 4 5 km deep. Also, the shallow
magnetic response may be caused by magnetically susceptible intrusive sills within the

sedimentary section, several kilometers above true basement. The interpretation of
seismic reflection profile I-I' also does not exclude this option.
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Figure 26: Northeast-trending gravity and magnetics Profile B, extending from the
foothills north of Yamhill to the Columbia River. The model shows approximately
1 5 km of basement offset in the vicinity of Gaston, coincident with faults mapped as the
southeastward continuation of the Gales Creek fault zone. The model could
accommodate up to 3.5 km of offset if density contrasts in the deeper crust were
removed.
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A weak ridge in the isostatic residual gravity is roughly coincident with the

southwest extension of the structural zone near Mt. Angel (Plate 2). Offset of the
Columbia River Basalt near Mt. Angel is inferred to be relatively small, less than 300 m

(Werner, 1990; Werner et al., 1992). However, modeling of recently collected lowaltitude aeromagnetic data near Woodburn suggests that vertical separation is up to the
northeast, with greater offset of the underlying Eocene basement than of the Columbia

River Basalt (Dougherty et al., 1995). To the northwest, the mapped trace of the Gales
Creek-Mt. Angel structural zone crosses the northeastern margin of the Tillamook

Highlands (Wells et al., 1994). The weak gravity gradient in the vicinity of the fault zone
suggests deepening basement to the northeast.

Tualatin basin low
The Tualatin basin gravity low is interpreted to represent between 3.5 and 5 km of
subhorizontal, mostly sedimentary, Eocene to Pleistocene age strata overlying oceanic
crust, of which the Neogene rocks comprise about 1 km of the total thickness. The gravity

low is centered near Hillsboro (Plate 2). Southwest of the Chehalem Mountains, Thorns
and others (1983) measured 2,500 to 3,000 rn of middle Eocene to Miocene sedimentary

strata dipping northeastward into the basin. These strata overlie rocks interpreted to be
concordant sills. It is not known whether the sills extend beneath the basin or whether
additional, unmeasured sedimentary strata may lie beneath volcanic "basement" within
the basin, imaged by seismic reflection profile I-I' (Figure 7).
If the basin is 3.5 km deep, the model in Figure 26 requires a deficit of mass in the

crust beneath the basin, or a corresponding mass excess beneath the Coast Range. Trëhu
et al. (1995) observed a low-velocity zone north of the Gales Creek-Mt. Angel structural

zone, inferred to represent to thinning of the oceanic basement across the structure. Also,
the calculations for creating the isostatic residual gravity include the effects of a low-

density root beneath the Oregon Coast Range, which is absent. Therefore, an excess of
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mass should be added beneath the Coast Range in the model. Still, the gravity is not
inconsistent with basin fill 5 km thick.

Eocene basement beneath the Portland Hills/Portland basin
The northeastern margin of the Tualatin basin low is a linear gradient parallel to

the Portland Hills (Plate 2). The residual gravity increases from the basin northeastward
to the northeastern margin of the Portland Hills, beyond which it undulates gently across

the Portland basin toward the Cascade foothills. Likewise, gravity values increase gently
south and southeastward of the basin center, although no linear trend is evident.
The correlation section shown as Profile A (Figure 27) shows the shallowing of
basement observed in the Barber well, where approximately 1500 m of upper Eocene
volcanic and volcaniclastic rocks are underlain by older altered volcanic flows of Eocene

age at a depth of 1800 m. These older rocks may represent a constructional Eocene
volcanic highland or an upwarping of Siletz River Volcanics basement. Profile B (Figure
26) shows that the increase in the isostatic gravity across this zone is consistent with

upwarping of the basement beneath the Portland Hills and Portland basin. Additionally,
the increase in isostatic gravity across the Portland Hills may be related to thickening of
upper Eocene volcanic strata which occur in the subsurface of the northeastern portion of
the basin, although the contribution of these strata is inferred to be small relative to that

of the basement. A similar upwarp of the basement may occur beneath the northern the
Willamette Valley, as postulated by Bromery and Snavely (1964), and beneath the
Waverly Heights volcanic center, discussed below.

Waverlv Heights volcanic center
South and east of the Tualatin basin, exposed late Eocene subaerial basalt flows
correspond to a isostatic residual gravity high comparable in magnitude and dimension to

the Tualatin basin low (Plate 2). The gravity high is interpreted to represent an oceanic
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Figure 27: Correlation section between the Klohs, Cooper Mountain, and Barber exploration wells. Units labeled Ev in
the Klohs and Cooper Mountain wells may correspond to widespread concordant sills of Tillamook Volcanics or basalt
of Waverly Heights. The Waverly eruptive center is only 10 to 15 km out of the plane of the section, and may be the
source of several of the volcanic and volcaniclastic units penetrated by these wells.
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island in a marginal marine environment, similar in origin but less extensive than the

approximately coeval Tillamook Volcanics 80 km to the northwest. The local Waverly
gravity high sits atop a broader low-gradient area including the northern Willamette
Valley and the southeastern Portland basin, which may represent upwarping of older

oceanic crust. Profile C, a partly schematic model of a southeast-trending gravity profile
crossing both the Waverly high and the Tualatin basin low (Plate 2) shown in Figure 28,
suggests that a 2 to 2.5 km thick Waverly volcanic pile rests directly on the older
basement, with minimal sedimentary interbeds. The shape of the gravity high on Plat&2
suggests that the younger volcanic rocks extend northward beneath the Portland basin.
Profile A, although the best-constrained profile with respect to deep lithologic
data from petroleum exploration wells (Plate 1), suffers from extreme 3-dimensional
gravity and magnetic effects associated with the poorly-constrained distribution of

Waverly volcanics and was not modeled for that reason. The Waverly volcanic center is
probably the source of volcanic and volcaniclastic strata penetrated by the Klohs, Cooper
Mountain, and Barber wells at multiple depths. The age of the interbedded marine strata
based on foraminiferal data (McKeel, 1984) suggest that the volcanic center was active
from lower? Narizian to Refugian time, approximately contemporaneous with the

Tillamook Volcanics, but considerably less voluminous. Two whole-rock K/Ar dates of
approximately 40 Ma obtained by R. Duncan from flows exposed near Oregon City
correspond well with the upper range of the foraminiferal data (Bee son and others,
1989b).

