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ABSTRACT

A key question in earthquake hazard 
analysis is whether individual faults within 
fault zones represent independent seismic 
sources. For the Seattle fault zone, an upper 
plate structure within the Cascadia con-
vergent margin, evaluating seismic hazard 
requires understanding how north-side-up, 
bedding-plane reverse faults, which generate 
late Holocene fault scarps, interact with the 
north-vergent master-ramp thrust and over-
lying backthrust of the fault zone. A regional 
uplift at A.D. 900–930 involved an earthquake 
that nucleated at depth and included slip on 
both the master-ramp thrust and the back-
thrust. This earthquake also included slip on 
some of the <6-km-deep north-side-up, bed-
ding-plane reverse faults. At locales where 
the north-side-up reverse faults intersect the 
Puget Sound coast, an earthquake a few cen-
turies earlier than the A.D. 900–930 regional 
uplift only uplifted areas within hundreds of 
meters north of the reverse faults. We infer 
that the bedding-plane reverse faults are seis-
mogenic because shore platforms near the 
reverse faults have been abruptly uplifted 
during earthquakes when other shorelines in 
the Seattle fault zone were unaffected. Faults 
of the Seattle fault zone therefore can both 
produce regional uplift earthquakes, with or 
without surface displacement on the reverse 
faults, and produce earthquakes that rupture 
the bedding-plane reverse faults causing fault 
scarps and uplift localized to hundreds of 
meters north of these faults. This latter type 

of earthquake has occurred at least twice and 
perhaps three times in the late Holocene, and 
all these earthquakes preceded the regional 
coseismic uplift of A.D. 900–930. To account 
for the paleoseismic observations, we propose 
that the Seattle fault zone is a wedge thrust, 
with the leading edge being a fault-bend, 
wedge thrust fold. The active axial surface 
of the wedge thrust fold is pinned at the tip 
of the wedge, and a steeply north-dipping 
sequence of Tertiary sediment forms the 
south limb of the wedge thrust fold. Some of 
these steeply north-dipping, bedding-plane 
surfaces are seismogenic reverse faults that 
produce scarps. Earthquakes on the wedge 
thrust produce the regional coseismic uplift 
events, and earthquakes within the fault-
bend fold cause the local uplift earthquakes. 
Thus, bedding-plane faults can rupture dur-
ing earthquakes when the wedge thrust does 
not rupture but instead continues to accumu-
late seismic energy.

Keywords: reverse faults, fault-bend folds, Seat-
tle fault zone, paleoseismology, relative sea level.

INTRODUCTION

Seattle Fault Zone

Active faults on master-ramp thrusts that do 
not reach the surface (blind faults) pose a seri-
ous but hidden earthquake hazard (Stein and 
King, 1984; Yeats, 1986). Folds related to such 
faults often are manifest at the surface (Went-
worth and Zoback, 1990; Stein and Ekström, 
1992; Guzofski et al., 2007) or in near-surface 
boreholes (Dolan et al., 2003), and such folds 

aid in describing the character (recurrence inter-
val, magnitude, and coseismic slip amounts) of 
blind, master-ramp earthquakes. Blind faults 
pose another potential seismic hazard through 
coseismic folding (Chen et al., 2007). Most 
studies ascribe fold growth associated with mas-
ter-ramp earthquakes to slip on the master ramp 
(Wentworth and Zoback, 1990; Stein and King, 
1984); however, another seismic hazard comes 
from fold growth during discrete and separate 
earthquakes not associated with direct motion 
on the master ramp. In this paper we make the 
case that, in addition to the seismic hazard from 
earthquakes on a blind master-ramp thrust, the 
Seattle fault zone poses an independent seismic 
hazard from coseismic folding of fault-bend 
folds above the master ramp.

