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ABSTRACT

The Cenozoic tectonic and depositional history of the Oregon and Washington
continental margin (OWCM) was marked by underthrusting, transcurrent faulting, and
extension during oblique convergence between North America and oceanic plates to the
west. Sedimentation, punctuated by episodes of volcanism, was essentially continuous in
the forearc basin whose axis lay along the present inner continental shelf. The oldest rocks
in the Oregon-Washington Coast Ranges are Paleocene and lower Eocene oceanic basalt
capped in places by islands and seamounts. They most likely formed by in situ eruptions
(62-56 Ma) during oblique rifting and extension of the continental margin. These basalts
were erupted adjacent to the continental margin as evidenced by locally interbedded
terrestrial sediments. A thick lower Eocene siltstone and middle Eocene turbidite sequence
buried the islands while the basin was subsiding. The middle Eocene turbidite strata
overlap both oceanic basalt and pre-Tertiary rocks of the Klamath Mountains, establishing
that suturing of the Coast Range-Olympic terrane to North America occurred at about 50
Ma. Continued high rates of moderately oblique convergence may have caused strike-slip
faulting and tectonic rotations along the continental margin. The north-trending Fulmar
fault on the Oregon shelf juxtaposes lower Eocene graywacke on the west against lower
Eocene oceanic crust of the Coast Range and is interpreted as a right-lateral fault with a
minimum offset of 200 km (125 mi). Eruption of upper middle and upper Eocene tholeiitic
and alkalic basalts suggests a transtensional tectonic environment inboard of the fault.
Reduction of the convergence velocity between the Farallon and North American plates
after 49 Ma was followed by Cascade arc volcanism (~44 Ma), and ultimately, the demise
of the right-lateral Fulmar fault, as recorded by the onlap of uppermost Eocene strata.
Deposition of Oligocene tuffaceous marine strata in the forearc signaled the beginning of
voluminous Cascade arc volcanism at about 35 Ma and contemporaneous subsidence of the
forearc. Although rift volcanism characterized the forearc during the late Eocene and early
Oligocene, there is evidence for late Eocene underthrusting in the Olympic Mountains
accretionary wedge. Major uplift of the OWCM occurred in the late middle Miocene as
indicated by a regional unconformity on the continental shelf and by strongly deformed
Miocene Astoria Formation and the Columbia River Basalt Group in the Coast Range.
Offshore, Oligocene-Miocene melange wedges are overlain by as much as 2 km (6,560 ft)
of upper Miocene and Pliocene strata which are folded and thrust-faulted. Oblique
convergence continues today and has caused Quaternary strata to be episodically folded and
thrusted along the deformation front on the continental slope. Along the coast, marine
terraces have been tilted during uplift of the central and southern Oregon Coast Range. At
the strandline, Holocene marsh deposits record several episodes of rapid subsidence
possibly related to seismic events on the thrust interface with the downgoing slab. Late
Cenozoic faults along the coast are adjacent to subsiding regions, and some of these faults
show Quaternary displacement

INTRODUCTION

Sedimentary and volcanic rocks in the Coast Ranges of Oregon and Washington, in
the Olympic Mountains, and on the adjacent continental margin contain a nearly continuous
record of Cenozoic sedimentation and tectonism along the oblique convergent margin
between the oceanic and North American plates. Although subduction has played a major
part in the evolution of the convergent margin, the geologic record indicates a complex
history that includes strike-slip faulting, block rotation, extension, and magmatism, along
with typical convergent margin processes of thrusting, underplating, and development of a
major accretionary wedge. In this paper, we summarize the onshore and offshore
Cenozoic geologic framework of the continental margin, building on previous syntheses by
Snavely (1987) and Wells and others (1984). We emphasize the geologic history, regional
structure, and offshore evidence for neotectonics to set the stage for evaluation of
earthquake potential along this active margin.
CENOZOIC GEOLOGIC HISTORY
PALEOCENE TO MIDDLE EOCENE
ORIGIN OF THE COAST RANGE OCEANIC BASEMENT

The oldest rocks of the Oregon and Washington Coast Ranges are tholeiitic pillow
basalt and interbedded breccia and marine sedimentary rocks (fig. 1; Duncan, 1982; Bukry
and Snavely, 1988). These oceanic basalts, capped in places by islands and seamounts,
include the Siletz River Volcanics in Oregon (Snavely and others, 1968), the Crescent
Formation in Washington (Arnold, 1906; Brown and others, 1960; Cady, 1975) and the
Metchosin Volcanics on southern Vancouver Island (Clapp, 1917; Muller, 1977).
Although several models have been proposed for the origin of these basalts (for example,
Duncan, 1982; Wells and others, 1984), we prefer the model of rifting and in situ
volcanism along the leading edge of the continental margin of western North America
during a period of rapid, highly oblique, northeast motion of the Kula and Farallon plates
that was initiated in the Paleocene (fig. 2; Wells and others, 1984; Snavely, 1987).
The western boundary of the Coast Range oceanic basement is a north-south-trending
fault on the Oregon continental shelf that has been delineated by aeromagnetic data,
seismic-reflection, and deep test wells (table 1). This fault was named the Fulmar fault by
Snavely and others (1980b) and is interpreted to have at least 200 km of dextral slip
motion, based on the juxtaposition of lower Eocene turbidite sandstone outboard of the
Coast Range oceanic basement.
The Fulmar fault is believed to be the western boundary of the oblique marginal rift
basin that is floored by the Paleocene-lower Eocene tholeiitic pillow basalt. Along with
other dextral faults farther to the east it formed a transtensional zone of right-lateral shear
along the Eocene continental margin of Oregon and western Washington. The major
movement along the Fulmar fault most likely ended by late Eocene time, because on the
Oregon shelf this fault is overlapped by strata of latest Eocene age (-37 Ma) (Snavely and
others, 1980b). However, minor movement has occurred subsequently as overlying strata
as young as Pleistocene exhibit small vertical offsets on seismic-reflection profiles.
BASIN FILLING AND DEFORMATION

Within the rift basin, a 3,000 m (9,840 ft) sequence of siltstone, turbidite sandstone,
and conglomerate of early Eocene age was deposited adjacent to the volcanic highs. The

Figure 1. Generalized onshore geologic map of western Oregon, western Washington, and
southern Vancouver Island, B.C., with inferred locations of major faults on the adjacent
continental shelf. Offshore faults concealed by younger strata are indicated by short dashes.
Modified from Snavely (1987). LRF, Leech River fault; SJF, San Juan fault. Outcrops of
middle Miocene basalt not shown in Willamette Valley; upper middle Eocene volcanics not
shown in eastern part of Puget Sound.

Table 1. Location, depths, and oldest rock penetrated in exploratory wells drilled on the Oregon and Washington continental
shelf and selected wells drilled on the shelf off southern Vancouver Island, British Columbia.
Location
Longitude
Latitude
(North)
(West)

Total
Depth
m (ft)

Well Number
(Fig. 1)

Company, Name,
and Number of Well

Year
Drilled

1

Pan American Oil Co.
No. l.P-0112

1967

43°4.8'

124°35.6'

1,873
(6,146)

2

Union Oil Co.
Fulmar P-0130

1966

44°03.6'

124°38.8'

3,744
(12,285)

3

Shell Oil Co.
P-087 1ET-2ET

1965

44°13.3'

124°28.2'

2,546
(8,353)

4

Union Oil Co.
Grebe P-093

1966

44°29.8'

124°24.9'

3,051
(10,010)

5

Standard Oil Co.
Nautilus No. 1 PO-0103

1965

44°51.5'

124°16.T

3,849
(12,628)

6

Shell Oil Co.
P-072 1ET

1966

46°02.8'

124°29.9'

2,505
(8,219)

7

1966

46°09.1 ?