The linear northwest trend beneath the Portland Hills approximately coincides
with the location of the Portland Hills fault as defined by aeromagnetic data (Blakely et

al., 1995, see discussion of aeromagnetic data, below). A continuation of that trend,
manifested as low gradient in the isostatic residual gravity, cuts the northeastern margin
of the Waverly high and perhaps continues farther southeast (Plate 2).
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Figure 28: Southeast-trending gravity Profile C, extending from the northwestern
Tualatin Basin to the Waverly volcanic center south of Oregon City. The model is
mostly schematic, due to lack of data regarding the subsurface southeast of Cooper
Mountain. The epiclastic apron surrounding the Waverly volcanic center may correlate to
several horizons of volcanic and volcaniclastic rocks penetrated by the Cooper Mountain,
Barber, and Klohs exploration wells.
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Aeromagnetic data
Two aeromagnetic surveys with coverage in the study area were used in the study.
Proprietary industry data from a survey of western Oregon, hereafter referred to as the

"industry" survey, covers the entire study area (Plate 3). The survey was flown along
east-west flightlines nominally 1.6 km (one nautical mile) apart at a nominal barometric

altitude of 1220 m (4000 feet) with station spacing of about 180 m. The thorough
coverage and higher altitude of this survey is suitable for locating moderate-sized
structures.

The U.S. Geological Survey flew a low-altitude, draped survey over the PortlandVancouver metropolitan area in 1992 (Snyder and others, 1993), referred to here as the

USGS survey (Plate 4). The USGS survey covers a triangular region in the eastern

portion of the study area. The survey was flown with a nominal terrain separation of 240
meters and 460 meter line spacing (Snyder et al., 1993). Due to the scale of the features
of interest to this study and to limitations in computational capacity, the USGS survey
dataset was decimated to every tenth point, for a nominal data spacing of 260 m along
flightlines. The boundaries of the two aeromagnetic datasets are shown in Figure 29.
The various processing steps applied to the aeromagnetic data were selected to

extract information from the data without adding significant interpreter bias. Rotation to
the pole, upward continuation, and gradient analysis all provide information about the

location of susceptible rocks with minimal input from the interpreter and no a priori
assumptions regarding the distribution of magnetic material.
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Figure 29: Map showing the locations of magnetic anomalies (letters) and gradients
(numbers) discussed in the text. Previously mapped faults corresponding to gradients are
shown as heavy solid lines. Faults inferred from aeromagnetic data are shown as heavy
dashed lines. Anomalies are bounded by dotted lines. Boundaries of the aeromagnetic
surveys are shown by thin solid lines. Geologic units from Figure 3, cities from Figure 4.
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Rotation to the pole
In most regions of the earth the ambient and induced magnetic fields are not
vertical, and the resultant total field anomaly generated by a magnetized body at some
depth is not symmetrical or located directly over the body, but skewed and shifted

laterally relative to the location of the source (Blakely, 1995). In addition, constructive or
destructive interference by adjacent anomalies can make interpretation of magnetic data
difficult, at best.

A Rotation-to-the Pole transformation serves to center anomalies over the source

body, similar to gravity anomalies. The total field magnetic anomaly over a magnetized
body is transformed to the (vertical) field which would be measured if both the induced
and ambient fields were directed vertically down, as they are at the North magnetic pole

(Blakely, 1995). Calculating the transformation requires the direction of magnetization
and the ambient field, but no assumptions concerning the distribution of magnetized
material.

A reduction-to-the-pole transformation has been applied to both aeromagnetic

surveys used in this study. The ambient field direction and magnitude for the industry
and USGS surveys at the time of data collection were calculated at the center of the
project area (45°30'N, 123°W) at 1219 m and 800 m elevation, respectively, using
NGRF, a commercial utility program provided by Northwest Geophysical Associates,
Inc. The assumed direction of magnetization used in the transformations was 600

inclination, 20° declination. Although these inclination and declination values may not
be appropriate for some of the tectonically-rotated Eocene volcanics, the results

compared favorably with mapped features and the gravity data. Figure 30a is a map of
the industry survey rotated-to-the-pole and Figure 30b shows the USGS survey rotatedto-the-pole.
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Figure 30A: Map of the rotated-to-the-pole industry aeromagnetic survey in the study
area. Interval of contour lines is 100 nanoteslas; shaded contours have 50 nanotesla
interval.
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Figure 30B: Map of the rotated-to-the-pole USGS aeromagnetic survey in the study area.
Interval of contour lines is 200 nanoteslas; shaded contours have 50 nanotesla interval.
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Maximum horizontal gradient
Because the magnetic field is not necessarily directed vertically, the locations of
horizontal gradient maxima calculated from the measured total field magnetic anomaly
may not correspond to the locations of susceptibility boundaries in the subsurface.
Another method of getting around this difficulty is to calculate the pseudo gravily, in

which the total field magnetic anomaly is converted to the gravitational field that would
exist if the distribution of density matched the distribution of susceptibility in the

subsurface (Blakely and Simpson, 1986; Blakely, 1995). The gradient maxima of the
pseudogravity are interpreted to directly overlie lateral changes in magnetization. The
pseudogravity transformation also requires the user to estimate the direction of
magnetization.

BOUNDARY (Blakely and Simpson, 1986) was used to calculate the
pseudogravity transformation for both of the aeromagnetic datasets and to calculate the

gradient maxima. Again, values of 600 inclination and 20° declination were used for the
direction of magnetization. The resulting gradient maxima for the industry and USGS
surveys are plotted in Figures 31 a and 3 ib, respectively.

Upward continuation
In order to "see" beneath the high-frequency, high-amplitude anomalies
associated with shallow Boring Lava and irregularities in the Columbia River Basalt

thickness and elevation, the two aeromagnetic surveys were upward continued. Upward
continuation transforms the anomalies observed at one level (in this case, the flight-line
level) to those that would be observed at some higher level (Blakely and Jachens, 1990;
Blakely, 1995).

Upward continuation attenuates all anomalies, but shorter-wavelength anomalies
are attenuated more rapidly, emphasizing the longer-wavelength anomalies associated
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Figure 3 1A: Magnetic gradient maxima calculated from the industry aeromagnetic
survey. Size of circles is proportional to the steepness of the gradient.
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Figure 31B: Magnetic gradient maxima calculated from the USGS aeromagnetic survey.
Size of circles is proportional to the steepness of the gradient.
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with deeper, larger structures. Figure 32a shows the industry survey upward continued
1.5 1cm, while the USGS draped survey was continued upward 2.0 km to approximate the

elevation of the upward continued industry survey and is shown in Figure 32b.
Ideally, sheet-like flows of Columbia River Basalt Group would produce a

relatively smooth topographic surface with little "relief' in the magnetic signature, in the
absence of structural interference. However, early Columbia River Basalt flows entering
western Oregon did not behave as the sheet-like flows of eastern Oregon and
Washington, but instead filled broad stream channels and other topographic lows,
producing abnormally thickened, lobate flows in response to heat loss to sediments

(Beeson and others, 1989a). Later flows moved more easily over their predecessors,
producing generally thinner flows, but also tended to follow and fill the drainages
developing at the margins of earlier flows.
The earliest flows to enter the Tualatin basin, the R2 Wapshilla Ridge and Grouse

