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Structure of the Eastern Seattle Fault Zone, Washington State:

New Insights from Seismic Reflection Data

by Lee M. Liberty and Thomas L. Pratt

Abstract We identify and characterize the active Seattle fault zone (SFZ) east of
Lake Washington with newly acquired seismic reflection data. Our results focus on
structures observed in the upper 1 km below the cities of Bellevue, Sammamish, New-
castle, and Fall City, Washington. The SFZ appears as a broad zone of faulting and
folding at the southern boundary of the Seattle basin and north edge of the Seattle
uplift. We interpret the Seattle fault as a thrust fault that accommodates north—south
shortening by forming a fault-propagation fold with a forelimb breakthrough. The
blind tip of the main fault forms a synclinal growth fold (deformation front) that ex-
tends at least 8 km east of Vasa Park (west side of Lake Sammamish) and defines the
south edge of the Seattle basin. South of the deformation front is the forelimb break-
through fault, which was exposed in a trench at Vasa Park. The Newcastle Hills anti-
cline, a broad anticline forming the north part of the Seattle uplift east of Lake
Washington, is interpreted to lie between the main blind strand of the Seattle fault
and a backthrust. Our profiles, on the northern limb of this anticline, consistently im-
age north-dipping strata. A structural model for the SFZ east of Lake Washington is
consistent with about 8 km of slip on the upper part of the Seattle fault, but the amount

of motion is only loosely constrained.

Introduction

The Seattle fault is considered the most hazardous crus-
tal fault in the U.S. Pacific Northwest because it is located
beneath the largest cities in the region and has hosted a large
Holocene earthquake (Fig. 1). Uplifted terraces, tsunami de-
posits, and landslides show that the > 70-km-long thrust or
reverse fault hosted an M 7 or greater earthquake in about
A.D. 900-930 (Atwater and Moore, 1992; Bucknam et al.,
1992; Jacoby et al, 1992). The Seattle fault is more ap-
propriately called the Seattle fault zone (SFZ) because it
manifests itself as a 5—7-km-wide zone in which geologic,
topographic, and geophysical data show deformed shallow
strata and several fault strands (Yount and Gower, 1991;
Johnson et al., 1994, 1999; Pratt et al., 1997; Blakely et al.,
2002; Nelson et al., 2002; Sherrod, 2002; ten Brink et al.,
2002; Nelson, Johnson, Kelsey, Sherrod, et al., 2003; Nel-
son, Johnson, Kelsey, Wells, er al., 2003; Brocher et al.,
2004; ten Brink et al., 20006).

The subsurface structure and length of the SFZ remain
elusive despite extensive study. Subsurface features are
known primarily from marine seismic profiles acquired in
the Puget Sound and Lake Washington (Johnson er al.,
1999; Calvert et al., 2001, 2003; ten Brink et al., 2002;
Fisher et al., 2006). These profiles have imaged a synclinal
axial surface (deformation front) that forms the south edge of

the Seattle basin north of several fault strands (Pratt et al.,
1997; Johnson et al., 1999; Nelson et al., 2002; Sherrod,
2002; Nelson, Johnson, Kelsey, Sherrod, et al., 2003; Nel-
son, Johnson, Kelsey, Wells, et al., 2003). The faults them-
selves have not been well located from seismic profiles
because they are steeply dipping and are interpreted to lie
within zones of little or no reflectivity. Correlating seismic
reflection discontinuities with surface exposures (Sherrod
et al., 2000; Nelson, Johnson, Kelsey, Sherrod, et al., 2003),
paleoseismic trenches (Sherrod, 2002), and light distance
and ranging (lidar) topographic data (Haugerud et al., 2003)
also has been difficult because the marine profiles were ac-
quired in deep troughs where the late Quaternary strata have
been scoured during the most recent Quaternary glaciation
(Booth, 1994).

The eastern extent of the SFZ is poorly constrained be-
cause marine waterways are absent and previous land-based
seismic surveys were limited. However, a prominent mag-
netic lineation (anomaly A in Fig. 2b) delineates the north-
dipping strata in the southern limb of a monoclinal fold at
the south edge of the Seattle basin (Johnson et al., 1999;
Blakely et al., 2002). This anomaly extends into the eastern
part of the Seattle basin (Fig. 2b; Blakely et al., 2002), but it
broadens considerably and has not been directly correlated
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with faults or subsurface features east of Lake Sammamish.
The uncertainty in the SFZ character and extent east of Lake
Washington leads to uncertain estimates of maximum earth-
quake magnitudes. The interaction of the east part of the SFZ
with other structures such as the southern Whidbey Island
fault also is unknown (Fig. 1; Johnson et al., 1996; Sherrod
et al., 2008).

We collected a series of land seismic reflection profiles
to characterize the shallow (< 1 km) portions of the eastern
SFZ as part of a multiyear seismic study of active faults in the
Puget Lowland. Profiles were collected in the cities of Bel-
levue, Sammamish, and Fall City, Washington, and near a
key paleoseismic trench located in Vasa Park in Bellevue
(Sherrod, 2002). In addition, we incorporated published ma-
rine seismic reflection profiles from Lake Washington (John-
son et al., 1999), as well as others that have not previously
been interpreted (Harding et al., 1988). This collection of
seismic profiles shows the details of the structures within
the SFZ and its hanging wall, and it further documents the
SFZ’s extent east of Lake Sammamish. We construct an in-

(2001).

terpretive cross section of the eastern SFZ that is consistent
with these new observations east of Lake Washington.

