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ABSTRACT

The evolution of the tectonic style within the Portland Basin can have a profound impact on earth-
guake hazards of the region. Modern seismicity in the region and probabilistic hazards maps for
the region show that the greatest regional risk for earthquakes lies in the upper crustal faults. A
seismic reflection profile along the Columbia River through the Portland/Vancouver metropolitan
area reveals new insights into the tectonic and depositional history of the Portland Basin. The
basin contains 500 m of late Miocene to Recent fine to coarse-grained sediments that lie on top of
Miocene-age Columbia River Basalts that tilt to the southwest. The Portland Basin appears to
have two active basin margins, the Frontal Fault zone to the northeast, and the Portland Hills fault
zone to the southwest. The Frontal Fault appears on the east-west and north-south seismic pro-
files, and if connected, suggest the fault may be regionally significant. The seismic reflection
results document a fundamental shift in tectonic activity occured prior to the deposition of
Plioence-age Troutdale gravels but after emplacement of Miocene-age Columbia River Basalts.
The basin appears to have tilted westward, in part due to the uplift of the Cascade volcanic range
less than 5 Ma. The Portland Hills fault zone acts as a backstop to the Cascade inflation and has
produced more than 750 m of vertical offset. Fault activity continues on both the Frontal Fault
and the Portland Hills Fault to accomodate the continued broad uplift to the east and clockwise
crustal rotation. Vertical slip rates on the Frontal fault zone are roughly half that of the Portland
Hills fault zone. Since the preexisting fault trends are oblique to the orientation of the Cascade
Range, wrench-style faulting that appears along the southern portion of the Portland Hills fault
may be related to Cascade uplift.

INTRODUCTION

In 1980, a 500 km long seismic reflection profile was acquired on the Columbia River from off-
shore to the confluence of the Snake River for the purposes of oil and gas exploration. A subset of
this dataset extends through the Portland, Oregon and Vancouver, Washington metropolitan area
and crosses the central portion and the northern and eastern margins of the Portland Basin.
Recent high-resolution geophysical studies, in conjunction with an excavation trench, document
fault-related deformation on modern sediments across the Portland Hills fault on the southwest
margin of the Portland Basin, thus classifying the Portland Basin as active. Other studies suggest
that the northeast basin margin may also be active, but no direct evidence to date appears. | repro-
cessed the seismic reflection profile to characterize the northeast margin of the Portland Basin and
also to determine the structural and depositional style for the entire basin. Earthquakes from shal-
low crustal faults can produce severe ground shaking. Therefore, a detailed characterization of
potentially active structures should help assess the hazards related to earthquakes in the Portland/
Vancouver metropolitan area.

GEOLOGIC AND TECTONIC SETTING

The Portland Basin lies at the center of Cascadia (Figure 1), an active convergent margin and vol-
canic arc in the Pacific northwest that is responding to oblique subduction of the Juan de Fuca
plate beneath the North American plate. Within Cascadia, along-strike forearc blocks divide tec-
tonic domains of varying crustal thickness. The Washington/Oregon border west of the Cascade
volcanic arc roughly separates the Oregon forearc block to the south from the Washington forearc
block to the north (Wells et al., 1998). The Oregon forearc block has rotated clockwise about 1.5
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degrees/m.y. throughout the Cenozoic (Magill et al., 1982; Wells et al., 1998) and is underlain by
a relatively thin crust (Trehu et al., 1994). The crustal thickness increases to the north below the
Washington forearc (Trehu et al., 1994) with evidence of compression and uplift due to the Cana-
dian Coast Mountain backstop inhibiting a northward block migration (Wells et al., 1998).