124°24.5'

8

Shell Oil Co.
P-075 1ET
Shell and Pan American
Oil Co. P-0150

1966

46°43.5'

124°21.3'

3,097
(10,160)
4,017
(13,179)

9

Shell Oil Co.
P-0155 1ET

1967

46°51.2

124°24.5'

3,402
(11,162)

10

Union Oil Co.
Tidelands State No. 2

1962

47°03.22'

124°12.81' 1,546
(5,073)

11

Sunshine Mining Co.
Medina No. 1

1962

47°03.03'

124°10.02? 1,262
(4,140)

12

Pan American Oil Co.
P-0141

1967

47°39.7'

124°47.5'

13

Shell Canada Ltd.
Anglo Cygnet MOO

1969

48° 19.67

125°43.96' 2,460
(8,070)

14

Shell Canada Ltd.
Anglo Prometheus H-68

1967

48°48.9'

125°39.6'

15

Shell Canada Ltd.
Anglo Zeus 1-65

1868

48°54.6'

126°09.15' 3,042
(9,981)

3,160
(10,368)

2,335
(7,662)

Oldest rocks
penetrated
Lower Eocene arkosic
wacke (Snavely and
others, 1982)
Lower Eocene arkosic
wacke (Snavely and
others, 1982)
Lower(?) Eocene
basalt (Snavely and
others, 1982)
Lower(?) Eocene
basalt (Snavely and
others, 1982)
Middle to upper
Eocene basalt(?)
(Snavely and others,
1982)
Upper Oligocene to
middle Miocene
melange(?)
Middle(?) Eocene
diabase sill
Upper Oligocene to
lower Miocene
melange and broken
formation
Upper Oligocene
melange (Snavely
and Wagner, 1982)
Lower to middle
Miocene melange and
broken formation
Lower Miocene
melange (onshore
well produced
12,000 bbls of oil)
Middle to upper
Eocene
melange (Snavely
and Kvenvolden,
1989)
Lower to middle
Miocene (Snavely
and Wagner, 1981;
Shouldice, 1971)
Lower(?) Eocene
Crescent Formation
(Shouldice, 1971)
Lower(?) Eocene
arkosic wacke
(Shouldice, 1971)

KULA

Figure 2. Diagram showing inferred continental-margin-rifting model for the origin of the
Paleocene to lower middle Eocene oceanic basalt (x pattern) and oceanic islands (circular areas)
in western Oregon and Washington. K, Klamath Mountains; V, Vancouver Island, B.C.;
FAR, Farallon plate; KULA, Kula plate; NAM, North American plate; F, Fulmar fault. Arrow
denotes direction of movement of the Kula plate relative to the North American plate
(Engebretson and others, 1985).

configuration of the basins was likely inherited from the relief on the Siletz River and
Crescent volcanic piles, because nearshore deposits as old as early Eocene unconformably
onlap these volcanic highs (Bukry and Snavely, 1988; Snavely, 1991). Convergence
between the Kula-Farallon and North American plates in late early Eocene time (-52 Ma)
deformed the island chain and overlying marine sedimentary rocks against the North
American buttress. In the southern part of the Oregon Coast Range, a set of southeastdipping imbricate thrust sheets and fault-propagation folds deformed the Paleocene and
lower Eocene oceanic basalts and overlying lower Eocene sedimentary rocks (Baldwin,
1974; Heller and Ryberg, 1983; Molenaar, 1985; Wells and Heller, 1988; Niem and Niem,

1990). In the central part of the Coast Range, the Siletz River Volcanics were faulted and
folded prior to rapid downwarping and the deposition of the overlying mildly deformed
Tyee Formation of early middle Eocene age (Snavely and others, 1976a; Bukry and
Snavely, 1988).
This compressional event also deformed and uplifted continental terranes adjacent to
the rift basin and accelerated erosion of pre-Tertiary rocks in the Klamath Mountains to the
south and on Vancouver Island to the north. Debris flows and conglomerate derived from
the Klamath Mountains occur along the southern margin of the Coast Range basin. In the
southern Oregon part of the foreland basin, 2,000 m (6,560 ft) of arkosic, lithic, and
feldspathic turbidite sandstone and siltstone of the lower middle Eocene Tyee Formation
(Snavely and others, 1964; Lovell, 1969; Baldwin, 1974; Chan and Dott, 1983) were
derived in part from an uplifted Klamath terrane and from the Idaho Batholith and adjacent
terranes (Heller and others, 1985), buried pre-existing volcanic highs, and deformed lower
Eocene sedimentary rocks. This sedimentary sequence laps across the tectonic boundary
between the Klamath pre-Tertiary rocks and the Eocene oceanic basalts to the north and
indicates that the Coast Range oceanic basement was accreted to the North American plate
in early middle Eocene time (~50 Ma). Thick-bedded lithic quartzose sandstone and
conglomerate of early middle(?) Eocene age in the Olympic core rocks (Tabor and Cady,
1978a; Snavely and others, 1986) represent material eroded from an uplifted pre-Tertiary
terrane of Vancouver Island and the northern Cascade Range. In the Puget Sound area,
streams transported large quantities of arkosic and lithic sand into the northern part of the
basin across broad low-lying flood plains. The coal-bearing continental fluvial deposits,
represented by the lower part of the Puget Group (Wolfe and others, 1961), the Chuckanut
Formation (McLellan, 1927; Johnson, 1984), and the Swauk Formation (Russell, 1900;
Tabor and others, 1984), formed in lowland areas. Part of this coarse clastic material may
have been transported westward through submarine channels into the deeper parts of the
basin to form turbidite fans. Some highly deformed lower and middle Eocene thick-bedded
carbonaceous, lithic and arkosic sandstone units within the Olympic core rocks (Tabor and
others, 1972; Tabor and Cady, 1978b) and in the Cape Flattery coastal area (Snavely and
others, 1986) may be marine counterparts of these continental deposits.
LATE MIDDLE EOCENE TO LATE EOCENE

CONTINENTAL MARGIN MAGMATISM

Tholeiitic volcanism continued along the continental margin between 44 and 37 Ma,
although the major volcanic centers became restricted to southwest Washington and the
northern and central Oregon Coast Range (MacLeod and Snavely, 1973). The lavas were
erupted from regional dike swarms that trended northeast before rotation. This orientation
suggests a transtensional relationship to the right-lateral Fulmar fault (Wells and others,
1984). The basalts are chiefly subaerial; however, pillow lava and breccia in the lower part
of these units intertongue laterally with deep-water siltstone of the upper middle Eocene
Yamhill and the upper Eocene Nestucca Formations (Snavely and others, 1990a). These
basalt flows and breccia include the Grays River volcanic rocks of southwest Washington
(Livingston, 1966; Wells, 1981; Walsh and others, 1987), and the Tillamook Volcanics in
northwest Oregon (Warren and others, 1945; Snavely and others, 1970; Magill and others,
1981; Wells and others, 1983; Niem and Niem, 1985). They were followed closely by the
Yachats Basalt (Snavely and MacLeod, 1974), and the basalts of Cascade Head (Snavely
and Vokes, 1949; Snavely and others, 1990b) in central coastal Oregon. The volcanic
rocks are commonly porphyritic and have a wide range in composition, ranging from
tholeiitic to alkalic basalt, basaltic andesite, and dacite. This compositional range suggests
that the basaltic magma that produced these volcanic rocks was differentiated in high-level
magma chambers before extrusion.