Creek members, are the only reversely magnetized flows known to have reached the area.
Aeromagnetic anomalies may reflect the distribution of these R2 flows (e.g. northeast-

trending anomalies in the Chehalem Mountains). Modeling the R2 unit is impractical
without additional subsurface data.
The low-Mg Grande Ronde Basalt (Figure 8 and Table 1) began to invade western
Oregon in the middle Miocene, sometime after 16.5 Ma, but several of these units entered
the Portland basin prior to the Wapshilla Ridge flow actually entering the project area.
The initiation of coarser-grained fluvial and marine sedimentation in the Tualatin basin
area may reflect the catastrophic effects the flows had on the drainage systems in
northwestern Oregon and southwestern Washington as they filled existing topographic

lows. Deposition of the deltaic early Miocene Astoria Formation in the northern Oregon
Coast Range preceded a widespread marine transgression (Niem and Niem, 1984;
Snavely and others, 1993), which may also be represented in the marine facies of the
partially correlative Scappoose Formation (Van Atta and Kelty, 1985; Thorns and others,
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Figure 32A: Map of the industry aeromagnetic survey upward continued 1.5 kilometers.
Contour interval is 50 nanoteslas. The Gales Peak anomaly persists as a large positive
anomaly in this map, indicating a source body of considerable thickness. A broad
positive anomaly encompasses the northeastern portion of the basin, the Portland Hills,
and parts of the Portland basin. The large negative anomaly in the southeast may be
caused by a thick sequence of reversely magnetized Grande Ronde Basalt or basalt of
Waverly Heights.
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Figure 32B: Map of the USGS aeromagnetic survey upward continued 2.0 kilometers.
Contour interval is 50 nanoteslas.
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1983). Basins gradually filled with Scappoose and Astoria Formation clastics and finally
Grande Ronde Basalt flows. Concurrent uplift of the Portland Hills initially limited the
distribution of flows, but later flows crossed the boundary into the Tualatin and northern
Willamette basins and westward to the coast (Beeson et al., 1985; Beeson and others,
1989a).

The paucity of recognized marine interbeds within the Grande Ronde Basalt
suggests that the strandline had retreated west of the present Willamette Valley by N2

Grande Ronde time, although marine embayments in the western Tualatin basin and
northern Willamette Valley may still have limited the distribution of some flows. The
incipient Coast Range uplift remained low enough through Frenchman Springs time

(-15.3 Ma) to allow some Wanapum flows to reach the coast via a topographic low south
of the Tillamook Highlands.

Interpretation
The sediment-filled basins overlying basaltic basement and basaltic highlands
may be differentiated on the basis of the character of the anomaly patterns (i.e. the

frequency content of the magnetic field). Surficial magnetic sources in the Portland Hills
and Cooper Mountain, Bull Mountain, and the Chehalem Mountains are generally
characterized by high-amplitude, short-wavelength anomalies while deeper sources in the
Portland and Tualatin basins are characterized by lower-amplitude, longer-wavelength
anomalies.

The following sections describe several of the features visible on Plates 3 and 4

and Figures 30 through 32. The features discussed are summarized in Figure 29.

Gales Creek-Mt. Angel structural zone
The multiple faults of the Gales Creek-Mt. Angel structural zone are more
apparent on the map of the upward continued industry survey in Figure 32a than they are
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on the unprocessed magnetic data (Plate 3). The margin of the uplifted block (Gradient I
on Figure 29), clearly consists of north and northwest trending segments. Gradient
maxima delineate some of the structure (Figure 31 a). In Profile B (Figure 26), the highamplitude magnetic signal which defines the upthrown, southwestern side of the fault
zone corresponds to relatively shallow, concordant intrusions of relatively high
susceptibility within the Yamhill Formation, consistent with the mapped abundance of
intrusive bodies (Plate 1 )(Schlicker and Deacon, 1967; Thoms and others, 1983; Wells et

al., 1983, 1994). The western boundary of the structural zone in the modeled profile and
Figure 29 corresponds to a mapped fault between Gaston and the trace of the Spencer
Formation (Plate 1).

Gales Peak
Aeromagnetic gradient maxima in Figure 31 a correspond well to the mapped

faults and boundaries of the Gales Peak upland (Al Azzaby, 1980; Thorns and others,

1983; Wells and others; 1983, 1994) shown on Plate 1 and Figure 29. The source body
(Anomaly A on Figure 29) is a steeply dipping, highly magnetic, tabular body in fault
contact with middle to upper Eocene sedimentary strata to the southwest to the northeast.

These rocks are correlated to the Tillamook Volcanics by Wells et al. (1983, 1994). The
causative body may represent a sequence of flows or concordant sills that have been
subsequently rotated into the Gales Creek fault zone.
Profile D (Figure 33) demonstrates that the anomaly is consistent with a body

approximately three to four kilometers wide and 2 km to more than 6 km deep. The
inferred width of the body is perhaps an order of magnitude larger than that of other sills

mapped in the vicinity. The depth extent of the body is not constrained by the magnetic
data, as shown in Figure 33. However, the strength of the anomaly in the upward
continued industry survey (Figure 32A) indicates that the body probably has greater depth
extent than that shown by "Alternative B" in Figure 33.
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Magnetic Profile D: Gales Peak
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Figure 33: Northeast-trending magnetic Profile D of the Gales Peak magnetic body. The
depth-extent of the body is poorly constrained by the magnetic data, as shown. The
steeply-dipping source body may be either a thick sequence of highly-magnetic
Tillamook Volcanics basalt or mafic sills which have been tipped "on edge" by dip-slip
motion across the Gales Creek Fault. Susceptibilities are given in cgs units. y(+) and y() indicate the extent of the body out of and into the page, respectively.
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Upper Eocene volcanics (subsurface)
Between Hillsboro and Forest Grove an abrupt change occurs in the character of
the pre-Columbia River Basalt Group strata, imaged by the seismic reflection lines and

represented in both aeromagnetic datasets. In the seismic reflection profile shown in
Figure 7, below 1.1 second (2-way travel-time) the lower portion a thick sequence of
relatively clean, sub-horizontal reflectors to the west gives way to an opaque section to

the east. The opaque strata occur between 0 and 0.5 seconds below the Columbia River
Basalt reflectors in all seismic reflection profiles east of this location.
The opaque strata are interpreted to represent volcanic flows and volcaniclastic
rocks with higher magnetic susceptibilities than the adjacent sedimentary rocks, as shown

in Figure 26, Profile B. The thickness of these strata is poorly constrained, but apparently
increases northeastward beneath the Portland Hills and Portland basin, based on the

aeromagnetic data. The isostatic residual gravity also increases beneath the Portland
Hills and Portland basin, consistent with a relatively thin volcanic unit above shallowing

older Bocene basement. The opaque strata may correspond to the upper Eocene volcanic
rocks penetrated by the Barber well between -304 and -1802 m altitude, overlying older
volcanic strata.