The Portland Basin is a northwest-trending structure that appears at the transition between the
Oregon and Washington blocks. Past studies describe the region as a pull-apart basin that may
have formed in response to the transfer of strain between basin bounding faults (Beeson et al.,
1985; Yelin and Patton, 1991). Northwest-striking faults control the region that, on the basis of
geologic relations, earthquake focal mechanisms, and potential field anomalies, have right-lateral
strike-slip displacement (Beeson et al., 1985, 1989; Beeson and Tolan, 1990; Yelin and Patton,
1991, Blakely et al., 1995; 2000). In addition to strike-slip motion on regional faults, Yelin and
Patton (1991) showed that the 196, B12 Portland earthquake, perhaps associated with a fault

along the northeast basin margin, contained a significant extensional component. Madin and
Hemphill-Haley (2001) and Liberty et al. (2003) documented significant shortening of modern
sediments along the Portland Hills fault in Portland Basin (Figure 1). Beeson et al. (1985)
showed that, based on geologic mapping and borehole information, the Portland Basin has been
active prior to the emplacement of Miocene CRB volcanic rocks, thus burying and displacing the
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FIGURE 1. Topographic and cultural map from the Portland/Vancouver metropolitan area.
Seismic Line 1 (blue) and Line 2 (yellow), Portland Hills Fault=PHF, FF=Frontal Fault, LL/
SRF=Lackamas Lake/Sandy River Fault. Inset map- Topographic map of the Pacific northwest
with seismicity since 1973.
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Eocene accreted oceanic terrane rocks that form the basement of the region (Snavely et al., 1968).
The observed structural style in the region is consistent with a complex tectonic system that has
likely evolved from Eocene to the present.

The northeast boundary of the Portland Basin is likely controlled by the Sandy River-Frontal fault
zone (e.g., Beeson et al., 1985; Yelin and Patton, 1991, Blakely et al., 1995), though offsets on
this fault boundary have not previously been documented. The southwest boundary of the Port-
land Basin is controlled by the Portland Hills-Clackamas River fault zone (e.g., Beeson et al.,
1985; Blakely et al., 1995; Wong et al., 2001) that may include the Oatfield and East Bank faults
(e.g. Wong et al., 2000). Although much attention lately has been paid to the Portland Hills Fault
(e.g., Blakely et al., 1995; Pratt et al. 2001; Wong et al., 2001) due its proximity to downtown
Portland (Figure 1) and recent studies suggesting the fault is active (Madin and Hemphill-Haley,
2001; Liberty et al., 2003), little is known about the spatial and temporal characteristics of any of
the mapped faults in the region and whether the mapped faults are the complete suite of seismic
hazards for the region.

The surface topography of the region was reset with the introduction of more than 200 m of
Miocene CRB volcanic rocks (Newton, 1969). The 16-12 Ma CRB flows blanketed the region
after entering the Portland/Vancouver region along the ancestral Columbia River (Hooper, 1982;
Beeson et al., 1985, Tolan et al., 1989). The basin then filled with more than 500 m of late
Miocene to Pliocene age fine-grained sediments, Pliocene-Pleistocene age coarse-grained depos-
its, and modern coarse- and fine-grained channel fill and overbank flood deposits (e.g., Trimble,
1963; Swanson et al., 1993; Yeats et al., 1996). The late Miocene-Pliocene sediments are mostly
fine-grained mudstones of the Sandy River Formation with interfingered sandstones and cemented
gravels of the lower Troutdale unit dated at 12-4 Ma (Tolan and Beeson, 1984). The Sandy River
mudstones are more predominant in the western portion of the Portland Basin, while the coarse-
grained fluvial sediments appear more toward the eastern portion of the basin (Trimble, 1963),
consistent with a lacustrine environment grading into a fluvial environment from west to east
across the basin. Late Miocene and Pliocene sediments also appear on the adjacent Portland Hills
at an elevation of 250 m above the basin surface. The upper Troutdale formation, dated at 4-2 Ma
by Tolan and Beeson (1984), contains mostly volcaniclastic conglomerates shed from the Cascade
Range and CRB deposits. Eruptions from the Boring lava (0.25-3 Ma) overlie the upper Trout-
dale gravels and appear throughout the Portland Basin with ages that young to the northwest
(Fleck et al., 2002). The Portland Basin is capped with up to 30 m of reworked silts, clays, and
sands that reset the surface topography during the 12-15 ka Missoula flood events (Waitt, 1985).