BASIN FORMATION AND SEDIMENTATION

Although differential uplift occurred in the areas of subaerial volcanism, such as the
Heceta Head-Cape Perpetua area on the central Oregon coast (Snavely and MacLeod,
1974), regional downwarping occurred in most places in the forearc basin. Bathyal thinbedded siltstone and sandstone were unconformably deposited on lower Eocene oceanic
basalt and sedimentary rocks. The geometry of post-middle Eocene deposits was
controlled in part by the distribution of thick upper Eocene volcanic sequences. For
example, a west-trending ridge of Yachats Basalt separates the Coos Bay basin from the
Newport embayment to the north. Other coastal basins appear to be fault controlled. The
Tillamook embayment in northwest Oregon is bordered by a major northwest-trending en
echelon fault zone that traverses the entire Coast Range (Wells and others, 1983).
In the northern part of the Olympic Peninsula, the middle and upper Eocene siltstones
of the Aldwell Formation (Brown and others, 1960) overlapped older sedimentary rock to
rest unconformably upon basalts of the lower Eocene Crescent Formation. The basal
contact is marked in places by beds 10 to 30 m thick of cobble and boulder conglomerate
derived from the underlying Crescent Formation. In the north-central part of the Oregon
Coast Range, bathyal siltstone of the upper middle Eocene Yamhill Formation (Baldwin
and others, 1955; Bukry and Snavely, 1988) unconformably overlaps folded strata of the
Tyee Formation to rest upon basalt of the Siletz River Volcanics (Wells and others, 1983;
Snavely, 1987). In the northern part of the Oregon Coast Range, the Yamhill Formation
intertongues with pillow lavas and breccia of the middle Eocene Tillamook Volcanics
(Wells and others, 1983; Snavely and others, 1990a).
A water-laid dacitic tuff bed up to 30 m thick occurs at or near the base of the Yamhill
Formation in the central part of the Oregon Coast Range. This tuff unit is locally exposed
from Florence northward to Dolph, a distance of more than 150 km. The source of ash that
forms this tuff bed was most likely vents along an ancestral Cascade "arc." If this
interpretation is correct, volcanism in the Oregon Cascades started about 44 Ma.
During the middle and late Eocene, streams transported large quantities of arkosic
sand to a broad, low-lying coastal plain that bordered the eastern and southern parts of the
forearc basin. Coal-bearing continental beds greater than 3,500 m (11,500 ft) thick are
represented by the Puget Group (Wolfe and others, 1961) and the Cowlitz and
Skookumchuck Formations (Snavely and others, 1958) in Washington, and the Coaledo
Formation (Alien and Baldwin, 1944; Dott, 1966) in southwest Oregon. Some of this
coarse clastic material undoubtedly was transported along channels into shelf basins and
formed submarine fans and turbidite deposits. These continental beds interfinger with both
Cascade-derived lavas and with coastal tholeiitic lavas, thus tying the middle Eocene
tholeiites to the continental shelf.
FOREARC DEFORMATION

In the latest Eocene (~37 Ma), the forearc basin was deformed over a broad front.
Regional uplift that accompanied this convergence segmented and shoaled the forearc
region to produce a number of shelf basins that deepened westward. Erosion of uplifted
middle and upper Eocene subaerial volcanic piles, such as the Tillamook Volcanics and the
Yachats Basalt, produced thick deposits of fossiliferous basaltic sandstone and
conglomerate that fringed the basalt highlands (Snavely and others, 1990a, 1990b; Bukry
and Snavely, 1988). In the northernmost part of the forearc basin, two contrasting styles
of deformation seem to support oblique subduction as the driving force. The first is northsouth compression, as documented by major thrust faulting in the late middle Eocene along
the Crescent and other major faults (fig. 3, MacLeod and others, 1977; Snavely and others,

Olympic
125°00'

Peninsula
124° 00'

Figure 3. Generalized geologic map of the region adjacent to Cape Flattery, showing locations of
major onshore faults and their offshore extensions (modified from MacLeod and others, 1977,
and unpublished maps by Snavely). Ts, undivided Tertiary sedimentary rocks; To, upper
Oligocene sandstone and conglomerate; Tm, overthrast pre-Tertiary to upper Eocene broken
formation above Ozette thrust; Tc, highly deformed Eocene sandstone and siltstone and other
rocks of the Olympic core; TV, Eocene pillow basalt, breccia, associated dikes and sills of the
Metchosin Volcanics (Clapp, 1917) on Vancouver Island and the Crescent Formation in
Washington; pre-T, undivided pre-Tertiary igneous and metamorphic rocks on Vancouver
Island and at the Point of the Arches.

1986). This resulted from northward movement of the Olympic-Coast Range Paleogene
terrane against the buttress of pre-Tertiary rocks on Vancouver Island. Resulting erosion
of uplifted pre-Tertiary terranes on southern Vancouver Island supplied coarse clastic
debris to the northern part of the foreland basin to form the conglomerate-rich upper Eocene
Lyre Formation (Brown and others, 1956; Snavely and others, 1986, 1989) along the
northern Olympic Peninsula. The second deformation style, which occurred at about the
same time, formed melange and broken formation of late Eocene age that were underthrust
along the west side of the Olympic Peninsula (Snavely and Kvenvolden, 1989), implying
continued subduction during north-south compression of the Coast Range.
Seismic-reflection profiles and subsurface data from deep test wells on the Oregon
continental shelf (Snavely and others, 1980b, 1982) also show a regional unconformity at

the base of upper Eocene siltstone (lower Refugian Stage). These strata unconformably
overlie folded and faulted rocks as old as early Eocene and overlap the Fulmar fault
(Snavely and others, 1980b; Snavely, 1984). Also, in several areas in the
northwesternmost part of the Olympic Peninsula, strata of early Refugian age onlap
melange and broken formation of middle and late Eocene age (Snavely and others, 1986).
OLIGOCENE TO MIDDLE MIOCENE

BASIN DEVELOPMENT

Rapid subsidence occurred in the forearc basin during Oligocene and early Miocene
time, and more than 2,500 m (8,200 ft) of bathyal tuffaceous siltstone and arkosic
sandstone were deposited in axial parts of the basin. On the Oregon continental margin,
these strata are represented by tuffaceous siltstone of the Alsea Formation of Oligocene age
(Snavely and others, 1975) and the Nye Mudstone of early Miocene (Saucesian Stage) age
(Yokes and Snavely, 1948; Snavely and others, 1964). In the late Oligocene, high-energy
deltaic deposits of pumiceous coarse-grained sandstone, such as the Yaquina Formation
(Snavely and Wagner, 1963; Goodwin, 1973), were deposited in places along the eastern
margin of the basin. In the deep marginal Tofino-Fuca basin along the north side of the
Olympic Peninsula, more than 2,500 m (8,200 ft) of turbidite sandstone and siltstone of the
Makah and Pysht Formations were deposited from the Oligocene to the early Miocene
(Snavely and others, 1978, 1980a, 1986). The Makah Formation includes a major
submarine landslide deposit (the Jansen Creek Member) that is composed of sediments
derived from southern Vancouver Island (Niem and others, 1989). This basin shoaled in
the early Miocene, and nearshore coal, sandstone, and conglomerate of the Clallam
Formation were deposited (Gower, 1960; Addicott, 1976).
CONTINENTAL MARGIN MAGMATISM

Volcanic activity in the Cascade arc contributed large quantities of ash and pumiceous
tuff-breccia to the forearc basin. Cascade-derived Oligocene mudflow conglomerate and
thick (10 m) pumice beds occur as far west as the present coastline (Snavely and others,
1975). Near the late Eocene to middle Oligocene strandline, which lay near the present
foothills of the Oregon Cascade Range, andesitic and dacitic tuff-breccia and volcaniclastic
beds are complexly intercalated throughout much of the marine sequence.
In the central Oregon Coast Range, small volumes of highly evolved magmas were
erupted and intruded into the marine strata. Camptonites, nepheline syenites, and
ferrogabbros were emplaced between 34 and 30 Ma, roughly contemporaneous with the
end of major late Eocene dextral slip faulting along the Fulmar fault and related faults to the
east. This magmatism represents the final episode of rift-related magmatism in the Coast
Range.
DEFORMATION