Geologic Background

The Puget Lowland of Washington State is a broad val-
ley between the Olympic Mountains Coast Range and the
Cascade Range volcanic arc (Fig. 1). The valley is home to
more than 3 million people, including the populations of
Seattle, Bellevue, Tacoma, Everett, and Olympia. The Low-
land lies above the Eocene suture zone between Crescent
Terrane volcanic rocks and Tertiary North American crust
(Johnson, 1984; Johnson et al., 1996). Today, oblique con-
vergence along the continental margin is accommodated in
part by north—south shortening within the Lowland (Pratt
et al., 1997; Wells et al., 1998; Miller et al., 2001; Mazzotti
et al., 2002; Van Wagoner et al., 2002). This shortening ex-
presses itself as a series of basins and uplifts separated by the
southern Whidbey Island, Seattle, Tacoma, and Olympia
faults (Fig. 1).
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seismic reflection profiles. A-A’ is the location of the cross section shown in Figure 6. Seismic profiles are heavy black lines with profile
names next to them. VP marks the location of profiles VP1 and VP2, with the Vasa Park trench located where the profile intersects the fault.
NA is the Newport anticline; 1-90 is Interstate highway 90. (b) Filtered aeromagnetic anomaly map from Blakely ez al. (2002) showing
locations of seismic lines corresponding figure numbers. Anomaly A is interpreted to be from a dipping conglomerate layer; anomaly
C is interpreted to be from late Eocene or Oligocene rocks in the crest of the Newcastle Hills anticline.

Of the faults beneath the Puget Lowland, the Seattle
fault has the greatest vertical relief on bedrock. The fault
is a north-verging thrust or reverse fault separating the ap-
proximately 8-km-thick Seattle basin on the north from
uplifted basement rocks in the Seattle uplift to its south

(Johnson et al., 1994; Pratt et al., 1997). Two recent models
have been proposed for the Seattle fault: a simple thrust fault
dipping to the south at ~40° with multiple strands and back-
thrusts at its tip (Pratt et al.,, 1997; ten Brink et al., 2002;
Fisher et al. 2006) and a passive-roof duplex in which a shal-
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low detachment separates the deeper thrust fault from the
shallow fault strands (Brocher et al., 2004).

Multiple late Quaternary earthquakes have been docu-
mented on the Seattle fault, including an M >7 earthquake
at about A.D. 900-930 (Atwater and Moore, 1992; Buck-
nam et al., 1992; Jacoby et al., 1992). This earthquake his-
tory has been discerned west of Puget Sound by the trench-
ing of fault scarps discovered from recent lidar imagery
(Sherrod et al., 2000; Haugerud et al., 2003; Nelson, John-
son, Kelsey, Sherrod, et al., 2003; Nelson, Johnson, Kelsey,
Wells, et al., 2003). East of Puget Sound, the Vasa Park
trench just west of Lake Sammamish (Fig. 2a) has provided
crucial evidence about the eastern portion of the Seattle fault
(Sherrod, 2002). The trench lies at the base of a north-facing
scarp and shows clear thrusting of older strata from the south
onto a paleosoil dated at 11500 =+ 40 radiocarbon years B.P.
(Sherrod, 2002). We refer to this strand of the SFZ as the Vasa
Park fault, and it is closely associated with a magnetic linea-
ment east of Lake Washington (anomaly A in Fig. 2b). Thrust
motion on the Vasa Park fault is consistent with long-term
motion on the SFZ but is opposite in direction to the south-
vergent thrusting found in trenches west of Puget Sound
(Nelson, Johnson, Kelsey, Sherrod, et al., 2003; Nelson,
Johnson, Kelsey, Wells, et al., 2003). Although Johnson et al.
(1999) proposed that the Seattle fault is segmented beneath
Puget Sound, the A.D. 900-930 earthquake ruptured the
fault on both sides of the sound (Bucknam et al., 1992). Rup-
ture east of Lake Sammamish during the A.D. 900-930 event
has not been documented.

Interpretations of the shallow structure in the SFZ from
seismic reflection profiles are presented by Johnson et al.
(1999) for both west and east of Puget Sound, and ten Brink
et al. (2002, 2006) for beneath the Puget Sound. Johnson
et al. (1999) identify a prominent reflector within the Seattle
basin as an unconformity between the Tertiary and Quater-
nary sediments. They place the top of undeformed Tertiary
strata within the Seattle basin at approximately a 500-m
depth below Lake Washington. Quaternary and Tertiary re-
flectors are synclinally folded at the SFZ along the south edge
of the Seattle basin so that strata south of this deformation
front dip to the north in a structure termed the Seattle mono-
cline (Johnson et al., 1999).

The hanging wall of the Seattle fault east of Lake
Washington comprises late Eocene, Oligocene, and Miocene
marine and volcaniclastic sedimentary strata that are believed
to be thrust over Seattle basin sediments (Yount and Gower,
1991; Booth and Minard, 1992; Johnson et al., 1994; Pratt
et al., 1997; Booth et al., 2004; Booth et al., 2008). Parallel
Eocene and lower Oligocene strata in the hanging wall and
Seattle basin constrain the onset of Seattle fault deformation
as Oligocene or later (Johnson et al., 1994; ten Brink et al.,
2002). A prominent anticline beneath the Newcastle Hills is
cored by upper Eocene sedimentary rocks (Fig. 2a), and an-
other magnetic anomaly (anomaly C in Fig. 2b) coincides
with the crest of this anticline. Within the Newcastle Hills
anticline, strata in the broader northern limb dip about
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40°-50° north, and strata in the southern limb dip steeply
to the south and are overturned in places (Yount and Gower,
1991; Booth and Minard, 1992). The anticline is bounded on
the south by a prominent topographic scarp that is believed to
be formed in part by a fault we term the Newcastle Hills fault
(Walsh, 1984; Booth and Minard, 1992). The Newcastle
Hills fault may be equivalent to the Orchard Point fault
25 km to the west, but the correlation is tenuous (Blakely
et al., 2002). Anticlines similar to the Newcastle Hills anti-
cline extend across the Puget Sound south of the Seattle fault
zone (Pratt et al., 1997) and form the Green Mountain west
of Puget Sound (Haeussler and Clark, 2000). Aeromagnetic
data suggest that the SFZ continues about 7 km east of Lake
Sammamish (Fig. 2b; Blakely et al., 2002), but surface de-
formation has yet to be identified east of the lake.

Seismic Reflection Data

Land Profiles

We acquired approximately 20 km of land seismic re-
flection profiles with vibroseis and weight-drop sources in
14 north—south segments within the cities of Bellevue, New-
port, Sammamish, and Fall City. Acquisition was constrained
by major highways and other cultural features that limited
the profiles to short segments (Fig. 2a). Profile segments be-
gan on the Seattle basin about 5 km north of the Vasa Park
fault and extended south across the Miocene and Oligocene
sedimentary rocks of the Newcastle Hills anticline. Profiles
east of Lake Sammamish crossed the location of the defor-
mation front predicted from the aeromagnetic anomalies.