SEISMIC REFLECTION SURVEY

Data Acquisition and Processing

The seismic reflection data were acquired on an industry seismic vessel using 16 airguns totalling
600 cu in (4600 psi). A 25 m shot interval and a 24-channel streamer (20 hydrophones per group)
with a 25 m group generated offsets from 255-830 m behind the airgun array. Both the airgun and
streamer arrays were deployed at 6 m depth. Seismic data were recorded for 6 seconds at a 2 ms
sample rate with a 5-128 Hz analog filter. Data quality from the shot gathers is highly variable.
Although the relatively large airgun array should provide adequate energy to image bedrock
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depths of 500 m, a intermittent high-velocity water bottom associated with cemented Troutdale
gravels limit recorded offsets and reduced subsurface imaging capabilities.

In a typical marine environment, a 24-channel streamer can adequately image the subsurface
geology at a range of depths. Marine seismic generally is acquired with water depths of a few
hundred meters and imaging targets of hundreds to thousands of meters below the water bottom.
In this survey, 16 airguns and streamer offsets with 255-830 m should provide adequate depth and
offset coverage to perform a reasonable velocity analysis for typical marine sediments. Unfortu-
nately, the acquisition design was not ideally suited to image a basin containing relatively high-
velocity sediments in the upper few hundred meters below a very shallow water bottom. Water
depths along the Columbia River in the Portland/Vancouver metropolitan area range from 5-20 m.
The primary imaging target for neotectonic studies is the geology of the upper 500 m of the Port-
land Basin containing both a sedimentary and volcanic rock sequence.

Figure 2a shows a 5 layer velocity model that is consistent with sediments overlying a volcanic
basement. A large velocity step correlates with the top of the volcanic rock sequence at 450 m
depth. Figure 2b shows a synthetic shot record calculated with a finite-difference acoustic algo-
rithm (Kelly et al., 1976) ranging in offsets from 5-830 m and a peak frequency of 50 Hz. The
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FIGURE 2. a) Seismic velocity model representing sediments from the Portland Basin. Interface at 450 r
depth represents the sediment/CRB contact. b) Synthetic shot gather from (a). Highlighted area on b-f
represent the recorded offsets from the reprocessed seismic data c) NMO corrected shot gather showir
reflections and noise resulting from the NMO process. d) 50 percent stretch mute, e) 100 percent stretc
mute, and f) 200 percent stretch mute. Note the trade-off between additional noise on the NMO gather
and muted reflections within the highlighted region.
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highlighted area within Figure 2b shows the offsets consistent with the survey (255-830 m). Fig-
ure 2c shows the gather with normal moveout (NMO) corrections applied. Note that reflections in
the upper 150 ms (100 m) do not appear within the highlighted region representing the recorded
offsets of the seismic data and roughly half of the data window contains noise (NMO corrected
head waves and numerical noise). Figure 2d shows the NMO corrected gather with a stretch mute
of 50 percent applied to the shot gather after NMO corrections. Stretch mutes remove the effects
of a changing wavelet produced by applying NMO corrections (Sheriff, 2002) and are required to
avoid stacking traces with large variations in frequency content generated via data processing.
Stretch mutes for a typical marine dataset range from 30 to 50 percent, but larger stretch mutes
must be used if only long offsets are present (Yilmaz, 1987). In fact, long offsets may be benefi-
cial to attenuate multiples. In the case of imaging targets within the Portland Basin where near
offsets were not recorded, | retained the long offsets to include as much of the near-surface signal
as possible, even though frequency distortion and low fold resulted in the upper few hundred
meters of the stacked section. The stretch mute of 50 percent in Figure 2d shows that reflections in
the upper 150 ms are not present. Figure 2e and 2f show the results of 100 and 200 percent stretch
mutes respectively. Figure 2 shows that more reflection signal is included with an increase in per-
cent stretch mute, but stretch mutes beyond 100 percent actually include more coherent noise in
the NMO corrected gathers, do not provide additional reflection information in the upper 150 ms
of the gather, and may actually degrade the final stack. | selected a stretch mute of 100 percent to
retain the near-surface signal, with an understanding that a shift in frequency content and very low
fold grades into a low confidence geologic region in the near-surface section.