In map view (Plates 3 and 4), the sinuous magnetic boundary corresponds to an
abrupt increase in the field strength and a change from low-amplitude, long wavelength
anomalies near Forest Grove to relatively higher-amplitude, shorter wavelength
anomalies, indicative of shallower sources beneath Hillsboro and to the northeast.
Gradient maxima locate several subparallel boundaries between Hillsboro and Cornelius.
The gradient maxima define the margin of a broad positive magnetic anomaly (anomaly
B in Figure 29) which is best seen on the upward continued aeromagnetic maps in

Figures 32a and 32b. The western boundary of this anomaly marked by the gradient
maxima coincides with the Pleistocene synclinal hinge of the basin.
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In Profile B, the anomaly is interpreted as a thickening wedge of magnetically

susceptible material, with moderate relief on its upper surface. The thickest portion of the
body is located a few kilometers northeast of the Portland Hills, based on the location of
the gravity high (Plate 2) and a strong high visible in the upward continued industry

magnetic data (Figure 32A). The inferred density of the volcanic rocks is only slightly
higher than the surrounding sediments (approximately 0.05 mGal contrast), conthbuting
very little to the calculated gravity profile.

To the southeast, the magnetic boundary appears to pass north of the Beaverton
fault zone and to pass near a possible intrusion of Boring Lava north of Cooper Mountain

(anomaly E, Figure 29)(see Boring Lava section, below). North of Hillsboro, the
boundary follows the course of the East Fork of Dairy Creek out of the basin and into the

Tualatin Mountains. South of Mountaindale, a Columbia River Basalt outlier
corresponds approximately to a small fold visible in seismic reflection profile. Two
water wells in this vicinity penetrate weathered basalt with "quartz and iron-pyrite"
beneath fresh basalt interpreted as Columbia River Basalt, perhaps sampling the late
Eocene volcanic strata (Goble Volcanics or basalt of Waverly Heights).

Chehalem Mountains
The magnetic gradient labeled "2" in Figure 29 coincides with the mapped contact
between the Columbia River Basalt Group and the older marine sedimentary strata which

underlie the Columbia River Basalt Group in the Chehalem Mountains. The anomalies
are interpreted to be the result of "edge effects," comparable to those generated at the
margin of a magnetized slab, as modeled in Profile E, Figure 34. The larger negative
anomalies are positioned beneath the Columbia River Basalt Group and a smaller positive
"ridge" occurs southwest of the contact, which suggests that most of the basalt belongs to
the reversely magnetized Wapshilla Ridge or Grouse Creek members of the Grande

Ronde Basalt. This is consistent with the findings of Al Eisa (1981) who mapped several
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Figure 34: A schematic northeast-trending profile showing the edge-effects associated
with the margin of a reversely-magnetized tabular body. Edge-effects are the interpreted
source of the gradient (3 in Figure 29) coincident to the southwestern margin of the
Chehalem Mountains. Susceptibilities are given in cgs units. R2 basalt corresponds to a
thick section of R2 Grande Ronde Basalt interpreted to underlie the Chehalem Mountains.
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low Mg Grande Ronde flows at the base of the Columbia River Basalt Group section in
the Chehalem Mountains.

Northeast trends in Chehalem Mountains
Several northeast-trending faults cut the Chehalem Mountains (Plate 1 and Figure

13). A few of these were mapped previously (e.g. fault mapped by Schlicker and Deacon,
1967, informally named Bald Peak fault in this study), the others are mapped on the basis
of gradient maxima (gradients labeled "3" in Figure 29) and evidence of faulting

observed in water well logs. The trends may reflect vertical offset within the Columbia
River Basalt Group and/or variations in the thickness of the basalt due to pre-existing

topographic features. Drainage control (Figure 15) by jointing within the basalt suggest
that some deformation has occurred in the basalt, as does localized increased fracturing
noted in the well logs.

Boring Lava - surface and subsurface
Short-wavelength, high-amplitude magnetic anomalies in metropolitan Portland
coincide with mapped vents of the Boring Lava at many locations (Blakely et al., 1994).
Local positive and negative magnetic anomalies along the Portland Hills and in the
southwest portion of the study area also correspond to mapped exposures of the Boring
Lava, shown in Plate 1, although some exposures of Boring Lava may have little or no
magnetic expression.

Mapped structures and vents match anomalies especially well in the rotated-to-

the-pole USGS survey, Figure 30b. For example, a narrow, linear magnetic low along the
southwest flank of the Portland Hills (anomaly C, Figure 29) marks the location of a
mapped fault which probably served as a conduit for Boring Lava erupted from vents
adjacent to it, also coincident with local magnetic lows.
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East of Cooper Mountain, a mapped exposure of Boring Lava coincides with a

local magnetic high (anomaly D, Figure 29). The high continues west-southwestward
toward Sexton Mountain, suggesting the presence of Boring Lava intrusions in the near

subsurface. A weak magnetic high east of Hillsboro may be related to a Boring Lava

intrusion visible in seismic reflection profile ifi-ifi' (Figure 11).
North of Cooper Mountain, a moderate magnetic high (anomaly E, Figure 29)
visible on Plates 3 and 4 approximately coincides with the occurrence of an intrusion

visible on a seismic reflection profile IV-IV' shown in Figure 35 and to the presumed
boundary of upper Eocene volcanic strata in the subsurface. Profile F shown in Figure 36
is the preferred interpretation of the USGS magnetic data across this structure.
The intrusive body is inferred to have risen along the southern margin of late
Eocene volcanic strata beneath the Columbia River Basalt Group and to cut through the

Columbia River Basalt Group into the overlying sedimentary strata. The emplacement of
the intrusion has uplifted the Columbia River Basalt north of the magnetic high and
probably tilted the Columbia River Basalt and overlying sediments to the south

southward. Approximately four kilometers south of the intrusion, the Beaverton fault
zone has offset the top of Columbia River Basalt approximately 350 m up to the south.
The magnetic low between the two structures is interpreted to be caused by coincident
"edge effects" from the them.
High-frequency, high-amplitude anomalies associated with the Boring Lava are
strongly attenuated on the upward continued USGS survey, shown in Figure 32b,

suggesting that they have little extent at depth. The linear low on the southwest flank of
the Portland Hills is not completely attenuated, suggesting that the causative body,
presumably a sub-vertical dike, continues at depth, as shown in Profile B.
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Beaverton fault zone
North of Cooper Mountain, the Beaverton fault zone corresponds to the southern
edge of a complex, high-amplitude negative magnetic anomaly, as discussed in the

previous section, and a smaller positive anomaly to the south. An interpretation based
strictly on seismic reflection data, borehole information, and surficial mapping does not
suggest a preferred fault-plane orientation for the Beaverton fault zone, but a southdipping fault plane with a reverse sense of offset best fits the magnetic data, as shown in
Profile F.