We collected data primarily on quiet residential streets
using a 5455-kg Industrial Vehicles International (IVI) mini-
vib II vibroseis truck. We swept with a 12-sec, 20—160-Hz
linear upsweep and recorded 14 sec of data to give a 2-sec
record length after vibroseis correlation. The data were re-
corded on a 120-channel, 24-bit Geometrics RX system.
We acquired the data using an offend receiver spread with
5-m source and receiver intervals to produce nominal 60-fold
data with offsets up to 600 m. The shortest profiles used a
fixed geophone spread with source points acquired through
the spread. We recorded uncorrelated individual field records
to allow precorrelation processing to attenuate the cultural
noise that often plagues urban seismic surveys. Three pro-
file segments (VP1, VP2, and FC-1) were acquired with a
200-kg, trailer-mounted, accelerated weight drop.

Vibroseis data processing included precorrelation band-
pass and notch filters, and gains to minimize the effects of
traffic noise and attenuate electrical noise at 60, 120, and
180 Hz. Processing of the weight-drop and postcorrelation
vibroseis data included geometry, band-pass filter, multiple
iterations of velocity analysis, dip moveout, common mid-
point sort, ground roll and refraction mutes, automatic gain
control, and stack (Yilmaz, 2001). Signal penetration ranged
from more than 1.3 sec (approximately 1000 m in depth)
within the Seattle basin to less than 0.4 sec (approximately
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500 m in depth) on the Tertiary sediments of the Seattle
uplift. Data were migrated using a phase-shift algorithm
(Gazdag, 1978).

Geologic and tectonic interpretations of our data are
constrained also by earlier seismic reflection profiles (e.g.,
Harding et al., 1988; Johnson et al., 1994; Pratt et al., 1997;
Johnson et al., 1999; Calvert et al., 2001, 2003; ten Brink
et al., 2002), regional sonic and density logs (Brocher and
Ruebel, 1998), geologic maps (Yount and Gower, 1991;
Booth and Minard, 1992; Pacific Northwest Center for
Geologic Mapping Studies, 2006; Booth er al., 2008), and
aeromagnetic data (Blakely et al., 2002). These earlier data,
and velocity analysis of our new seismic profiles, suggest
that P-wave seismic velocities for Pleistocene and Holo-
cene strata average 1600-2500 m/sec when saturated and
800-1400 m/sec when unsaturated. Miocene and older
sedimentary rocks within the Seattle uplift and below the
Quaternary fill of the Seattle basin measure upwards of
2800 m/sec. These seismic velocities were used to convert
seismic travel-time measurements to depth and to interpret
strata imaged on the seismic sections.

Lake Washington Profiles

Seismic reflection data from Lake Washington (Johnson
et al., 1999) provide the easternmost published images from
the Seattle basin and Seattle uplift before our profiles were
acquired. In addition to Johnson et al.’s (1999) profiles, we
include in our interpretation earlier profiles that were ac-
quired but never interpreted or published in journal form
(Fig. 2a; Harding et al., 1988). These earlier profiles were
acquired using a small (246 cm?) airgun source and a
24-channel hydrophone streamer. Source and receiver
spacing were 6.25 m, resulting in 3.125-m common-
midpoint spacing. The data were largely duplicated by John-
son et al. (1999) using two 655-cm?® airguns, except that
Harding continued the data collection through the narrow In-
terstate 90 (I-90) and State Route 520 bridge openings to ob-
tain a continuous seismic reflection profile. Unfortunately,
Harding et al. (1988) used a Loran navigation system that
resulted in large uncertainties in spatial positioning. Thus,
the precise locations of the features imaged on the seismic
sections are in doubt, although correlating features with
Johnson et al’s (1999) data can help us to more accurately
locate features. Both Harding ef al. (1988) and Johnson et al.
(1999) also collected profiles through the narrow channel on
the east side of Mercer Island. These profiles show essen-
tially the same features as those west of the island, but
the strata are not as well imaged.

We reprocessed the Harding e al. (1988) seismic re-
flection profiles from Lake Washington using dip moveout
followed by a standard common-depth—point-processing
sequence and a poststack frequency-wavenumber migration
(Yilmaz, 2001). On the displayed profile, adjacent traces
were summed for clarity giving 6.25-m common-midpoint
spacing (Fig. 3a). The Johnson et al. (1999) data are pre-

1685

sented here after we applied a poststack band-pass filter
and migration.

Interpretation

Deformation Front

The northern part of the SFZ appears as a prominent
synclinal fold, with the synclinal axial surface being the de-
formation front that defines the south edge of the Seattle ba-
sin (Fig. 3). Strata in the upper kilometer of the Seattle basin
north of the syncline appear to be nearly flat and unde-
formed. The stratigraphy as imaged on the seismic data can
be divided into two distinct domains that we interpret, after
Johnson et al. (1999), as unconsolidated Quaternary deposits
overlying more reflective Tertiary strata. The interpreted top
of the Tertiary reflective layers is about 500 m below sea
level beneath Lake Washington (Fig. 3a), about 540 m below
sea level beneath Bellevue (Fig. 3b), and about 250 m below
sea level beneath the city of Sammamish (Fig 3c).

Strata immediately south of the deformation front dip
northward. These dipping strata comprise the Seattle mono-
cline (Johnson et al., 1999; Fig. 3). On our Bellevue and
Vasa Park profiles, Tertiary strata dip at angles of up to 60°
(Figs. 3b and 4). The Lake Washington profiles show Ter-
tiary strata within the monocline dipping at angles of up
to 60°, but these dips decrease northward and upward so that
shallow strata near the deformation front dip less than 10°
(Fig. 3a). The dips of the strata in the monocline thus de-
crease with decreasing age, causing the synclinal fold to
sharpen downward. The monocline is consistent with growth
folding, with the deeper strata being progressively rotated
and the upper strata onlapping these older, more steeply dip-
ping strata. Our interpretation is that the monocline is a
growth fold above the blind tip of the northernmost strand
of the Seattle fault, as suggested by Pratt et al. (1997) and
ten Brink ef al. (2002, 2006).