Onshore deformation during the Oligocene and early Miocene occurred throughout
western Oregon and Washington, and was probably most intense in the Olympic
Mountains. K/Ar dating of low-grade metamorphic rocks from the Olympic core rocks by
Tabor (1972) suggests regional uplift at about 29 Ma. A mudflow unit of late Oligocene
age that contains olistostromal blocks of basalt and graywacke derived from the Olympic
core rocks provides evidence of this episode of uplift The unit can be traced intermittently
along the west side of the Olympic Peninsula from near Taholah northward to the Point of
the Arches, a distance of more than 100 km (62 mi) (Snavely, unpublished mapping).
However, in the Tofino basin along the north side of the peninsula, deposition appears to

have been continuous during the late Oligocene and early Miocene with lenticular channelfill deposits that contain conglomerate clasts derived from Vancouver Island (Snavely and
others, 1980a).
Along the central Oregon coast, two tholeiitic basalt units are interbedded with middle
Miocene sandstone and siltstone. The older the Depoe Bay Basalt is petrochemically
identical to the Grande Ronde Basalt, and the younger Cape Foul weather Basalt is
petrochemically identical to the Frenchman Springs Member of the Wanapum Basalt of the
Columbia River Basalt Group (Snavely and others, 1973). The Depoe Bay Basalt extends
more than 16 km seaward and was penetrated in several of the test wells at depths as much
as 2.5 km (1.5 mi) (Snavely, 1984). The Cape Foulweather Basalt, however, is restricted
to the inner shelf. Sills and flows of Depoe Bay Basalt are widespread in the northern
Oregon Coast Range and on the continental shelf (Snavely and Wells, 1984; Snavely and
McClellan, 1987; Niem and others, 1990). The stratigraphic and petrologic similarity
between the coastal basalts and correlative units on the Columbia Plateau led some workers
(Beeson and others, 1979) to suggest that the coastal basalts are invasive tongues of the
Columbia River Basalt Group that erupted on the plateau. This may explain most of the
coastal Miocene basalt outcrops, although it is hard to explain intrusions of Depoe Bay
Basalt into volcanic rocks as old as early Eocene in the central coastal area of Oregon
(Snavely and others, 1990a).
Regional uplift in the forearc basin in the early Miocene (about 20 Ma) restricted
marine deposition to the west flank of the Oregon Coast Range and the adjacent continental
shelf, and to the Coos Bay, Newport, Astoria, Grays Harbor, and Tofino-Fuca structural
embayments (fig. 1). Nearshore deltaic and strandline sandstone and siltstone deposits of
the lower and middle Miocene Astoria Formation (Cooper, 1981) grade westward into
predominantly bathyal siltstone in the deep marginal basin off Oregon (Snavely and others,
1982). Along the central and northern Oregon coast, the Astoria Formation rests on strata
ranging in age from late Eocene to early Miocene. In the deep marginal basin on the
Oregon continental shelf, seismic-reflection profiles and drill-hole data indicate that
sedimentation was virtually continuous, and siltstone strata correlative with the Nye
Mudstone and Astoria Formation form a single rock-stratigraphic unit (Snavely and others,
1980b).
On the Olympic coast, lower and middle Miocene thick-bedded sandstone and thinbedded siltstone and conglomerate of both shelf and bathyal depositional environments lap
onto Eocene melange and broken formation (Rau, 1975, 1979; Snavely and Kvenvolden,
1989). These deposits were intensely folded and faulted during plate convergence in the
late middle Miocene.
LATE MIDDLE MIOCENE TO PLIOCENE

Regional deformation occurred in western Oregon and Washington and on the
adjacent continental shelf in the late middle Miocene, between 15 and 10 Ma. Uplift of the
Coast Range-Olympic Mountains formed highland areas that were rapidly eroded and
supplied large amounts of clastic debris to elongate basins on the continental shelf. On the
Oregon inner shelf, strata as young as middle Miocene were folded and uplifted, truncated
by erosion, and subsequently downwarped and overlapped unconformably by upper
Miocene strata (Snavely and others, 1980b). Uplift was greatest on the Olympic
Peninsula, perhaps partly owing to isostatic uplift of the thick prism of melange and
broken formation that was subducted during late middle Miocene and partly owing to
northward motion of the Coast Range. Alternatively, Brandon and Calderwood (1990)
suggest that uplift of the core rocks may be a response to development of a flexure in the
subducting slab beneath the Olympic Mountains.
10

Figure 4. Geologic interpretation of 24-channel seismic-reflection profile, (USGS line WO77-11),
collected off the central Oregon coast near latitude 45 degrees. The family of east-dipping
thrust faults that form the fault propagation folds are considered to be normal faults that were
reactivated during late middle Miocene transpression. Symbols: Qh, Holocene; Qp,
Pleistocene; Tp, Pliocene; Tmu, upper Miocene; Tmm, middle Miocene; Tml, lower Miocene;
To, Oligocene; Te, late Eocene; small x's with symbol Tidb, basalt flow, with symbol Tim,
basalt sill; faults, half arrows indicate direction of movement on thrust faults, vertical strike-slip
faults, +, towards; -, away from reader. Vertical exaggeration approximately 2:2.

Normal faults on the Oregon shelf were reactivated as thrusts during late middle
Miocene transpression and formed a family of landward-dipping fault-propagation folds
(fig. 4). Although most folds were truncated by the late Miocene unconformity, movement
on some faults gently folded strata as young as Pleistocene.
BASIN DEVELOPMENT

In the late Miocene and Pliocene, episodic downwarping of a deep marginal basin off
Oregon was virtually continuous, and more than 2,000 m (6,560 ft) of sand and silt were
deposited. Upper Miocene and Pliocene deposits thinned against the eastern border of the
marginal basin and against older mid-shelf structural highs (Snavely and others, 1980b;
Clarke and others, 1981). Shelf basins formed landward of folded and thrust-faulted upper
Oligocene to upper middle Miocene melange welts. On the central and southern
Washington shelf, as much as 2,000 m (6,560 ft) of upper Miocene and Pliocene sediment
accumulated on a thick accretionary wedge of melange and broken formation of late
Oligocene(?) to late middle Miocene age (Rau, 1975, 1979; Snavely and Wagner, 1982).
The Miocene and Pliocene strata thin against growing anticlines or diapirs, the cores of
which consist of upper Oligocene to middle Miocene melange and broken formation.
Adjacent to these diapiric structures numerous unconformities, growth faults, and gravity
slides occur within younger strata, all of which likely reflect episodic uplift (fig. 5; also see
Snavely and Wagner, 1982).
Off northwest Washington and southern Vancouver Island, upper Miocene strata rest
unconformably on older Tertiary rocks (Shouldice, 1971; Snavely and Wagner, 1980).
11
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Figure 5. High-resolution (Uniboom) single-channel seismic-reflection profile (USGS line WO8018) across an asymmetric diapiric structure off the mouth of the Columbia River. Strata of
Pleistocene age onlap and thin against this growing structure. Marked unconformity on north
side of diapiric structure reflects episodic uplift of the core, which appears to be bounded by a
growth fault on its south side. Note fault near south side of profile that offsets uppermost
Pleistocene strata but not sea floor sediments. Vertical exaggeration approximately 12:1.

Although most strata of this age are restricted to the shelf, upper Miocene shallow-water
sandstone and siltstone occur in a small isolated basin along the west side of the Olympic
Peninsula in the lower Bogachiel River Valley (Rau, 1979), and in fault-bounded blocks
along the coast north of Taholah (Rau, 1970; 1975). Upper Miocene strata also crop out
on the southern Oregon coast near Coos Bay (Addicott, 1976; Armentrout, 1980).
In a filled trench along the base of the slope (fig. 6), about 3.5 km (11,500 ft) of
strata occur above an upper Miocene oceanic crust (Kulm and Fowler, 1974; Snavely and
others, 1980b; Carlson and Nelson, 1987; Snavely, 1987). From velocity analysis, it is
estimated that as much as half of this fill is of late Miocene and Pliocene age.
PLEISTOCENE TO HOLOCENE

Pleistocene and Holocene sediments extend across most of the continental shelf of
Oregon and Washington, and Neogene strata are exposed on the sea floor only on large
banks such as Stonewall, Heceta, and Nehalem (fig. 1; Kulm and Fowler, 1974; Snavely
and Wagner, 1980; Snavely and others, 1980b; Clarke and others, 1981; Carlson and
Nelson, 1987; Snavely and McClellan, 1987). These Quaternary deposits of fine sand and
silt are thickest (500 m; 1,640 ft) on the inner shelf and in basins between compressional
folds on the outer shelf and lower slope. Several unconformities occur within this
sequence, indicating episodic downwarping of the basins as well as uplift of diapiric
structures during deposition (fig. 5). On the abyssal plain, more than 1,800 m (5,900 ft)
of strata are most likely of Pleistocene and Holocene age (Kulm and Fowler, 1974; Snavely
and others, 1980b; Carlson and Nelson, 1987).
Pleistocene uplift of the Olympic Mountains and the Oregon and Washington Coast
Ranges shed coarse clastic debris that overwhelmed hemipelagic sediments along the
eastern flanks of the marginal shelf basin. Uplifted Pleistocene channel-fill deposits along
the coast are as much as 60 m (197 ft) thick and contain beds of peat (Snavely, 1948).
Glacio-fluvial sand and gravel from alpine glaciers in the Olympic Mountains and from the
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Figure 6. Geologic interpretation of a migrated 24-channel seismic-reflection profile (USGS line
WO76-5) across the lower continental slope of central coastal Oregon showing filled trench
deposits and a deformation front consisting of a family of fault propagation folds. Symbols on
depth sections are: Qu, Holocene; Qp, Pleistocene; Tp, Pliocene; Tmv, upper Miocene oceanic
crust; Tmo, Oligocene to middle Miocene melange and broken formation. Depth section in
lower panel, after Snavely and others (1987).