| processed the seismic data using Landmark’s ProMAX seismic data processing software. Due
to the irregular shipping channel along the Columbia River in the Portland/Vancouver metropoli-
tan area (Figure 1), | used a crooked line geometry to account for the variation in position of the
airgun and streamer array along the Columbia River to provide a more accurate bin for velocity
analysis and stacking. Since detailed positions of the streamer were not provided, | assumed the
airgun and streamer position followed the ships path. A detailed velocity analysis, careful atten-
tion to mutes, and dip-moveout corrections followed. These steps proved critical to providing a
high-quality seismic reflection stacked section. Next, | applied residual statics, bandpass filter,
common mid-point (CMP) stack, FK migration, and true amplitude recovery to produce a stack.

Seismic Velocity Analysis

Figure 3 shows 4 CMP gathers (each with 2 adjacent gathers combined) and the NMO corrected
product from selected locations along the profile. Although velocity information is very limited
within each CMP gather (nominal 12 fold), first arrival and stacking velocities for deeper arrivals
provide insight into the velocity structure for the Portland Basin and help increase the confidence
of the geologic interpretations that | present. | have included 3 velocity values for each gather in
Figure 3. The velocity value labeled in the upper left corner of each gather represents a near-sur-
face velocity estimate calculated by the distance to the first channel (255 m) divided by the first
motion of this trace. Although this velocity value is influenced by changing water depths, near-
surface velocity variations (including hidden layers) and changing dips, the velocity value repre-
sents a first-order velocity estimate for near-surface sediments below water bottom and can help
clearly identify velocity anomalies in the near-surface section that may be related to changing sed-
imentalogic and structural conditions. The other two velocity values that | display represent the
head-wave velocity value for the first arrivals and the stacking velocity on the large-amplitude
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reflection that represents the base of the sedimentary section. Head wave first arrival velocities
represent the velocity of the medium below the refractor, and with this survey design and geologic
conditions represent depths that range from 30-50 m. The first arrivals may mask slower velocity
layers that do not appear as a first arrivals, but do represent the velocity of the fastest layer
encountered. Stacking velocities roughly represent a root mean square average of all geologic
units above the reflected horizon. Note the large velocity variation when comparing selected
gathers and within each gather. Gathers 1 and 2 show that fast velocities overlie slower velocities
in the sedimentary section, as evidenced by a very fast head wave velocity compared to the stack-
ing velocity on the reflection. Figure 3 shows a complex seismic velocity structure for the Port-
land Basin, but also provides valuable information regarding basin formation and lithologies.