Between Lakes Washington and Sammamish, the defor-
mation front projects to the surface about 2 km north of the
topographic scarp that marks the Vasa Park fault near I-90
(Figs. 2a and 3). Beneath Lake Washington west of Mercer
Island, the deformation front projects to the surface along
strike about 0.5 km north of 1-90 (Fig. 3a). The north-dipping
strata in the monocline between the topographic scarp and
the deformation front include a Miocene volcaniclastic layer
that produces the prominent linear magnetic anomaly that
extends from Lake Washington to Lake Sammamish (anom-
aly A in Fig. 2b; Blakely et al., 2002). The continuity of the
magnetic anomaly suggests that the monocline has a consis-
tent geometry between the two lakes. Slight changes in the
latitude and width of the anomalies on opposite sides of the
water bodies raise the possibility that the fault is segmented
by north-trending faults (e.g., Johnson et al., 1999) or other-
wise changes dip beneath the lakes, but our data do not re-
solve this question.
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Eastern Extent of the SFZ

The deformation front extends along the SFZ with a
remarkably similar geometry (Fig. 3; Johnson et al., 1999;
Blakely et al., 2002). Using the deformation front as a proxy
for the interpreted blind fault tip, we can infer a minimum
eastward extent of the SFZ. Our seismic reflection profile
8 km east of Vasa Park (SM1; Fig. 3c) shows the monocline
just north of the magnetic anomaly, like in the Bellevue area
(Fig. 2). South of profile SM1, the magnetic anomaly forks
into northern and southern strands, suggesting the intersec-
tion of two faults or a depositional change. Profile FC1
shows dipping strata (Fig. 3d) coinciding with the north edge
of the southern magnetic anomaly. This magnetic anomaly

and dipping strata could be delineating a southern strand
of the Seattle fault, or they could be related to a second fault
or fold that merges with the Seattle fault. In either case, pro-
file FC1 suggests that faulting within the Seattle broad fault
zone deforms strata as much as 11 km east of Vasa Park.
The dip of strata in the monocline appears to flatten east-
ward, consistent with decreasing displacement on the Seattle
fault near the east edge of the Seattle basin. A distinct broad-
ening and slight change in orientation of magnetic anomaly
A, which is caused by a Miocene conglomerate layer, sug-
gests flattening of Miocene stratal dips or the presence of a
thicker section of Miocene rock in the east (Fig. 2b; Blakely
et al., 2002). The apparent dip on the top of interpreted Ter-
tiary strata within the monocline is about 26° on all of our
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profiles (Fig. 3). However, these dipping strata may be of
different ages. Profile SM1 lies immediately north of the
magnetic anomaly (Fig. 2b), suggesting that the strata dip-
ping at 26° on the profile are the magnetic Miocene volcanic-
lastic layer itself (Blakely et al., 2002). In contrast, the south
end of profile BV2 lies about 1 km north of the magnetic
anomaly, so the reflectors dipping at 26° on that profile may
be younger Miocene strata. Profile VP1, which lies in a po-
sition comparable to SM1 immediately north of the magnetic
anomaly, shows presumably similar aged Miocene strata dip-
ping at closer to 40° (Fig. 4). The Lake Washington data are
more difficult to compare because of weak imaging of the
steeply dipping strata and because the magnetic anomalies
may be influenced by the I-90 bridge (R. Blakely, personal
comm., 2007). However, the Johnson et al. profile (Fig. 5)
shows steeply dipping (> 55°) Tertiary rock nearing the sur-
face about 1.5 km south of the [-90 bridge, which is just north
of where a magnetic anomaly is located. Thus, the profiles
east of Lake Washington are consistent with strata related to
the magnetic anomaly decreasing in dip toward the east edge
of the basin. Eastward flattening of the monocline dips may
indicate that the fault displacement decreases as the sedimen-
tary basin thins (Snelson et al., 2007). Additional complex-
ities along the eastern edge of the Seattle basin include a
change in strike of Tertiary bedrock (Walsh, 1984) and inter-
section with the southern Whidbey Island fault zone, which
may control the northeast boundary of the Seattle basin
(Fig 2a; Johnson et al., 1996; Sherrod et al., 2008). We thus
infer that deformation associated with the SFZ extends at
least 8 km east of Vasa Park as suggested from magnetic data
and profile SM1, and it extends perhaps an additional 3 km
east when including profile FC1. Although the dip of the
bedding decreases toward the eastern edge of the Seattle ba-
sin, deformation on Tertiary and younger strata persists to the
projected intersection of the southern Whidbey Island fault.

Vasa Park Fault

Our seismic reflection profiles across the topographic
scarp that parallels 1-90 east of Lake Washington are consis-
tent with the exposed fault in the Vasa Park trench being
either a south-dipping thrust fault or a near-vertical reverse
fault. Profiles VP-1 and VP-2 cross the topographic scarp
near the Vasa Park trench site (Sherrod, 2002), and profiles
BV7 and BV8 extend south of I-90 approximately 3.5 km
west of the trench (Fig. 2a). Late Quaternary sediments
are exposed north of the trench and topographic scarp, and
Miocene and older sedimentary rocks crop out to the south
(Yount and Gower, 1991; Booth et al., 2008). Profiles VP1
and VP2 are two short seismic profiles laterally offset due to
a busy road and the steep topographic scarp, with the trench
lying immediately south of the road (Fig. 4). VP1 lies on the
footwall of the Vasa Park fault and VP2 is located on the
hanging-wall side of the fault. Data quality on profile VP2
is diminished due to the steep topography and complex geo-
logic conditions.
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Profiles VP1, VP2, BV7, and BVS8 show predominantly
north-dipping strata that may be broken south of the topo-
graphic scarp by a south-dipping fault (Fig. 4). Parallel,
nearly planar strata dip ~40° north in the deeper portions
of profile VP1. Miocene strata are exposed for about
0.6 km south of the trench (Yount and Gower, 1991; Booth
and Minard, 1992; Booth et al., 2008), and we interpret the
north-dipping reflectors imaged on profile VP1 as Miocene
strata. Shallow, north-dipping reflectors are weak but contin-
uous on the south half of profile VP2, but do not extend to
the north side of the profile. Breaks in the reflectors are con-
sistent with the Vasa Park fault dipping to the south at an
angle of 55° or more and reaching the surface at the trench
location (dashed line in Fig. 4). The continuous and unbro-
ken reflectors imaged on profile VP1 preclude an interpre-
tation of a north-dipping fault unless it follows a bedding
plane. A north-dipping fault, however, would have to reverse
its vergence in the shallow strata or have normal motion to
form the south-dipping thrust fault excavated in the trench
(Sherrod, 2002). We cannot eliminate the possibility of a
near-vertical fault directly beneath the trench, but we favor
a thrust-fault interpretation that is consistent with the overall
thrust geometry of the Seattle fault discerned from regional
seismic reflection profiles (Pratt et al., 1997; ten Brink et al.,
2002; Fisher et al., 2006).