Profile F fits the magnetic data reasonably well north of the fault, and

considerably less so over Cooper Mountain and southward. The short-wavelength
anomalies which are not matched by the model are assumed to be effects of reversely
magnetized Grande Ronde Basalt of varying thickness beneath Cooper Mountain and the

Chehalem Mountains. The distribution of these units is not constrained by any other data
and is not modeled.

The magnetic trend of the Beaverton fault zone continues eastward approximately

six kilometers. West of Cooper Mountain, the Beaverton fault zone is represented by
sub-linear trends of discontinuous magnetic highs and lows (Plates 3 and 4). The
discontinuous signal may be related to faulting and tilting of the Columbia River Basalt
where the Beaverton fault zone and the northeast trending faults intersect, although little
data constrain this interpretation.

Cooper Mountain-Waverly low
Beginning at Cooper Mountain and continuing southeastward beyond the
boundaries of the study area, the complex, high-frequency magnetic signal does not

correspond as well to known surface and subsurface features. The source material in this
area may include Boring Lava, Columbia River Basalt, and basalt of Waverly Heights,

103

A. 0.0
-

-

-

_,.

r,

0.2

t

... .r"- 1SP
p1"lp.

H

w

,

:'"'

..

-

-

...: bI pI I

,I

'

P '

!'..J.P.'. .'.

I'-

II:.'
- .P. I -:

P. pp.p

.

.

.

-

CM-'PI:.J

I ;ppPpjpjipp

PpPPI.}' . P1 -,
.bPP'. pp.p
nI
I.... .j .IP

'

..

III,P4.14

':.,)I.,I. I'.. i.r'i:

:-

'I

,,,

P1

:

PIll

I.
r

..

I

.

-

..:
p,p.hI.P,..-rb
.

.

......-.
p4p

'..

9

I.'

p

.

.r.

- -.

.P1
-. -

.

_,

I

..

PP

..

i--: IV. P1'''IpIIPPI'.''
IPPI Pp - P1

1
p

s.).,

j'p I'!P'h1'ir.j.
l.. I

-

)

J?

p

I)

r
.

_,p,.P.

i.

-..iQPv?

Pp
-

-.

-.

Pp

II

- nP1PPPSp.. I '-

IlP'
1

I

p)I

.

P

'1P,..
I.,.'.'

-I,-

-

11

..p.

bpP

III)P
p.

-D-Dlc
i P PP --..--.--

.0.

PP

IppI tI
Pfl)ppp

''

.----------------lIP

PPIf

PP PP p

0.6
0.8

;h

HPP.Pp.4..

p..

'j" II.

IPI'p

:.'"

-

p IpplIP

-..

;

k

I.

0
Cl)

IP

I

0.0

r/)

a)

1.'J',"

'

0.2

C)

II

b

--

1.0

B.

I.

-.

I I1

- ,.-

P14'

...w..

P

I'.

"'P'

,. ''

;.'Pr...,w.
III

-,

.I II

"'.'

11t'"':;
I

p

0.8

d,' I

. VP.

pb

'

I

I

I,II.P. p..

0.4
0.6

bp

..

I,

p..,

..

.

PP

.-.

.

-

-

n

1tlP1P..P.PIètIIhl

1.0

Figure 35: South to north unmigrated seismic reflection profile TV-TV' showing the Beaverton fault zone. (A) Uninterpreted section. (B) An intrusion of Boring Lava? (QPv?) cuts the Columbia
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Magnetic Profile F: Cooper Mtn.
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Figure 36: North-trending gravity and magnetic Model F, showing the geometry of mafic
bodies across the structures shown in Figure 35. The complex magnetic signal south of
the crest of Cooper Mountain is inferred to be due to the distribution of R2 Grande Ronde
Basalt, which is unconstrained.
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each possibly represented by both normally and reversely magnetized flows. It is beyond
the scope of this study to unravel these anomalies
Upward continued magnetic data shown in Figures 32a and 32b reveal a strong,
broad magnetic low masked by the higher frequency anomalies in the unprocessed data in

Plates 3 and 4. The low (anomaly F, Figure 29) does not correspond to any mapped
deposit or structure. Based on the distribution of reversely magnetized Columbia River
Basalt Group inferred in the Chehalem Mountains and beneath Cooper Mountain, this
low may mark a thick sequence of reversely magnetized low-Mg Grande Ronde Basalt
deposited in a low-lying area early in the development of the Tualatin basin.
Alternatively, a thick body of reversely magnetized basalt of Waverly Heights may

underlie the Columbia River Basalt Group in this area. Small magnetic highs along the
Willamette River to the east, visible in the upward continued USGS survey shown in
Figure 32b, appear to correlate to mapped exposures of probably normally magnetized

basalt of Waverly Heights (Beeson and others, 1989). The broad magnetic high at the
southern margin of the study area apparently corresponds to the Siletz River Volcanics
beneath the northern Willamette Valley.

Banks low
The Banks low consists of a relatively high-amplitude anomaly centered south of

Banks, anomaly G in Figure 29. The anomaly does not correspond to any feature known
at the surface or imaged beneath the surface in seismic reflection lines. The size and
magnitude of the anomaly is consistent with a narrow, east to southeast-trending,
reversely magnetized intrusive body extending into the upper three or four kilometers of
the crust as shown in Profile D, Figure 29, although there is no additional evidence to

either support or refute this interpretation. The northeastern margin of the anomaly
corresponds to the edge of subsurface late Eocene age volcanic and volcaniclastic strata
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inferred from seismic reflection and aeromagnetic data and may in part be an "edge
effect" from that body.

Portland and northern Willamette basins
Broad magnetic highs underlie the Portland and northern Willamette basins. The
highs are partially obscured by higher frequency anomalies in Plates 3 and 4, but the
upward continued data (Figures 32a and 32b) clearly show magnetic highs beneath both

basins. Blakely et al. (1995) suggested that the anomalies represent relatively shallow
Eocene volcanic basement, thick deposits of Columbia River Basalt Group, or a

combination of both. Based on relatively thin stratigraphic sections of Columbia River
Basalt Group penetrated by petroleum exploration wells in the northern Willamette
Valley, the Miocene basalts are probably not thick enough to produce the observed, long-

wavelength anomalies. These anomalies are inferred to represent shallow Siletz River
Volcanics or thick, concordant Eocene sills, consistent with the interpretation of
shallowing basement based on gravity data.
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TECTONIC AND PALEOGOGRAPHIC HISTORY
Regional tectonic events dominated the Paleocene history of northwestern
Oregon, while local basement configuration appears to be the controlling factor in the

Neogene development of the basin. Although the basin did not exist as a distinct
structural low until after emplacement of the middle Miocene Columbia River Basalt
Group, isolation of the proto-basin began in late middle Eocene time with the eruption of
the Tillamook, Waverly Heights, and slightly later Goble? volcanic centers proximal to

the basin. Creation of these constructional volcanic highlands and the development of a
crustal weakness along the Gales Creek-Mt. Angel structural trend in late Eocene time
created the basement configuration which controlled subsequent structural development.