Fraser lobe (Easterbrook, 1969) of the continental ice sheet were deposited along the
seaward margin of the Olympic Peninsula and extend onto the inner shelf.
REGIONAL STRUCTURE
The convergent margin of Oregon and Washington consists of three major tectonic
elements (fig. 1): 1) the Coast Range terrane, an oceanic basalt-floored terrane which
comprises most of the onshore region between Vancouver Island and the Klamath
Mountains and extends westward beneath the inner continental shelf; 2) the Fulmar
terrane, a fault sliver on the outer continental shelf, possibly of continental derivation,
which is emplaced outboard of the oceanic terrane; and 3) the accretionary assemblage, an
imbricate structural complex of offscraped and underplated sedimentary packages that
makes up the continental slope and outer shelf. The structure and arrangement of these
13

terranes reflect a long history of oblique convergence during which margin-parallel strike
slip, oblique extension, and continental margin compression have all played a part. The
importance of dextral slip faulting along the Pacific Northwest convergent margin has only
recently been realized, with the discovery of offshore faults like the Fulmar fault (Snavely
and others, 1980b; Snavely, 1987) and abundant paleomagnetic evidence for clockwise
rotation of coastal regions (see Wells and Heller, 1988 and Wells, 1989 for summary).
COAST RANGE TERRANE

The structure of the Coast Range terrane is largely the result of the Paleocene to early
Eocene oblique rifting of the margin (fig. 2) which produced the oceanic basalt basement of
the terrane, and the subsequent Eocene compressional event which folded the basalts
against the continental margin. On the continental shelf, the tectonic boundary between the
tholeiitic basalt Coast Range basement and the pre-Tertiary continental rocks is exposed
near Roseburg in the southern Oregon Coast Range and at the southern tip of Vancouver
Island (fig. 1). At Roseburg, the Paleocene pillow basalts and overlying lower Eocene
turbidites are folded and thrust southeastward beneath pre-Tertiary accreted terranes
marginal to the Klamath Mountains (Baldwin 1974; Heller and Ryberg, 1983; Niem and
Niem, 1990). The northeast-trending folds and faults are unconformably onlapped by
gently dipping middle Eocene turbidites of the Tyee Formation, thus limiting the time of
compression to about 50 Ma. On Vancouver Island, lower Eocene tholeiitic basalts of the
Metchosin Formation are thrust to the northeast beneath the Leech River Schist along the
Leech River Fault (Clowes and others, 1987). The schist has a late middle Eocene K/Ar
cooling age of about 42 Ma, which has been interpreted as the time of accretion of the
oceanic terrane to the continent (Fairchild and Cowan, 1982). This age is much younger
than that inferred from stratigraphic relationships in the southern Oregon Coast Range and
Klamath Mountains and implies a complex tectonic history for the Oregon-Washington
continental margin.
The western boundary of the oceanic basement is the Fulmar fault on the outer
continental shelf of Oregon. It is presumed to extend at least 200 km (125 mi) north-south
on the basis of a linear aeromagnetic gradient (Bond and Zeitz, 1987) that Snavely and
others (1980b) interpreted to be the western edge of Coast Range basaltic basement.
Seismic-reflection profiles and offshore deep test wells (Snavely and others, 1982) confirm
that a steep fault separates lower Eocene oceanic basalt on the east from lower Eocene
quartzose tithic sandstone of continental source on the west. The Fulmar fault is interpreted
to be a major Eocene right-lateral strike-slip fault which formed the western margin of an
oblique pull-apart basin in which the Coast Range basalts were erupted (Snavely, 1987;
Wells and others, 1984). To the south, the fault intersects the coast south of Coos Bay just
north of Five Mile Point and is inferred southward into northern California either along the
Coquille River fault (Snavely, 1987) or on the continental shelf (Clarke, in press).
Interpretation of multichannel seismic-reflection profiles indicates that the fault extends
along the mid-shelf northward to about latitude 45° where displacement may have been
transferred inboard to a comparable fault bounding the eastern margin of the Coast Range
basement. However, the eastern boundary of the Coast Range basement is covered by
younger volcanic rocks of the Cascade arc.
DEFORMATION OF THE COAST RANGE-OLYMPIC TERRANE

Folds and faults that formed during accretion of the Coast Range basement to the
continent have systematic trends which have partly controlled the structural grain of later
deformation. Fold axes in uplifts of pillow basalt basement generally trend northeast in
Oregon and northwest in Washington, apparently reflecting subsequent greater clockwise
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tectonic rotation of Oregon (70 degrees) when compared to Washington (-30 degrees) (see
Wells, 1989 for a summary). Some of these transverse folds and related thrust faults have
been active into the late Cenozoic and possibly are boundaries for tectonically rotated
blocks (Wells and Coe, 1985). In southwest Washington, northwest-trending folds and
thrust faults extend eastward into the western Cascade Range where they deform rocks as
young as Miocene (Snavely and others, 1958; Walsh and others, 1987). In Oregon,
northeast-trending folds and boundary faults largely became inactive after Eocene time and
have been overprinted by Neogene north to northwest-trending faults and folds (Wells and
others, 1983; Niem and Niem, 1985; Snavely and others, 1990a). The northwest-trending
folds are compatible with moderate shortening of the forearc during oblique convergence of
the Farallon plate.
Late Cenozoic north-south compression of the Coast Range-Olympic terrane is
suggested by widely spaced, east-west reverse faults and related folds in rocks as young as
Quaternary. These structures include (among others), the Clallam syncline and parallel
tight asymmetric folds along the north flank of the Olympic Mountains (Brown, Gower,
and Snavely, 1960; Gower, 1960), the Doty-Grays River-Columbia River fault zone in
southwest Washington (Pease and Hoover, 1957; Snavely and others, 1958; McKee and
Wolfe, 1968; Wells, 1981) and the Cape Falcon fault zone in northwest Oregon (Niem and
Niem, 1985) that deforms middle Miocene flows of the Columbia River Basalt Group.
A coastal system of northwest-trending dextral faults and local conjugate northeasttrending sinistral faults is consistent with north-south compression of the OregonWashington Coast Range terrane (Wells and Coe, 1985; Niem and Niem, 1985; Wells and
others, 1983, Snavely and others, 1976a, b, c). However, the smooth increase in
clockwise rotation toward the coast (Wells, 1989) also suggests that the coastal region is
under dextral shear, probably as a result of long term oblique subduction along the plate
boundary. Block rotation is probably accommodated by the abundant west-northwest- and
northwest-trending sinistral faults mapped along the coast (eg. Wells and Coe, 1985;
Snavely and others, 1990a, b). These faults cut the youngest units (Pomona Member of
the Columbia River Basalt Group at 12 Ma) and commonly exhibit well developed
subhorizontal slickensides. Regionally significant dextral faults extend inboard into the
Yakima foldbelt just east of the Cascade arc (Toland and Reidel, 1989). Fault
displacements are difficult to determine, but the increase in tectonic rotation of the
Columbia River Basalt Group toward the plate boundary (fig. 7) suggests that cumulative,
post-15-Ma dextral slip may exceed 100 km (62 mi) between the coast and the unrotated
Columbia Plateau 300 km (185 mi) to the east (England and Wells, in press). Apparently,
much of the late Cenozoic margin parallel component of oblique subduction is being
converted to strike-slip deformation and northward transport of the continental margin.
Definitive evidence for north-south transpression during the Quaternary is
documented in road cut exposures along U.S. Highway 101 on the east side of Morse
Creek, 6 km (3.8 mi) east of Port Angeles. Here siltstone beds of the Oligocene Twin
River Formation are thrust northward over early(?) Pleistocene alpine drift (Brown and
others, 1960). This poorly bedded unit, which is overturned and dips about 40 degrees to
the south, in turn, is unconformably overlain by north-dipping (30-50 degrees) moderately
well-bedded sand, gravel, and till with scattered clasts of Oligocene siltstone eroded off the
fault scarp. Broadly channelized flat-lying deposits of Fraser outwash gravels
unconformably overlie the northward-dipping outwash and till unit. In the Strait of Juan de
Fuca, Wagner and Tomson (1987) used seismic-reflection data to map numerous westtrending folds and faults that involve sediments as young as Holocene. These structures
reflect deformation of a northward moving coastal block against the pre-Tertiary Vancouver
Island buttress (Snavely, 1987).
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Figure 7. Gockwise paleomagnetic rotations of Miocene Columbia River Group in Oregon and
Washington plotted on an east-west profile. Rotations increase westward from the Columbia
Plateau toward the plate boundary, implying a driving force acting along the plate boundary
(after England and Wells, in press).