We interpret the shallow, subhorizontal reflectors in the
upper 30 m (0.05 sec twtt) of profile VP1 as Late Pleistocene
and Holocene marine and nonmarine strata that were de-
posited on an uneven surface and may have been deformed
subsequently by folding of the deformation front or by land-
slides (Fig. 4; Booth et al., 2008). The uneven shallow strata
coincide with a small creek that runs parallel to and 200 m
north of the topographic scarp. The underlying, north-
dipping strata (Miocene) are continuous beneath this dis-
rupted area, suggesting that if faulting has disrupted the
shallow strata, it must be associated with south-directed
bedding-plane reverse faults associated with the folding and
tilting of the deeper strata.

Profile BV7 crosses a prominent 20-m-high topographic
slope that may delineate the westward extension of the Vasa
Park fault immediately south of I-90 (Figs. 2 and 4). South of
BV7, profile BV8 shows predominantly north-dipping Ter-
tiary strata that appear to flatten at the crest of an anticline
near the south end of the profile. These strata appear to
continue beneath the south side of profile BV7, but their re-
flections are weaker. Like profile VP2, the north-dipping
reflectors do not continue beneath the north side of profile
BV7, and a series of reflector truncations are consistent with
a fault that dips to the south at an angle of 55° or more from
the base of the topographic scarp (dashed line in Fig. 4). As
with profiles VP1 and VP2, we cannot eliminate the possi-
bility of a near-vertical fault (dashed line in Fig. 4). Strata are
not as well imaged on profile BV7 as on BVS, similar to the
difference in data quality of VP2 compared to VP1. The re-
gion for a few hundred meters south of the Vasa Park fault
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may be a region of deformed strata in which fractures and
folds decrease the reflector continuity.

The location of the Vasa Park fault on the Lake Wash-
ington profile is ambiguous if it extends that far west. Pro-
jecting the Vasa Park fault to the west, our estimate is that the
fault lies in a relatively nonreflective part of the profile be-
tween two zones of north-dipping reflectors, similar to the
reflector geometry observed on the Vasa Park and BV7/8
profiles (Fig. 5a). Again, we do not see clear evidence of the
fault at this location, but continuous, north-dipping reflectors
make faults unlikely in the regions immediately north and
south of this nonreflective zone.

The dipping strata in the footwall immediately north of
the Vasa Park fault on VP1 (Fig. 4) provide important con-
straints on the structure and amount of slip on the SFZ. Be-
cause the dips of the strata in the footwall and hanging wall
of the Vasa Park fault are both similar to those in the northern
limb of the Newcastle Hills anticline, they all must have been
folded together above a deeper fault before being cut by the
Vasa Park fault. This deeper fault must be the main splay of
the Seattle fault (the strand with the greatest displacement),
because it tilts a large volume of strata to angles of 40°-50°,
whereas the Vasa Park fault does not appear to produce a
large change in stratal dips. One potential model is that the

north-dipping strata are part of the forelimb of a fault-
propagation fold above the deeper fault, with the trench fault
being a forelimb breakthrough (Fig. 6; Suppe and Medwe-
deff, 1990).

The age of the strata in the footwall of the Vasa Park
fault, which is currently unknown, could provide an impor-
tant constraint on the amount of displacement on the Vasa
Park fault. If the footwall strata are significantly younger
than the hanging-wall strata, it implies a substantial amount
of displacement, but if the strata are nearly the same age, it
implies a relatively small amount of displacement. However,
the exposures of 9—-15 Ma strata in the hanging wall just
south of the trench site (Booth et al., 2008), combined with
the similar dips of footwall and hanging-wall strata of the
Vasa Park fault, limits the total Miocene and younger dis-
placement on the fault to being less than the thickness of
the Miocene strata in the area (Fig. 6). Greater displacements
would have removed all of the Miocene strata from the hang-
ing wall or would require a significant change in stratal dip
across the fault zone. Although regionally the Miocene strata
may reach as much as ~3 km in thickness (Fulmer, 1975;
McLean, 1977; Johnson et al., 1994; Pratt et al., 1997; ten
Brink et al., 2002), their thickness where exposed near Vasa
Park is likely nearer 0.5 km (Booth and Minard, 1992; Booth



1690

L. M. Liberty and T. L. Pratt

- Lake Washington Lines -
_ BV9 _ Bv8 BvV7  _ BV1&BV2; SM1
BV3+5 .
S Newcastle Hills M - "> ¥El deformation N
anticline coal Miocene  trench front
— VA | monocline ok
R NS, s m
N\ e A I
S N
- Q ¥ :
WA . Miocene
S Q
7
o?.‘ﬁ Oligocene
I\ / & Blakely
6\<b
N
@@
|5 km
Eocene Renton
Figure 6. Interpretive north-south cross section through Bellevue (see Fig. 2 for location). The cross section shows the Seattle fault as a

fault-propagation fold with a forelimb breakthrough and a backthrust. Points A and B show the estimated depths to basement rocks, with a
total of about 5 km of vertical displacement. See text for explanation. NA is the Newport anticline.

et al., 2008). Post-Miocene displacement on the Vasa Park
strand of the SFZ thus is likely less than about 0.5 km.