Paleogene tectonic history
Sedimentation within the Tertiary forearc of western Oregon and Washington
initiated in early to middle Eocene time, concurrent to creation of the Siletz River

Volcanics-Crescent Volcanics oceanic basement which underlies the forearc. Oblique
rifting of the continental margin, initiated by dextral shearing due to rapid, highly oblique
subduction of the Kula-Farallon Plate, is the favored model for formation of the oceanic

crust (Wells and others, 1984; Snavely and others, 1993). The distribution of overlying,
generally deep-water sedimentary strata of early to upper middle Eocene age was wealdy
controlled by the depositional configuration of the underlying oceanic crust and local

constructional volcanic highlands. In general, these sedimentary rocks may be mapped
on a regional, forearc-wide scale, although progressively younger units have restricted
distributions.

A complex distribution of volcanic and intrusive sequences of lower to lower

upper Eocene age dots the forearc setting. The rocks are mostly tholeiitic in composition,
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but may be differentiated on the basis of major and minor element geochemistry. In
northwestern Oregon and southwestern Washington, the sequences may be divided on the

basis of geochemistry into three groups. The first group are low potassium tholeiites
including the lower to lower middle Eocene basalt of Hembre Ridge and Crescent
Volcanics (Wells et al., 1994) and the upper middle Eocene basalt of Waverly Heights

(Beeson and others., 1989b). The second group are high-titanium tholeiites including the
upper middle Eocene Tillamook Volcanics and the slightly younger Eocene Grays River
Volcanics of Walsh and others (1 987)(Wells et al., 1994). The third group includes the
caic-alkaline rocks of the late Eocene Goble Volcanics.
Continued oblique dextral convergence deformed the oceanic crust and bathyal

sedimentary strata. Beginning in upper middle Eocene time, tholeiitic basalt including
both the high-titanium Tillamook Volcanics and the low-potassium basalt of Waverly
Heights began erupting from regional dike complexes, which trended northeast before

rotation (Snavely and others, 1993)(Figure 17a). These volcanic centers developed into
oceanic islands and seamounts in the marginal marine forearc basin, extruding large
volumes of lava over a span of a few million years (Wells et al., 1994).
Subsequent to the cessation of Tillamook and Waverly volcanism at about 40 Ma,
a late Eocene change in convergence deformed and segmented the forearc region into a

series of large, clockwise-rotating blocks (Figure 17b and c). The block rotations
produced several concurrent styles of deformation within the forearc, including northeastdirected shortening on the Corvaffis Fault (Goldfinger, 1990), left-lateral strike slip
deformation along the proto-Gales Creek-Mt. Angel structural zone, and wrench faulting,
reverse faulting and folding in the Devils Fork fault zone (Wells et al., 1994). The model
of deformation shown in Figures 17b and 17c is a hybrid of the "ball-bearing" model
presented by Beck (1980) and Wells (1990) and a block rotation mechanism proposed by

Christie-Blick and Biddle (1985)(Figure 17c). The model predicts additional zones of
northeast-trending sinistral shear, northeast-directed compression, northwest-directed
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extension and possible associated volcanism (e.g. Nestucca Formation volcanics, basalts
of Cascade Head, and Yachats Basalt) within the forearc (all directions prior to rotation).
The proposed model also provides a mechanism by which the Tillamook Volcanics could
have rotated 46° since their emplacement.
Figure 37a shows the structural features interpreted to have been caused by
sinistral shear along the proto-Gales Creek-Mt. Angel structural zone and transpression
across the restraining bend, creating the Devils Fork fault zone and related folding.
Deformation of upper middle Eocene Tillamook Volcanics within the Devils Fork fault

zone constrains the initiation of faulting to post-late middle Eocene. Both the Tillamook
and Waverly eruptive centers occupy positions of local extension in the regional dextral
shear model presented in Figures 16, 17 and 37a.

A large influx of micaceous arkosic detritus began entering the forearc, fed by a
system of streams draining the areas east of the Cascades in late middle Eocene time
(Niem and Niem, 1984; Berkman, 1990; Snavely and others, 1993) and was incorporated
into the deep-water Yamhill Formation and the deltaic, strandline, and nearshore marine
facies of the upper Eocene (upper Narizian) Spencer Formation of Oregon and the

Cowlitz Formation of northwest Oregon and southwest Washington. Construction of
volcanic highlands and segmentation of the forearc basement produced several partially
isolated, westward-deepening marginal basins in late Eocene time (Niem and Niem,
1984; Snavely and others, 1993). Major fault activity continued into upper Narizian time;
activity on the Corvallis Fault incorporated boulders of Siletz River Volcanics into the
Spencer Formation adjacent to the fault (Goldfinger, 1990).

In late Eocene time, convergence brought about regional uplift throughout the
forearc (Niem and Niem, 1984, 1985; Snavely and others, 1993) and the cessation of

major dextral shear along the continental margin. Evidence for this uplift is found in a
widespread unconformity at the base of late Eocene (lower Refugian) siltstone (Snavely
and others, 1993), which is imaged on seismic reflection profile I-I' beneath unit OEM
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Figure 37: Map showing the styles of deformation produced by (A) sinistral and (B)
dextral motion on the Gales Creek-Mt. Angel structural zone. (A) Map showing the
locations of faults and folds in Eocene-age strata developed due to sinistral shear across a
right-step on the Gales Creek-Mt. Angel structural zone. B) Neogene dextral strike-slip
motion on the Gales Creek-Mt. Angel structural zone. The right-step acts as a releasing
bend, causing extension and subsidence within the Tualatin basin. Dark shaded area
schematically shows the location of Boring Lava vents on the southwestern flanks of the
Portland Flills.
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(Figure 7). In the proto-Tualatin and northern Willamette basins, differential uplift
preferentially eroded Spencer Formation northeast of the Gales Creek-Mt. Angel trend.
Laminated fossiliferous siltstone of the upper Spencer? Formation in the
southwest of the Tualatin basin records the subsidence of the volcanic highlands
following the cessation of volcanism and regional uplift (Thorns and others, 1983).
Rapid subsidence and erosion of the Tillamook, Waverly, and Goble volcanic piles
produced large amounts of fossiliferous coarse clastic debris around the highlands in
Refugian time (Al Azzaby, 1980; Snavely and others, 1993), including basaltic sandstone
and conglomerates exposed east of Hagg Lake (Al Azzaby, 1980; Thorns and others,
1983). Subsidence of the highlands is recorded in the Klohs and Cooper Mountain wells,
where basalt and basalt breccia are overlain by sandstone and basaltic conglomerate, in
turn overlain by tuffaceous shale, siltstone, and claystone of Refugian age (McKeel,

1984). In the Nehalem River basin to the north and the northern Willamette basin to the
south, thick deposits of upper Eocene tuffaceous siltstone and mudstone equivalent to the
Keasey Formation were deposited at upper bathyal depths (Niem and Niem, 1984;
Berkman, 1990).