The Portland Basin contains four dominant seismic velocity units that correlate with the geology
discussed above. The most notable and widespread seismic boundary separates Neogene and
younger sediments of the basin with the CRB volcanic rocks below. The depth to the upper CRB
contact ranges from surface elevations to roughly 500 m below land surface with seismic veloci-
ties that exceed 3500 m/s. CRB depths are calibrated using both in nearby water well lithologies
(e.g., Swanson et al., 1993; Koreny and Fisk, 2001), engineering well logs (Mabey and Madin,
1992), and also where volcanic rock exposures appear (Trimble, 1963). Beeson and Tolan (1990)
estimate CRB thicknesses of 150 m below the Portland Basin and seismic boundaries are not
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clearly observed below the upper CRB contact due to the acquisition parameters and the geologic
conditions. Therefore, | present no seismic information below the upper CRB contact and | con-
sider this contact acoustic basement. The cemented gravels of both the upper and lower Troutdale
Formation appear as a relatively fast seismic velocity for sediments, often greater than 3000 m/s,
thus defining the second observed velocity unit. Without detailed velocity control or geologic
information, a reflection from the top of the CRB and the top of cemented gravels may be indistin-
guishable. Older sediments that are not lithified include sediments from the Sandy River mud-
stones and other unconsolidated sediments. The observed velocity of these sediments range from
1600-1800 m/s and may appear below the higher velocity Troutdale cemented gravels. The fourth
seismic velocity unit includes the modern unconsolidated coarse-grained fluvial sediments with a
slightly greater velocity than the velocity of the water column at 1500-1600 m/s. Water velocity
for 15 degree C water at 0% salinity is calculated as 1465 m/s (Sheriff, 2002) and is used to cor-
rect velocity information along each profile (Figures 4 and 5).

INTERPRETATION

To interpret the seismic reflection data from the Columbia River, | created two profiles. | define
Line 1 as the north-south segment that extends from St. Helens, Oregon to the confluence of the
Willamette River (Figure 1). Line 2 extends west to east from the confluence of the Willamette
River beyond the eastern extent of the Portland Basin near Corbett (Figure 1). Line 1 trends
approximately 40 degrees from both major regional faults and the basin orientations and Line 2
extends from an along strike orientation on the western portion of the profile to approximately 35
degrees from the associated basin structures along the eastern basin margin.

The processed seismic reflection data show the general shape of the Portland Basin contained by a
strong amplitude basement reflection that correlates to the top of the CRB volcanic stratigraphy
(Figures 4 and 5). This reflection from acoustic basement has an apparent basinward dip of less
than 1 degree for much of the two profiles and appears flat lying along the western portion of Line
2 where the profile is orientated subparallel to the basin axis (Figure 1). No major offsets in the
CRB reflector appear outside the basin margins and suggests the Portland Hills fault zone does
not extend east of the Columbia River. One minor offset in the CRB reflector appears at CMP
1750 (Figure 4). This CRB step coincides with a near-surface velocity anomaly (Figure 4) that
would place an offset of 30 m (depth corrected @ 1800 m/s) on this horizon. If this structure is
fault related, a northeast trend must account for this structure, since a similar feature is not
observed on Line 2 (Figure 5). Blakely et al. (personal comm.) mapped a northeast-trending mag-
netic lineament that crosses the river in this region and may further support evidence for a previ-
ously unmapped fault. Northeast trending faults are mapped in the region (e.g., Beeson et al.,
1991), but do not appear regionally extensive.

The CRB reflection has a rugged topography along much of Line 1 (Figure 4) and a very smooth
topography along Line 2 (Figure 5). This contrasting reflection character may represent both the
ship and streamer orientation with respect to CRB deposition and also the CMP location with
respect to the ancestral Columbia River. An east-west CRB flow direction in the Portland Basin
(Hooper, 1982; Tolan and Beeson, 1984) suggests the east-west segment of the seismic profile
would follow the in-situ flow directions and the topography would appear relatively flat. With a
north-south river orientation, the seismic data extend across individual basalt flows and a more
rugged topography appears. The geometry of the basement reflection suggests local CRB flow
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widths of 150 m and flow heights of 15 m. In addition to the orientation of the river with respect to
flow directions, high-energy cemented gravels of the Troutdale gravel directly overlie CRB rocks
along portions of the Portland Basin (e.g., Trimble, 1963; Swanson et al., 1993), thus providing an
erosional agent to remove the CRB flow tops. An eroded upper CRB contact along the river is con-
sistent with engineering borehole MTD-1 at 426 m depth (Figure 1), where vesicular basalt textures
typical of flow tops are missing from the CRB surface (Wilson, 1997). Other deep boreholes in the
Portland Basin that penetrate the volcanic stratigraphy away from the inferred location of the ances-
tral Columbia River document intact flow tops (Wilson, 1997) and suggests the CRB topography is
largely controlled by the late-Miocene age ancestral Columbia River.