Newecastle Hills Anticline

The area south of the SFZ between Lakes Washington
and Sammamish is underlain by the Newecastle Hills anti-
cline, which has strata on its northern limb dipping 35°—
50° north and strata on its southern limb dipping at about
70°-80° south (Walsh, 1984; Yount and Gower, 1991; Pacific
Northwest Center for Geologic Mapping Studies, 2006).
A prominent magnetic lineament (anomaly C in Fig. 2b;
Blakely et al., 2002) correlates with Tukwila formation rocks
that reach shallow depths in the axis of the anticline. Seismic
profiling in the Puget Sound (Pratt et al., 1997) and geologic
mapping farther west (Haeussler and Clark, 2000) suggest
that similar anticlines in and south of the SFZ continue west
to Green Mountain near Bremerton (Blakely et al., 2002).
Our seismic reflection profiles south of 1-90 all lie on the
north flank of the Newcastle Hills anticline, with profile

BVO just nearing its crest (Fig. 2). The crest of the anticline
may not be crossed by the Lake Washington profiles west of
Mercer Island, as the rocks causing the magnetic anomaly
appear to bend to the south and to be truncated by the ex-
tension of the inferred Newcastle Hills fault (Fig. 2a).

All of our land seismic reflection profiles south of 1-90
show predominantly north-dipping parallel strata within the
northern limb of the anticline (Fig. 5). Profiles BV4 and
BVO, along with both Lake Washington profiles, all show
north-dipping, nearly planar reflectors dipping to the north
at angles from 20°-40°. Profile BV4 lies about 1 km north
of the coal seams that were extensively mined in the late
1800s and early 1900s near the center of the Renton forma-
tion (Walsh, 1983). These coal seams are remarkably planar
and dip north at 35°-45°. They extend unbroken for nearly
8 km along the northern limb of the Newcastle Hills anticline
from just east of our profile BVO to south of Lake Sammam-
ish, where the trend changes slightly (~20°) northward about
1 km west of Issaquah (Walsh, 1983). The coal seams also
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are present southeast of Lake Sammamish, with the valley
south of the lake interrupting the otherwise continuous
seams. The downdip extensions of the coal seams presum-
ably lie 300-500 m below the deepest reflectors visible on
profile BV4. The continuity and planar attitude of these coal
seams is important evidence that much of the Newcastle Hills
anticline is not disrupted by faults or deformed except by the
broad folding. The exception is that the coal seams are not
known beneath the location of our profile BV9, which may
indicate that a north—south fault or fold lies in the north-
trending valley between our profiles BV8 and BVO.

One notable exception to the north-dipping strata in the
northern limb of the Newcastle Hills anticline is a small anti-
cline with an axis parallel to the SFZ (Fig. 2a) that we term
the Newport anticline. Profiles BV3 and BV5 show the New-
port anticline as arched reflectors, about 1 km across, above
zones of convergent reflectors marking faults (Fig. 5). The
northern side of the Newport anticline is also apparent on
profile BV8, where it is broader and the reflectors have gen-
tler dips. The anticline is mapped for 3 km east of profile
BV3 to Lake Sammamish, and possibly for several kilo-
meters east of Lake Sammamish (Fig. 2a; Yount and Gower,
1991). It may also extend to Lake Washington, where the
Johnson et al. (1999) profile shows what appears to be
arched reflectors above the north-dipping strata (Fig. 5).
The anticline is nearly parallel to the deformation front, sug-
gesting that it is a component of the SFZ. Possible interpreta-
tions are that the anticline is the surface expression of a small
backthrust (Fig. 6; e.g., ten Brink er al., 2002), or that the
anticline is formed by a strike-slip fault cutting the hang-
ing wall.

Another small anticline or disrupted zone also may be
imaged on profile BV9 about 1 km south of the Newport
anticline (Fig. 5). North-dipping strata appear to roll over
or terminate upward, with an unconformity above. This
structure is south of our other land profiles except BV4,
on which it is not apparent. Yount and Gower (1991) show
a southwest-trending fault approximately in this area, but the
fault does not appear on subsequent maps by Booth and
Minard (1992) and Booth er al. (2008). If not fault related,
the structure imaged on the seismic profiles could be an
erosional unconformity at the upward truncation of north-
dipping reflectors.

Structural Model of the Eastern SFZ

Figure 6 shows our hypothesized cross section of the
SFZ and Newcastle Hills anticline based on geologic data
and the seismic reflection profiles. The following observa-
tions were satisfied when constructing this cross section.

1. The deformation front is a synclinal axial surface about
2 km in front of the Vasa Park fault exposed in the trench,
with Quaternary growth faulting demonstrated by onlap-
ping strata and increasing stratal dip with increasing
depth (Fig. 3a; Johnson et al., 1999).

2. The Vasa Park trench exposed the south-dipping Vasa
Park thrust fault at the surface, the seismic profiles are
consistent with a south-dipping thrust or reverse fault
at the trench, and the topographic scarp indicates the
south-side-up motion on that strand of the Seattle fault
zone (Sherrod, 2002).

3. Strata in both the hanging wall and footwall of the Vasa
Park fault dip to the south with a common dip of 35°-50°,
suggesting that the fault cut through a section of strata
that were already tilted above the deeper main strand
of the fault.

4. There are Miocene rocks exposed in the hanging wall of
the Vasa Park fault just south of the trench (Booth et al.,
2008), which implies that motion on the fault strand is
less than the thickness of the Miocene strata. The thick-
ness of Miocene strata is unknown in this area, but is
likely about 0.5 km where mapped in the monocline.

5. A fault with north-side-up motion bounds the south side
of the Newcastle Hills anticline, which has steeply south-
dipping or overturned beds on its south edge near the
hypothesized fault (Walsh, 1984; Yount and Gower,
1991; Booth and Minard, 1992; Booth et al., 2008). A
prominent magnetic high (Fig. 2b; Blakely ez al., 2002)
suggests that magnetic Tukwila formation rocks lie at the
surface along the crest of the anticline.