The late Cenozoic north-south compression is compatible with compression axes
determined from present day crustal earthquakes and well bore breakouts in the Pacific
Northwest (Ludwin and others, in press; Zoback and Zoback, 1989; Wemer and others, in
press) and suggests growing influence of the Pacific plate during late Cenozoic deformation
of western Oregon and Washington (Spence, 1989).
FULMAR TERRANE

The composition and extent of the Fulmar terrane can only be inferred from the
seismic, aeromagnetic, and deep well data. It is thought to be a continental fragment that
has been displaced northward outboard of the Coast Range oceanic basement. It may
represent a piece of southern Oregon or northern California emplaced during regional
dextral slip faulting along the continental margin. The Fulmar fault conforms to a regional
pattern of latest Cretaceous to Eocene right-lateral faulting throughout the Pacific Northwest
(Davis and others, 1978; Ewing, 1980; Tabor and others, 1984) and northern California
(Blake and Jayko, 1986). Displacement on the Fulmar fault may be at least 200 km (125
mi) based on the northward extent of the outboard Fulmar terrane; however, geochemical
similarities between Coast Range basalts and time-equivalent lower Eocene tholeiites from
the allochthonous Yakutat block in the Gulf of Alaska (Davis and Plafker, 1986) suggest
that larger displacements may be possible. Movement along this fault is contemporaneous
with the formation of the Kula Plate and its rapid northward motion with respect to North
America (Engebretson and others, 1985). The late Eocene end of motion on the Fulmar
fault may correlate with the demise of the Kula plate at about 43 Ma, or it may record the
northward migration of the Kula-Farallon-North America triple junction along the continen16

tal margin. More head-on convergence of the Farallon plate may have ended large-scale
transcurrent motions and caused thrusting of the marginal basin floor and its sedimentary
cover beneath the continental margin. The younger apparent ages for accretion of the
oceanic basement in southern Vancouver Island may reflect progressive accretion of the
marginal basin to the continent in the wake of the northward moving triple junction.
ACCRETIONARY WEDGE TERRANE

An imbricate stack of thrust-bounded packages of highly deformed Cenozoic
sedimentary rocks forms the outermost tectonic belt of the Oregon-Washington convergent
margin (see fig. 6 for example). The majority of this assemblage is offshore and its
structure is inferred from seismic-reflection profiles and a few deep test wells. However,
in the Olympic Mountains, the accretionary assemblage comes onshore where it can be
studied with traditional field techniques (see for example, Stewart, 1974; Tabor and Cady,
1978a; Tabor, 1975; Rau, 1975, 1979; Snavely and others, 1986; Snavely and
Kvenvolden, 1989).
The subduction complex of the Olympic Mountains forms the core of a broad
anticlinal uplift in which imbricate packages of Eocene to Miocene turbidite rocks are thrust
beneath Crescent Formation basalts of the Coast Range oceanic basement (fig. 1). The
boundary between the oceanic basement and the accretionary wedge is a major thrust fault
which juxtaposes middle(?) Eocene melange and broken formation of the Needles-Gray
Wolf assemblage to the west against coherent strata of the peripheral rocks to the east
(Tabor and Cady, 1978a; Snavely and others, 1986; Brandon and others, 1988).
Reflection and refraction profiles interpreted from the Canadian Lithoprobe program
indicate that these Eocene strata underplate the lower Eocene Metchosin Formation and preTertiary rocks on southern Vancouver Island (Clowes and others, 1987). The thrust
bounded sedimentary assemblages are younger to the southwest, with the upper Oligocenelower Miocene rock assemblage exposed along the coast (Rau, 1975; 1979; Snavely and
Kvenvolden, 1989). In the northwest Olympic Mountains, two coherent terranes have
been thrust beneath the Crescent Formation basalts in the late middle Eocene the Ozette
terrane and the pre-Tertiary Point of the Arches terrane (Snavely and others, 1986).
TECTONIC UNDERPLATING

Geologic mapping in accretionary assemblages of the western Olympic Mountains
(Snavely and others, 1986, 1989; Snavely and Kvenvolden, 1989) and interpretation of
seismic profiles on the Vancouver Island margin (Clowes and others, 1987; Davis and
Hyndman, 1989; Snavely and Wagner, 1981), on the Washington shelf (Snavely and
Wagner, 1982), and on the Oregon continental slope (Snavely and others, 1985, 1987)
indicate that strata ranging in age from middle Eocene to Pliocene have underplated older
rocks along the convergent margin.
Reconnaissance geologic mapping along the west side of the Olympic Peninsula and
interpretation of seismic profiles and subsurface data in Pan Am well P-0141 on the shelf
led Snavely and Kvenvolden (1989) to speculate that the middle to upper Eocene Calawah
melange and broken formation underplates the lower and middle Miocene Hoh melange
along the coast. Farther south on the mid shelf off Grays Harbor, the upper Oligocene and
middle Miocene Hoh melange is interpreted from seismic-reflection profiles to underplate
upper(?) Miocene and younger strata along a master shear zone or decollement as shown in
figure 8. On the inner shelf, however, the upper Oligocene and middle Miocene melange
appears to underplate middle Eocene basalt(?) and middle and upper Eocene(?) strata as
shown on the eastern part of the profile. Diapiric structures, which originate from
overpressured melange developed below this megashear intrude the overlying upper(?)
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Miocene and Pliocene strata (fig. 8). A land-sea geologic cross section just south of Grays
Harbor (Snavely and Wagner, 1982) also shows that the upper Oligocene and middle
Miocene melange underplates older rocks near the coastline and may extend eastward
beneath Grays Harbor basin.
FAULT PROPAGATION FOLDS AND BLIND THRUSTS