Along the northern and eastern basin margins, an approximate 10 degree and 13 degree dip appears
on the CRB reflection near positions 1400 and 3100 (Figure 4 and 5) respectively that drops the
CRB top more than 200 mto the southwest. Since the orientation of both profiles are oblique to the
mapped northwest trend of the major basin-related structures (Figure 1), actual dips for this horizon
may be steeper. This drastic change in CRB dip and depth at the basin margins is consistent a basin-
bounding fault both to the north and east of the Portland Basin that | refer to as the Frontal fault.
Yelin and Patton (1991) defined the Frontal fault zone along the eastern margin of the Portland
Basin to account for the both a pull-apart tectonic style and to account for the 1962 ML 6.2 Portland
event. The eastern portion of this fault zone has been connected to the Sandy River and Lackamas
Lake faults (Walsh et al., 1987; Yelin and Patton, 1991; Blakely et al., 1995), but no basinward fault
has been mapped. The similar deformation observed on the CRB horizon along both Lines 1 and 2
along the northeast boundary of the basin and the northwest projection observed in many other
regional faults (e.g., Blakely et al., 1995; Beeson and Tolan, 1990) suggest that the fault segments
observed on the two seismic profiles may be related. Evidence for the Frontal Fault acting as an
active northeast basin bounding fault stems from the following: Results from a recent uniboom
high-resolution seismic survey (Pratt et al, 2001) show a down to the west step in a reflection near
CMP 3100 (Figure 5) that correlates to a modern erosional channel. Yelin and Patton (1991) sug-
gest that a fault projected to the surface location of the Frontal Fault likely accounts for the 1962
Portland ML 5.2 earthquake (Figure 1) and Bet and Rosner (1993) document evidence for a north-
west-trending fault south of McGuire Island that is down to the west. Evidence for this fault stems
from well logs, geophysical logs, and from an outcrop exposure that shows conjugate fault sets in a
gravel surface that is likely younger than the Troutdale gravels (late Pleistocene?). Each of the three
independent lines of evidence, combined with my results, support the Frontal fault crossing the
Columbia River east of Government Island, extending south of the river (Bet and Rosner, 1993), and
north of the river (Yelin and Patton, 1991) and perhaps across the entire basin. If the Frontal fault is
responsible for the observed step in the river's modern erosional surface (Pratt et al., 2001; Figure 5)
and for the 1962 ML 6.2 Portland earthquake (Yelin and Patton, 1991), the fault is active.

The history of the Frontal fault can be further established based on reflections that overlie the CRB
horizon on Line 2. Figure 5 shows the CRB reflection along the eastern basin margin to Lady
Island, where CRB volcanic rocks are mapped at the land surface (Figure 5; Trimble, 1963). Above
the CRB contact, a reflection appears near flat lying at 180 m depth, compared to the 13 degree
apparent dip of the CRB reflector. Wilson (1998) calculated a 0.03 - 0.05 mm/yr deposition rate for
the Portland Basin, placing the age of this boundary between 3.6 - 6 Ma. This change in dip is con-
sistent with nearby borehole information (e.g., Bet and Rosner, 1993; Swanson et al., 1993) and
suggests that a change in tectonic style occurred before deposition of the Pliocene-age Troutdale
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sands and gravels and after 12 Ma CRB emplacement. A similar change in reflection dip appears
on Line 1 at position 1400 (Figure 4).