6. Motion on the Seattle fault during the Miocene and pos-
sibly Oligocene implies that strata of these ages are
growth strata that are thinner in the hanging wall than
in the footwall (Johnson et al, 1994; Pratt et al.,
1997; ten Brink et al., 2002).

We favor a thrust-fault model for the SFZ in which the
Seattle uplift is a large fault-propagation fold with a forelimb
breakthrough (Suppe and Medwedeff, 1990; Shaw et al.,
2005). The Newport Hills anticline lies between the main
thrust fault and a large backthrust. The deformation front
is interpreted as the synclinal axial surface above the main
blind fault tip. The exposed fault in the Vasa Park trench
is interpreted as the forelimb breakthrough fault. In the
monocline, we interpret growth folding, which creates minor
bedding-plane backthrusts that disrupt the shallow strata near
the Vasa Park fault (Fig. 4). Additional backthrusts occur
within the northern limb of the Newcastle Hills anticline,
one of which creates the small Newport anticline superim-
posed on its northern limb (Fig. 5). The model is effectively
unconstrained south of the large backthrust at the south edge
of the Newcastle Hills anticline, except that strata have been
lifted substantially by motion on the main thrust fault so that
Eocene rocks crop out to the south of the Lake Washing-
ton (Fig. 2).

The total displacement at the tip of the Vasa Park fault
strand is limited to the thickness of the Miocene section
because strata of that age lie in the hanging wall just south
of the trench. However, a substantial amount of slip must
be consumed by folding within the forelimb of the fault-
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propagation fold and by backthrusts, so the total amount of
slip on the deeper portions of the fault is substantially greater
than at the fault tips.

The deeper portion of the Seattle fault is largely uncon-
strained by our data, except that the Vasa Park fault must
intersect the main fault at depth. This requires the main fault
to dip at a shallower angle than the Vasa Park fault, which
may dip to the south at as little as 55°. We have drawn the
main fault to an 8-km depth at about a 40° angle, which is
consistent with the 40° dip estimated by ten Brink er al.
(2002) from seismic tomography and with apparent fault-
plane reflections documented by Fisher ez al. (2006) beneath
the Puget Sound. The presence of Tukwila formation at the
axis of the anticline implies that Eocene basement rocks are
relatively shallow in this part of the hanging wall. This in
turn requires that the Seattle fault extend into the basement
rocks, which now lie at a depth of at least 7 km beneath the
Seattle basin. If we assume that the top of the Eocene base-
ment rocks started as a relatively flat surface at the end of the
Eocene, as seems likely given the flat bedding within the
overlying Tukwila and Renton formations, the Seattle fault
appears to root at a depth of more than 7 km. However, the
Seattle basin is believed to have subsided as much as 3 km in
response to motion on the Seattle fault (Johnson et al., 1994;
Pratt et al., 1997, ten Brink et al., 2002), which means that
the top of the Crescent formation may have been at a depth
closer to 4 or 5 km when motion on the Seattle fault began.
Thus, the Seattle fault likely roots at a depth of at least 4 km,
probably deeper.

Our model does not agree with the passive-roof duplex
model (Brocher et al., 2004) for two reasons. First, the pres-
ence of Eocene rocks (Tukwila formation) at the surface in
the Newcastle Hills anticline would require those rocks to
be transported from depths of about 4 km or more in the
footwall into the hanging wall of the roof thrust—in other
words, from below to above the horizontal detachment in
the passive-roof duplex model. This requires that the Eocene
rocks were brought near to the surface by the deeper thrust
faults before the roof thrust formed, requiring much of the
shortening on the deeper thrust faults to have occurred before
motion on the roof thrust is initiated. Subsequent Miocene
shortening within the roof thrust must be balanced by an
equal amount of shortening in the underlying basement
thrusts, which would further lift the basement rocks and ex-
hume the roof thrust. Thus, there appears to be an inconsis-
tency between the amount and timing of shortening in the
roof thrust and basement thrusts in a passive-roof duplex
model. Alternatively, the roof thrust has been exhumed in
the Bellevue region, and we are looking at structures that
lie within the footwall.

Second, the passive-roof duplex model does not explain
the growth folding in the north-dipping strata at and south of
the deformation front. A thrust wedge being driven between
strata at the fault tip would fold all of the overlying strata
within an upward-thinning growth triangle to a uniform dip
angle (see Pratt er al. [2002] for a kinematic model of such a
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wedge in the Coyote segment of the Puente Hills fault). In
contrast, the seismic profiles, particularly the Lake Washing-
ton profile (Fig. 3a), show an upward decrease of stratal dips
and onlap of strata within the monocline. Our interpretation
of the monocline as the forelimb of a fault-propagation fold
would account for this geometry through growth folding and
progressive limb rotation (Hardy and Poblet, 1994; Shaw
et al., 2005).

Discussion

Slip on the Seattle Fault

The relatively small amount of slip at the fault tips in our
model in comparison to the amount of slip on deeper portions
of the fault highlights an important point about the interpre-
tation of paleoseismic data in the region: only a portion of the
slip on the deeper parts of the fault reaches the surface. Slip
on thrust or reverse faults often decreases updip as folding
and backthrusts consume some of the slip occurring on
deeper parts of the fault (e.g., Suppe and Medwedeft, 1990;
Shaw et al., 2005). This implies that only some of the earth-
quakes that occur on a fault are expressed as surface ruptures
that might be visible as discreet faults in trenches, although
the largest earthquakes presumably rupture a large enough
fault area to reach the surface. It also implies that slip rates
calculated from surface ruptures and shallow strata do not
necessarily indicate the total slip present on the deeper por-
tions of the faults.