Northeastward oblique subduction of the Juan de Fuca plate has shortened the postupper Miocene(?) strata of the accretionary wedge to produce a group of fault propagation
folds. These fault-bounded folds are well imaged on seismic profiles across the
deformation front along the continental slope of Oregon and Washington. In Oregon, the
vergence of these thrusts is eastward, whereas along the Washington slope the vergence is
westward (Snavely, 1987). The change in the direction of vergence occurs just south of
the Columbia River.
A west-trending multichannel seismic-reflection profile across the deformation front
at the base of the slope off the mouth of the Columbia River (fig. 9) was generously made
available to Snavely by Exxon Company, U.S.A. for inclusion in this report. This profile
clearly images a group of fault propagation folds on the continental slope in strata of
Pliocene and early (?)Pleistocene age. This fold-thrust belt is interpreted to be underplated
by an eastward thickening melange wedge of late Oligocene to late Miocene age. The
decollement between the Pliocene and Pleistocene sequence and the melange is sharply
defined and truncates folds and faults in the upper plate. Most likely truncation of upper
plate structures was by processes of subduction erosion as defined by Scholl and others
(1980). The melange wedge overlies the gently dipping (~3 degrees) subducting Juan de
Fuca plate that can be traced from the base of the slope eastward for about 55 km (35 mi).
The thrust faults on the lower slope dip eastward, whereas the youngest thrust at the base
of the slope at the west end of the profile dips westward. Snavely (1987) speculated that
the change in direction of vergence of thrust faults along the continental slope of Oregon
and Washington may have been controlled by the slope of the backstop against which the
melange wedge accreted. A steep backstop is inferred to result in seaward vergence,
whereas a gently dipping backstop resulted in landward vergence. On figure 9, the steep
backstop formed by the strike-slip(?) fault near the eastern end of the profile produced
thrusts with seaward vergence, whereas the gentle dipping backstop along the base of the
slope produced the landward vergence of the westernmost thrust.
Fault propagation folds also occur inboard of the accretionary wedge on the Oregon
continental shelf where numerous blind-thrusts offset rocks as young as middle Miocene
(fig. 4). These blind thrusts die out in fault propagation folds, some of which gently warp
strata as young as Pleistocene. One such fold in the deep marginal basin off central Oregon
was the exploration target for the Standard-Union, Nautilus P-0130 well (Table 1), drilled
in 1964 (Snavely and others, 1980b; Snavely, 1987).
Critical to the timing of formation of the blind thrusts and other structures on the
continental shelf are widespread subaerial basalt flows of middle Miocene age (~16 Ma)
assigned to the Depoe Bay Basalt (Snavely and others, 1973). These rapidly erupted flows
can be traced westward from the coast over a wide area of the Oregon continental shelf
(Snavely and Wells, 1984) and probably flowed onto the shelf from coastal vents during a
global eustatic low stand (between cycles 2.3 and 2.4 of supercycle TB2 of Haq and
others, 1987). Therefore, using the Depoe Bay Basalt flows as a time horizon, an episode
of major transpressional tectonics that occurred on the Oregon continental margin can be
documented in post-middle Miocene time and prior to the regional unconformity at the base
of upper Miocene strata (about 10.5 m.y.). In addition, middle Miocene basalt sills and
dikes are common both onshore and offshore (Niem and others, 1990).
18

w

0

9
2 MILES

4 KILOMETERS

Figure 8. Interpreted time-section of migrated multichannel seismic-reflection profile on the continental shelf off Grays Harbor, Washington.
The upper Oligocene and middle Miocene Hoh melange is inferred to underplate broadly folded strata of late Miocene and Pliocene age.
Near the eastern edge of the profile, the Hoh melange appears to underplate middle(?) Eocene basalt and upper Eocene(?) strata.
Symbols: Qp-Qh, undivided Pleistocene and Holocene sediments; Tmu-Tp, undivided upper Miocene and Pliocene strata; Tes, upper
Eocene strata; Tev, middle Eocene basalt Open arrows show direction of tectonic underplating.
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Several seismic profiles that cross the upper continental slope also indicate that the
shelf margin has collapsed along west-dipping listric faults (fig. 8). Narrow extensional
half-graben basins bounded by these faults have been progressively infilled with upper
Miocene(?) and Pliocene(?) sediments (Snavely and McClellan, 1987). Unconformities
between these sequences most likely reflect episodes of downslope movement along basinbounding listric faults owing to sediment loading.
NEOTECTONICS

The intense deformation recognized in Cenozoic strata of the Oregon-Washington
convergent margin clearly records a prolonged history of episodic tectonism along the
active plate boundary. The numerous unconformities on growing structures, the record of
giant modern and ancient submarine slides such as the Jansen Creek Member of the
Oligocene Makah Formation (Snavely and others, 1980a; Niem and others, 1989), and
abundant debris flows in basin filling sequences all infer a past history of seismic events.
There is ample evidence that this episodic deformation continues in the Quaternary.
OFFSHORE STRUCTURES

Seismic-reflection profiles across the deformational front along the continental slope
of Oregon and Washington show that episodic underthrusting of the Juan de Fuca plate
beneath the North American plate has produced a series of north- to north-northwesttrending, elongate, en enchelon anticlinal ridges bounded by thrust faults (Silver, 1972;
Carson, 1977; Snavely and others, 1980b; Snavely, 1987). These ridges have bathymetric
expression and uplift Pleistocene abyssal sediments as much as 1,100 m (3,600 ft) (Byrne
and others, 1966; Carson and others, 1974; Kulm and Fowler, 1974; Snavely and others,
1980b; Snavely and Wagner, 1981; fig. 6, this report).
The profile off central Oregon (fig. 6) indicates that two lower slope basins formed
landward of anticlinal folds in Pleistocene strata. The larger basin, which is near the base
of the upper slope, contains as much as 800 m (2,625 ft) of Quaternary sediments and an
unconformity within these basin deposits, thus indicating two distinct periods of uplift of
the fault propagation fold that bounds the basin on the west. Along the axis of the deep
marginal shelf basin off central Oregon, numerous unconformities occur in the Neogene
sequence. Of particular interest is the fact that the sea floor itself is also downwarped along
the axis of the basin. A family of north-trending faults along the east margin of the basin
offsets the sea floor and coastal terrace deposits. We speculate that transpression across the
basin episodically was relieved along this set of faults to produce the stacked
unconformities along the axial part of the basin (fig. 10).
Other recent deformation on the Oregon shelf suggests a complex relationship
between normal faulting and growth of diapirs. A high-resolution line (fig. 11) on the
inner shelf off northwest Oregon shows a broad 2-km (1.2 mi) -wide uplift of Pliocene(?)
strata capped by a group of pinnacle-like features that rise 5-15 m (16-50 ft) above the sea
floor. Observations during a submersible dive by L.D. Kulm, Oregon State University
(written commun., 1988), indicate that the walls of these features are nearly vertical and
rock fall debris is not present on the intervening flat floors. Also, there apparently is little
evidence of erosion that could have carved this topography, and the surface of some blocks
have vertical striations (slickensides?). A multichannel profile across this pinnacle-crested
fold indicates that this feature is a faulted diapiric structure bounded on the east by a normal
(growth) fault. Our interpretation is that the crest of this diapir has been subjected to
extension over the 2 km (1.2 mi) fold, resulting in the development of horst and graben
structures along the crest of the fold. The lack of significant erosion on the walls of these
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Figure 9. Migrated multichannel seismic-reflection (profile provided by Exxon Co. USA) across the deformation front on the
lower continental slope off northwest Oregon. The fold-thrust belt of uplifted abyssal strata of Pliocene and early Pleistocene
age is underplated by an eastward thickening accretionary prism of late Oligocene(?) and Miocene age. The top of the
subducting Juan de Fuca can be traced from the base of the slope eastward for about 55 km (35 mi). Symbols: Qu,
undifferentiated Quaternary sediments; Tp -Q, Tertiary-Quaternary undifferentiated; Tp, Pliocene strata; Tmu, upper Miocene
strata; Tmv, Miocene oceanic basalt.
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Figure 10. High-resolution seismic-reflection profile extending westward just south of Newport,
Oregon across the axis of the deep marginal basin on the inner shelf. Note the stacked
unconformities along the basin axis due to episodic periods of downwarping. The seafloor also
appears to be downwarped, indicating a present transpressional regime. A 3.5-km (2.2 mi) wide zone of faulting is present along the eastern margin of the basin. These north-trending
faults are interpreted to be dextral strike-slip faults along which the northeast to southwest
transpression was released, perhaps resulting in the small magnitude earthquakes along this
segment of the Oregon coast.