Beyond the 13 degree apparent dip observed near the Frontal Fault, the CRB horizon appears to
dip basinward approximately 0.5-1.0 degrees along Line 2 (Figure 5). Overlying reflections on
Line 2 also appear with similar dips (Figure 5), suggesting that a southwest tilt of the Portland
Basin occurred during or after deposition of the shallowest reflections observed on the airgun sur-
vey. | have included unpublished Columbia River uniboom data from Pratt et al. (2001) on Figure
5 to better characterize reflections from the upper 100 m related to Troutdale sediments. Reflec-
tions between 30-100 m depth on the uniboom show similar westward dips that range from 0.3-
0.7 degrees. Nearby borehole information (Bet and Rosner, 1993; Korney and Fisk, 2001) con-
firm the dip observed on the seismic data matches the lithology of the upper and lower Troutdale
gravels. Tolan and Beeson (1984) identified the lower contact of the upper Troutdale unit at an
elevation of 240 m above sea level 20 km east of the Frontal Fault at Bridal Veil (Figure 1). Bet
and Rosner (1993) identify this same contact at sea level near the Frontal Fault and Wilson (1997)
identify the this boundary at more than 150 m depth at MTD-1 in the basin center.

This regional dip observed in both Troutdale and CRB reflections is not likely due to the river’'s
modern gradient (roughly 7 m in 20 km or 0.02 degrees), but may, in part, reflect a rising sea level
change. Since the Columbia River is at sea level throughout the Portland region, sea level
changes may play a role in the observed depositional dip in the Portland Basin. Peterson and
Phipps (1992) report a sea-level change of more than 55 m over the past 10 ka at nearby Grays
Harbor, Washington. Tolan and Beeson (1984) tie the termination of the Troutdale gravels (at 2
Ma) and subsequent elevation change at Bridal Veil to an abrupt Cascadian uplift beginning 2-3
Ma. Priest (1990) and Sherrod (1986) suggest that rapid uplift of the western Cascades east of the
Willamette Valley occurred between 5-6 Ma and 3 Ma. The broad tectonic tilt cannot fully be
accounted for by changing sea level conditions due to the magnitude of the regional elevation
change and suggests Cascadia inflation may, in part, be responsible for the tectonic tilt observed
across the Portland Basin.

Mapped deposits of Sandy River mudstones and Troutdale Formation on the Portland Hills at 250
m elevation west of the basin (Trimble, 1963; Beeson et al., 1991) suggest not only was the topog-
raphy of the region reset by emplacement of CRB volcanic rocks, but also that vertical slip rates
across the PHF west of the Portland Basin remained relatively small throughout late Miocene and
perhaps into Pliocene to account for the 800 m elevation change across the PHF. The Columbia
River continued to flow into the present-day Portland Basin from the east (south of its modern
coarse) and eroded the flow tops along portions the modern east-west river channel. Since the
topography across the PHFZ did not exist in late Miocene, the north-south turn in the Columbia
River did not occupy its present-day river channel, but likely flowed west of it's present coarse.
The Frontal Fault and perhaps associated faults deformed the youngest CRB volcanic rocks esti-
mated at 12 Ma, although with erosion the upper CRB contact may be older. This deformational
style of the Frontal Fault changed prior to emplacement of late Miocene to Pliocene Troutdale
deposits. During or after emplacement of late Miocene to Pliocene Troutdale deposits, the basin
began to tilt to the west, in part as a result of Cascadia inflation. The preexisting PHF zone acted
as a backstop to continued westward tilt of the western Cascades and normal faulting accomo-
dated the tectonic tilt. Assuming the onset of Cascadia inflation began at 8 Ma, a 0.1 mm/yr uplift
rate for the PHFZ is consistent with 1.5 m of vertical offset since Missoula Flood sediments (15
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ka) were deposits in the basin. The north-south orientation of the Cascade volcanoes, the preex-
isting northwest orientation of the steeply dipping PHFZ, and the continued clockwise crustal
rotation all suggest we may observe a complex tectonic style from north to south across the basin.
These complexities may account for the shortening observed in 12-15 ka sediments across the
Portland Hills fault (Madin and Hemphill-Haley, 2001; Liberty et al., 2003) along the southern
portion of the PHFZ and may affect the interplay between the PHF and the Frontal Fault zone.
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