An estimate of the total shortening on the deep part of
the Seattle fault on our cross section can be made from the
elevation difference in the top of Eocene basement rocks
across the fault (points A and B in Fig. 6). Late Eocene rocks
are exposed at several locations 4-8 km south of the New-
castle Hills anticline (Fig. 2; Yount and Gower, 1991; Pacific
Northwest Center for Geologic Mapping Studies, 20006),
which indicates that late Eocene rocks lie at shallow depths
south of the anticline. Comparable rocks likely lie at about 5—
6 km depth beneath the eastern part of the Seattle basin near
our cross section (Snelson et al., 2006) We estimate a vertical
elevation change of about 5 km for the top of the basement
rocks on opposite sides of the Seattle fault, although neither
of these depths is well constrained. Assuming a fault dip of
40° implies about 8 km of motion on the deeper part of the
main fault to create this vertical change. This is smaller than
the ~10 km of motion interpreted by ten Brink et al. (2002)
near the Puget Sound where the Seattle basin is deeper
(Snelson et al., 2006). If motion began in the Oligocene
as hypothesized by Johnson et al. (1994) and Pratt et al.
(1997), it implies a slip rate of at least 0.25 mm/yr over
the past 32 million years. If motion began in the middle Mio-
cene, as interpreted by ten Brink ez al. (2002), the slip rate
would be about 0.53 mm/yr over the past 15 million years.
These numbers are consistent with earlier estimates of slip
rate, but our estimates are only loosely constrained because
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of the large uncertainties in the depths of the Eocene rocks
north and south of the Newcastle Hills anticline.

We can also estimate a maximum slip rate for the Vasa
Park fault by assuming that the maximum post-Miocene dis-
placement is limited to the thickness of the Miocene strata
exposed in the hanging wall above the trench. If we assume
a thickness of 0.5 km for Miocene strata, the slip rate near the
surface would be limited to a maximum average of about
0.07 mm/yr since late Miocene (7 Ma). If we assume the
maximum thickness of 2.5 km for Miocene strata interpreted
in the center of the Seattle basin (Johnson et al., 1994),
the slip rate could be as high as 0.35 mm/yr. The afore-
mentioned estimates of slip rate suggest a repeat time of
5700-28,500 for earthquakes with a 2-m characteristic slip.
These recurrence times are consistent with the one large post-
glacial event documented in the Vasa Park trench between
4500 and 10,500 yr ago (Sherrod, 2002). Long recurrence
times between surface-rupturing events therefore appear to
be plausible; however, substantial slip on deeper portions
of the fault, and thus potentially large earthquakes, may also
occur without surface rupture.

Along-Strike Variations in the Seattle Fault

Although there appears to be a difference between the
Seattle fault on the east and west sides of the Puget Sound
in terms of the vergence of the faults causing the latest
surface ruptures, the overall fault-propagation fold structure
is a viable interpretation for the Seattle fault on both sides of
the Puget Sound. West of Puget Sound, the latest surface-
rupturing events caused north-side-up motion, which implies
that the deeper fault motion reached the surface on back-
thrusts (e.g., ten Brink er al., 2002, 2006). However, the
broad region of uplift evident along the wave-cut terrace
is likely caused by motion on a buried fault tip (ten Brink
et al., 2006). Thus, the Seattle fault on the west side of
the Puget Sound can be explained by a similar fault geometry
to the one we propose here except that the forelimb break-
through fault (the Vasa Park fault) is either absent or has not
had recent motion to break the wave-cut terrace on Bain-
bridge Island. The seismic reflection profiles from the Puget
Sound show reflector truncations that are consistent with a
forelimb breakthrough fault (Pratt et al., 1997).

The hypothesized backthrusts east of the Puget Sound
and Lake Washington may have had surface rupture that
is no longer visible because of urban development. The New-
port anticline, a possible backthrust on profile BV9, and the
large backthrust on the south edge of the Newecastle Hills
anticline are presumably associated with folding of the anti-
cline, but this could include Holocene deformation. These
areas are now covered by urban development that makes re-
cognition of surface ruptures difficult or impossible in lidar
data or from geologic studies.

Lake Sammamish may form a north—south boundary
across which the SFZ changes. East of Lake Sammamish,
the strike of geologic structures in the hanging wall of the
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Seattle fault appears to change to a northeast trend (Yount
and Gower, 1991). Likewise, the magnetic anomalies appear
broader and the seismic data show shallower dips in the Seat-
tle monocline east of the lake (Fig. 3; Blakely er al., 2002).
Prunier (1998) presents evidence from high-resolution seis-
mic profiles for a north-trending fault beneath the north end
of Lake Sammamish. We therefore raise the possibility that
Lake Sammamish marks a segment boundary in the Seattle
fault, across which the fault geometry changes slightly. If
present, this segment boundary likely represents a minor tear
because the basic SFZ characteristics appear to be continuous
across most of the Puget Lowland (Blakely et al., 2002).

Lake Washington and the valley between our profiles
BVS8 and BV9 also could be the locations of north—south
faults in the hanging wall of the Seattle fault. The coal seams
that are present east of our profile BV8 are not present in the
hills beneath our profile BV9. The area between the two pro-
files is a deep north-trending valley that could delineate a
fault. Likewise, the magnetic anomalies that are so continu-
ous east of Lake Washington may terminate, abruptly change
trend, or shift to the north on opposite sides of Mercer Island
(although the influence of the 1-90 bridge on the magnetic
anomalies is not clear). One explanation is that Lake Wash-
ington coincides with a north-trending fault that lies beneath
or on the east side of Mercer Island.

Conclusions

High-resolution land seismic reflection profiles provide
new information about the SFZ east of Lake Washington. The
profiles image the deformation front to at least 8 km east of
Vasa Park, consistent with the eastward extent of an aero-
magnetic anomaly. Deformation of Tertiary and younger
strata at Fall City suggest that the Seattle fault may extend
farther east. South of the deformation front, north-dipping
strata in the northern limb of the Newcastle Hills anticline
dominate the seismic reflection profiles. The presence of a
thrust fault in the Vasa Park trench just west of Lake Sam-
mamish indicate these north-dipping strata are cut by a thrust
fault, although the fault itself is poorly imaged on the seismic
profiles. The data are consistent with a fault-propagation fold
model for the north-verging Seattle fault. The main elements
of the model are a blind fault tip beneath the deformation
front, a forelimb breakthrough (the Vasa Park fault), and a
large backthrust. The Newcastle Hills anticline is formed be-
tween the main thrust fault and the large backthrust. The
model is consistent with about 8 km of motion on the Seattle
fault, although more motion could be present on the deeper
parts of the fault.
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