blocks and the fact that they have been uplifted above the level of the surrounding flat
erosion surface, which most likely was beveled during the late Pleistocene low stand of sea
level, all point to recent uplift and attendant tensional faulting.
Multichannel seismic-reflection profiles off southern Vancouver Island are similar to
those off Oregon, in that sediments of the Cascadia basin have been uplifted as much as
600 m (1,970 ft). The seaward segment of a profile (fig. 12) that crosses the base of the
slope clearly shows a major northeast-dipping thrust fault (fault A) that uplifts virtually the
entire section of strata above upper Miocene oceanic crust. Fault A is overlain by a small
basin which contains about 120 m (400 ft) of Holocene and upper Pleistocene(?)
sediments. The 120 m (400 ft) section of sediment that overlies thrust fault A indicates that
this fault has been inactive since late(?) Pleistocene time. Thrust fault B, which lies
seaward (southwest) of the principal thrust fault A, also is overlain by a thick sequence of
late Pleistocene and Holocene sediments. As the imbricate thrust faults along the outer
shelf and slope of Oregon and Washington have migrated seaward with time, the next
major displacement may be along fault B. This relation of late Pleistocene sediments
deposited over the trace of thrust fault A in figure 12 and folded or tilted unconformities in
lower slope basins (fig. 6) suggests episodic rather than continuous underthrusting at the
base of the continental slope.
ONSHORE FEATURES

Major landslides such as those in the Olympic Mountains that divided ancient Lake
Crescent into the present two lakes-Lake Crescent on the west and Lake Sutherland on the
east (Brown and others, 1960; Tabor, 1975)~may have been initiated by a seismic event
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Figure 11. West-trending high-resolution seismic-reflection profile across the inner shelf of northwest Oregon, just south of the Columbia
River. The broad diapiric fold in the western part of the profile is capped by pinnacle-like features that rise 5 to 15 m (16-50 ft) above the
sea floor. These recent features are considered to be horst and graben structures resulting from extension across the crest of the fold.
The flat erosion surface that truncates dipping early(?) Pleistocene strata was most likely formed during the late Pleistocene low stand of
sea level.
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Figure 12. Twenty-four channel seismic-reflection profile, USGS line 80-7, across the abyssal
plain and lower slope off southwestern Vancouver Island, B.C. Landward-dipping thrust fault
A has folded and uplifted Pleistocene and Pliocene abyssal sediments approximately 700 m
(2,300 ft) thick. This fault apparently has been inactive during the Holocene, because deposits
of Holocene age in the small basin south of the thrust fold are not offset by fault A. Fault B,
southwest of fault A, indicates that the deformation front at the base of the slop is migrating
seaward. Velocities in km/sec are based on sonobuoy refraction data. M, indicates sea-floor
multiple. Vertical exaggeration is approximately 3:1, based on sea-water velocity.

during late Holocene time. A Quilleute Indian legend purports that during a great battle
between the Clallam and Quilleute Indians, Mount Storm King (on the south side of Lake
Crescent) became angry and took a great piece of rock from his crest and hurled it down the
valley, killing all who were fighting (Tabor, 1975). Although the debris that forms the
older and major landslide came largely from the north, a large slide also originated from the
ridge just east of Mount Storm King (Brown and others, 1960). The youthful nature of the
older landslide, which is indicated by the lack of a thick soil zone on the landslide debris
and hummocky topography with closed depressions that contain little recent fill, suggests
that the older slide may have occurred relatively soon after the melting of the ice lobe that
occupied the Lake Crescent-Lake Sutherland valley. Studies on the Lake Crescent
landslide dam by Logan and Schuster (1991), support a Holocene age for the landslide.
They report a 500-550 year old tree growing on rocks that form the dam. A submerged
tree on the west side of the older landslide, apparently in an upright (growth) position in
Lake Crescent, has a 14C age of 350 years (Snavely, 1987). However, this tree was
probably transported into the lake by the younger slide, perhaps the one witnessed by the
Indians.
Pleistocene and Holocene faults are present along the coastal zone and on the
continental shelf. In the western part of the Olympic Peninsula, late Pleistocene glacial drift
is sheared and technically interleaved with siltstone beds of Eocene age (Snavely, 1983).
North of Ozette Lake, a Holocene soil zone on upper Pleistocene outwash gravels is offset
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as much as 2 m (6.5 ft). To the southwest, on the continental shelf off Grays Harbor,
Washington, sea floor sediments are offset about 7 m (23 ft) by a "trap-door" type of fault
(Snavely and others, 1977). On the inner shelf and coastal zone of central Oregon, a 75km (47 mi) -long north-trending zone of steeply dipping normal faults offsets Holocene(?)
sediments (Snavely and others, 1980b); onshore these faults offset upper Pleistocene
marine-terrace deposits (Snavely and others, 1976a, b). These faults are downthrown to
the east toward the uplifted Coast Range rather than toward the basin, as one would expect
for seaward-verging thrust faults or gravity faults. Several earthquakes with modified
Mercalli intensities of HI to IV have occurred in the vicinity of Newport (Berg and Baker,
1963) and may have been generated by movement along faults within this zone.
EARTHQUAKE POTENTIAL

Although present seismic activity is low along the continental margin of Oregon and
Washington, this region lies along a major subduction zone where the Juan de Fuca and
North American plates are converging at 3.5 cm (1.4 in. per year) (Riddihough, 1977). In
most subduction zones, episodic strain release has generated large earthquakes (Plafker,
1972; Kanamori, 1977; Heaton and Kanamori, 1984), but the absence of a well-defined
megathrust along the Washington and Oregon convergent margin has perplexed geologists
and seismologists. They have proposed several models to account for the seismically
quiescent plate boundary:
(1)

Convergence has ceased between the Juan de Fuca and North American plates.

"(2)

Convergence is occurring along the plate boundaries, but is aseismic because a
young, warm, plastic oceanic crust is being subducted with ductile rather than
brittle deformation of the plate boundary.

(3)

The Juan de Fuca and North American plates presently are strongly coupled
forming a seismic gap along this segment of the Northeast Pacific.

Geodetic measurements by Savage and others (1981) indicate that crustal strain is
accumulating in the Puget Sound area and has an average principal direction of contraction
of N 71° E ± 6°. This direction of contraction is in general agreement with the N 50° E
direction of relative motion between the Juan de Fuca and North American plates. It also
agrees closely with the direction of tectonic transport during the late middle Miocene period
of plate convergence, as deduced from drag-folds in the upper plate of the Ozette thrust
fault in the northwesternmost part of the Olympic Peninsula (Tm, fig. 3; Snavely and
others, 1986).
Landward tilting in the Oregon and Washington Coast Range and the Olympic
Peninsula has been documented by using tide gauges and by geodetic leveling of uplifted
marine terraces (Adams, 1984). This landward tilt and crustal shortening shown by thrust
faults and folds on the outer shelf and slope of Oregon (Kulm and Fowler, 1974; Seely,
1977; Snavely and others, 1980b; Snavely, 1987) and on the slope, continental shelf, and
coastal zone of Washington (Silver, 1972; Carson, 1977; Snavely and Wagner, 1982; Rau,
1975, 1979; Snavely and others, 1986; Wells, 1989), is characteristic of many other
subduction zones where major thrust earthquakes have occurred.
Detailed stratigraphic studies of buried late Holocene estuarine deposits in
westernmost Washington led Atwater (1987) to conclude that coseismic subsidence is
responsible for their burial. At least six episodes of coseismic subsidence may have
occurred in the last 7,000 years. Individual episodes of subsidence extended for many tens
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of kilometers along the coast and at least 30 km (18.6 mi) inland and implies large Cascadia
subduction zone earthquakes. Similar investigations of coastal salt marshes in Oregon by
Peterson and Darienzo (1988) have established late Holocene episodic tectonic subsidence
that is interpreted as evidence of abrupt strain release and intervening gradual strain
accumulation along the southern Cascadia margin during the last 3,500 years.
The episodic subsidence of coastal lowlands and the evidence for episodic thrust
faulting along the deformation front may both reflect intermittent coupling between the Juan
de Fuca and North American plates. Presently, the thrust interface may be strongly
coupled and elastic strain may be accumulating across the continental margin (Heaton and
Kanamori, 1984). Based upon their interpretation of earthquake focal mechanism data,
Weaver and Smith (1983) also concluded that the subduction zone is locked Since there is
no historic record of large shallow earthquakes along the subduction zone, a 900-km (560
mi) -long seismic gap seems to be present along the subduction zone off Oregon and
Washington the most remarkable gap to be found in the Circum-Pacific seismic belt
(Heaton and Kanamori, 1984). Despite the fact that present-day seismic activity is low, the
potential for a major subduction-type earthquake cannot be discounted.
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