Calc-alkaline volcanism in the western Cascade Range, or perhaps continued
Goble or Skamania (Trimble, 1963) volcanism, provided large amounts of tuffaceous and

volcaniclastic detritus to the forearc from latest Eocene through Oligocene time. Mafic
volcanic and volcaniclastic strata of Refugian to Zemorrian? age are penetrated by the

Barber, Cooper Mountain, and Klohs wells. The final stages of major Eocene faulting
and volcanism in the forearc are marked by intrusion of highly-evolved magmas into the
late Eocene marine strata between 34 and 30 Ma (Snavely and others, 1993) (Plate 1).
Throughout the Oligocene, the increased influx of Western Cascade caic-alkaline

volcanic debris filled the shrinking basins and pushed the strandline westward. However,
shallow marine conditions may have continued in the southern portion of the Tualatin
basin into the late Oligocene (Zemorrian) or early Miocene
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Neogene tectonic history

Miocene to early Pliocene
Prior to extrusion of the Columbia River Basalt Group in middle Miocene time, a
period of uplift and/or regression allowed drainage systems to develop in the Oligocene
and older sedimentary strata to the north of the present-day Tualatin basin (Van Atta and

Kelty, 1985). The uplift produced up to 245 m of topographic relief on Eocene and
Oligocene strata north of the proto-Tualatin basin (Van Atta and Kelty, 1985), locally

excavating parts of the buried Goble and Waverly volcanic edifices. Subsequent infilling
of these drainages by the fluvial and marine Scappoose Formation and the Columbia
River Basalt Group in middle Miocene time provides a sub-horizontal reference datum by
which further deformation is measured.
In middle Miocene time uplift along the Portland Hills-Clackamas River
structural zone has been inferred on the basis of restricted distribution and/or thinning of

individual flow units of the Columbia River Basalt Group. The lack of significant
thickening of the Columbia River Basalt Group beneath either the Tualatin or northern
Willamette basins is evidence that neither basin was subsiding at this time (Beeson et al.,
1985, Beeson and others, 1989a), although shallow marine conditions in the southwest
portion of the study area may have initially affected Grande Ronde Basalt distribution.
Flows of Wanapum Basalt are mostly excluded from the Tualatin and Willamette basins.
A thick accumulation of R2 Grande Ronde Basalt apparently filled a low area on top of

and adjacent to the Waverly edifice, producing a pronounced magnetic low. The
incipient Coast Range uplift prevented many of the flows from reaching the coastline to
the west.

A well-developed laterite on top of the Columbia River Basalt Group, both
beneath the basin fill and on uplands surrounding the basin, suggests a depositional hiatus
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beginning in late middle Miocene time. Deformation of the basalt prior to deposition of
the overlying late Miocene to early Pliocene (lower) sedimentary sequence, revealed by
seismic reflection lines (e.g., Figures 7, 10, and 18), constrains the hiatus to middle to late
Miocene time.

Tualatin basin syndine apparently initiated in lower Miocene-early Pliocene time
close to the southwestern margin of the basin, concurrent to continued development of the

Portland Hills. Erosion of Oregon Coast Range uplift provide fine-grained sediments to
the slowly subsiding basin. The lower sedimentary sequence is thickest in the vicinity of
Forest Grove (Figure 14, unit PMO, thinning progressively northward (Figures 10 and
18) and eastward, as compared in Figures 7 and 18 (note different time scales).

Lacustrine conditions developed in the slowly subsiding basin, producing open-water
diatom-rich sedimentary horizons (Doyle Wilson, personal communication, 1996).
Compression or transpression is suggested by continued development of the larger
compressional structures (i.e. the Portland Hills and Tualatin basin syncline).

Late Pliocene to Pleistocene
In late Pliocene time, the state of stress changed within the basin, probably due to
a decrease in the rate of subduction (Cox and Engebretson, 1985; Riddihough, 1984).
The decrease in the rate of convergence transformed the stress regime from
compressional or dextral transpressional to dextral transtensional within the basin. The
Boring Lava began erupting from northwest-trending fault zones southwest of and within
the Tualatin basin (Treasher, 1942; Allen, 1975; Madin, 1990) and may have contributed

ash to the lacustrine environment. The right-step in the Gales Creek fault zone, which
served as a restraining bend during late Eocene sinistral movement, acted as a releasing

bend during dextral motion (Figure 37b). The location of the northwestern-most Boring
Lava vents correlates well to the position of this releasing bend, suggesting that
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development of the extensional fractures which served as conduits for the rising magma
was related to strike-slip motion along the fault zone.
Inflation due to eruption of the Boring Lava deformed the older rocks southwest
of the study area, uplifting the Columbia River Basalt Group flows in the vicinity of

Oregon City and producing the Willamette Falls. The formation of the falls a few
kilometers downstream of the confluence of the Tualatin and Willamette Rivers
effectively raised the base level of the entire Tualatin River-Willamette River system,
trapping the growing sediment load eroding from the rising Coast Range in the Tualatin
and northern Willamette basins.

Accelerated sedimentation to the northeast and continued uplift of the Coast
Range to the southwest caused reactivation of the Gales Creek-Mt. Angel structural zone
to primarily accommodate dip-slip motion along the southwest margin of the subsiding

Tualatin basin. The David Hill-Chehalem Mountains homoclines may represent a drape
fold across this reactivated structure, tilting the Columbia River Basalt Group and

underlying strata steeply northeastward. Migration of the synclinal axis of the Tualatin
basin syncine to its present position near Dairy Creek occurred at this time, probably
displaced by the growing fold.

Dextral wrenching
Right-lateral offset of invasive sills of Columbia River Basalt Group in the
Astoria Bay quadrangle (Niem and Niem, 1985) and recent seismic events in the general
vicinity of Mt. Angel (Werner et al., 1992: Madin et al., 1993) are both manifestations of
a component of dextral strike-slip motion along the Gales Creek-Mt. Angel structural

zone. Since most evidence of dextral motion is derived from offset sills and flows of
Columbia River Basalt Group (post-middle Miocene) and historical seismicity, the onset

of this component is poorly constrained. However, if a varying sense of vertical
separation along strike may be taken as evidence of strike-slip motion, late Miocene to
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Pleistocene down to the southwest motion on the Mt. Angel fault documented by Werner
(1990) and Dougherty et al. (1995) suggests that dextral motion has also occurred since

late Miocene time Beeson and others (1 989b) present evidence of a similar Neogene
history of activity along the Portland Hills-Clackamas River structural zone.
Lateral shear is also suggested by wrench structures within the Tualatin basin,
including transverse folds, northwest-trending faults (oblique to the Portland HillsClackamas River and Gales Creek-Mt. Angel trends), and northeast-trending antithetic

faults. The distribution of structural styles appears to be controlled by the distribution of
volcanic basement beneath the basin. The idealized dextral wrench model and the fault
pattern within the basin are presented in Figure 38.
In the northern portion of the basin supported by late Eocene to Oligocene?
volcanic strata, northwest-trending Reidel shears (e.g. the Helvetia fault) extended into

the basin from the highlands to the north. These faults probably appeared early in the
development of the basin, as the basalt underlying the Mio-Pleistocene sediments appears
to have preferentially eroded along these trends prior to sedimentation.
A series of east-west folds and faults - the Cooper Mountain-Farmington hills and
Bull Mountain-Kinton hills uplifts and the Beaverton fault zone - developed in the

southern half of the basin after early Pliocene time. These folds and faults were created
when the southern portion of the basin was "pinched" between the Waverly basalt and the

rising basement to the southwest. Erosional remnants of the lower (and possibly upper?)
sedimentary sequence (late Miocene to early Pliocene) were mapped as Helvetia

Formation by Schlicker and Deacon at the margins of these highlands. A thick sequence
of these sediments remains in the structural low beneath the lower reaches of the Tualatin

River (Plate 1). The Elmonica fault zone and fold have a similar trend and may be related
to these structures, suggesting that deformation has continued into the Pleistocene. The
folds and the Chehalem Mountains were later cut by northeast-trending antithetic shears
(e.g. the Bald Peak fault) extending from the older rocks to the southwest.
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Figure 38: Sketch map showing the Miocene-age and younger structures in the Tualatin
basin. The orientation of faults and folds is consistent with a dextral wrench tectonic
environment. The inset shows the idealized structural pattern expected in a wrench
tectonic setting.
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Depth of the Tualatin basin
Available data suggest a depth of up to 5 km for the Tualatin basin. The structural
history of the region suggests that the Paleogene sedimentary section is of approximately

equal thickness on either side of the Gales Creek-Mt. Angel structural zone. Thoms and
others (1983) measured 2.5 to 3 km of Paleogene strata overlying middle Eocene or
younger concordant sills within the Narizian Yamhill Formation. Yamhill Formation and
older sedimentary strata are mapped beneath these sills to the southwest (Wells et al.,
1994), and may occur beneath the sill complex within the basin. The overlying Neogene
rocks are less than 1 km thick in the deepest portion of the basin.
The Cooper Mountain exploration well, which is located slightly southeast of the
center of the gravity low, penetrates 2635 m of sedimentary and volcanic strata (Plate 1).
The thickest section of strata imaged by the seismic reflection data occurs in the western
portion of the basin near the center of the gravity low, where 2.2 seconds (2-way traveltime) of sub-horizontal reflectors are visible above strong, subhorizontal, relatively
undeformed reflectors interpreted to represent invasive sills within the Yamhill

Formation, as shown in Figure 7. Using sonic velocities for Yamhill Formation, Spencer
Formation, and Eocene-Oligocene sedimentary strata determined by Werner (1990) in the

northern Willamette Valley and an estimated thickness of less than 1 km for Columbia
River Basalt Group and younger section in the Tualatin basin, 2.2 seconds corresponds to
approximately 2.5 to 3 kilometers of strata overlying the basal reflectors.
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CONCLUSIONS
Oblique convergence between the subducting Farallon and Juan de Fuca Plates
beneath North America provided the driving force for deformation dominated by dextral

shear since the creation of the forearc in the early Eocene. Changes in the velocity or
direction of convergence apparently produced the wide variety of structural styles
recorded in the deformed forearc strata.
Sedimentation has been occurring in the Tualatin basin from early Eocene time to
the present, though its development as a separate depositional center probably began in

the late Eocene. The basin owes its isolation from the remainder of the forearc to three
factors: 1) the proximity of several Eocene volcanic centers which partially define the
boundaries of the basin and have provided volcanic and volcaniclastic fill for the basin,
2) segmentation of the forearc in late Eocene time, and 3) Neogene dextral strike-slip and
dip-slip motion on the Gales Creek-Mt. Angel structural zone.

Two distinct deformational styles are observed in the Neogene basin. Prior to late
Pliocene time, northeast-directed compression brought about uplift along the Portland
Hills trend and development of an asymmetric, shallow synclinal basin centered along the

southwestern margin of the present-day basin. Northeast-directed folding and thrusting
incorporating Troutdale Formation in the Portland Hills apparently continued into early

Pliocene time (Beeson and others, 1989a). In late Pliocene time, a decrease in the rate of
convergence (Cox and Engebretson, 1985) and an increased dextral component of shear
brought about extension and increased subsidence of the basin.
Up to 3.5 km of down to the northeast dip-slip motion has occurred along the

Gales Creek-Mt. Angel structural zone since middle Miocene time. The lack of
compressive deformation observed in the Chehalem Mountains-David Hill trend suggests
passive tilting of Eocene and younger strata draped across the reactivated structure in an
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extensional environment, restricting much of the motion to late Pliocene and Pleistocene
time.

Late Pliocene and Pleistocene deformation consists primarily of dextral-wrench

structures, controlled by the distribution of relatively competent basement rocks. The
wrench structures and extensional volcanism suggest that the Tualatin basin is a pullapart basin, with subsidence occurring primarily along the southwestern margin,
consistent with features expected adjacent to a releasing bend in a dominantly strike-slip
system.

Potential field data have proven useful in locating relatively steep density and

susceptibility contrasts in the upper crust. Successes include 1) delineation and extension
of several previously mapped faults and fault zones (e.g. the Gales Creek-Mt. Angel
structural zone, northeast-trending faults in the Chehalem Mountains, consistent with
mapped faulting in the southwest and the geographic boundaries of Cooper Mountain,
Farmington hills, etc.) and corroboration of newly mapped structures identified with
seismic reflection and water well data (e.g. Beaverton fault zone), 2) identification of
vents and flows of Boring Lava at the surface and in the subsurface, consistent with
existing mapping, 3) location of previously unrecognized volcanic strata in the
subsurface, consistent with rocks penetrated by scattered petroleum exploration wells and
with features identified on seismic reflection profiles.
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