The Seattle fault zone is an upper crustal fault 
zone in the upper plate of the Cascadia conver-
gent margin (Bucknam et al., 1992; Johnson et 
al., 1999). An east-trending deformation zone, 
the Seattle fault zone (Fig. 1A) accommodates 
north-south contraction (Wells et al., 1998; 
McCaffrey et al., 2000). The zone is defi ned 
by the south edge of the Seattle basin and the 
north edge of the Seattle uplift, a transition that 
is clearly defi ned on seismic refl ection profi les 
(ten Brink et al., 2002; Brocher et al., 2004) 
(Fig. 2B). Surface manifestations of the Seattle 
fault zone consist of three structural elements. 
First, bedding within Oligocene and Miocene 
sedimentary strata is steeply dipping to the 
north (Fulmer, 1975; McLean, 1977) (Figs. 1B 
and 2A) within a monoclinal fold that separates 
rocks of the Eocene Crescent volcanic basement 
that are at or near the surface south of the Seattle 
monocline (hachured zone, Fig. 1A) from fl at-
lying Quaternary sediments of the Seattle basin 
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Figure 1. (A) Map of Seattle fault zone modifi ed from Blakely et al. (2002). (B) Light detection and ranging (LiDAR) 
image of southern Bainbridge Island and Waterman Point-Point Glover Peninsula, showing the trace of the Toe 
Jam Hill, Islandwood, Waterman Point and Point Glover faults. The coastline is fringed by a wave-cut platform that 
emerged ~1100 yr ago (Bucknam et al., 1992). The platform exposes tilted strata of the Miocene Blakely Harbor and 
Eocene Blakeley formations. Strike and dip measurements from Fulmer (1975) and McLean (1977).
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Figure 2. (A) Cross section 
showing observed dips of bed-
ding on south end of Bainbridge 
Island (cross section located on 
Fig. 1). Bedding-plane reverse 
faults observed in trench exca-
vations (TJ—Toe Jam Hill 
fault, IW—Islandwood fault) 
are depicted. Subsurface dips 
of faults and bedding are refl ec-
tors on seismic line PS-2 (ten 
Brink et al., 2002). (B) Seismic 
Hazards Investigation in Puget 
Sound (SHIPS) seismic refl ec-
tion line PS-2 (black and white) 
and coincident P-wave–velocity 
model (color) (ten Brink et al., 
2002). C1, A8, and D1 are loca-
tions of seismometers along 
seismic line (Fig. 1A). (C) Two 
previously published interpre-
tations of the structure of the 
Seattle fault zone (ten Brink et 
al., 2002; Brocher et al., 2004), 
both based on seismic profi le 
line PS-2 and in part in con-
junction with oil industry seis-
mic refl ection lines (Brocher et 
al., 2004). This paper discusses 
an alternative interpretation 
(Fig. 9). Cr—Eocene Crescent 
Formation basalt; Eo—Eocene 
sediment; Bl—Blakeley Forma-
tion; Bh—Blakely Harbor For-
mation; Q/T—Quaternary and 
late Tertiary (post–Miocene) 
sediment.
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north of the monocline (Figs. 1A and 2B). Sec-
ond, within the Seattle fault zone there is an 
east-trending, ~6- to 7-km–wide zone that was 
regionally uplifted by ~5–7 m ~1100 yr ago 
(Bucknam et al., 1992), and this uplifted zone is 
delineated by a raised shore platform (red area, 
Fig. 1A). The uplifted zone is of limited north-
to-south width because of the increasing depth, 
to the south, of the master-ramp fault that drives 
surface uplift (ten Brink et al., 2006.) Third, the 
Seattle fault zone is characterized by reverse 
faults with late Holocene fault scarps (Nelson et 
al., 2003a, 2003b, 2003c) (black lines, Fig. 1A), 
east trending and up to the north, that are of lim-
ited individual segment lengths (0.5–5 km) but 
are overlapping and as a system extend at least 
16 km east-west along the fault zone (Fig. 1A).

Geophysical imaging of the Seattle fault 
zone, when considered with the fault zone 
characteristics discussed above, yields an inte-
grated structural view of the Seattle fault zone. 
Aeromagnetic anomalies clearly delineate east-
trending structural discontinuities along the 
zone (Blakely et al., 2002). Based on previous 
interpretations of seismic refl ection data (Pratt 
et al., 1997; ten Brink et al., 2002; Brocher et 
al., 2004) (Fig. 2), the Seattle fault zone consists 
of a south-dipping, blind master-ramp thrust or 
master reverse fault at intermediate (7–10 km) 
to shallow (5–7 km) crustal levels (Fig. 2C). 
Structural interpretations at shallower levels are 
variable, as discussed below.

Although the Seattle fault zone is east trend-
ing, the fault zone only shows evidence of Holo-
cene surface deformation between the vicinity 
of Bremerton on the west and the east shore of 
Lake Washington on the east, an along-strike 
distance of ~40 km (Fig. 1A). Portraying the 
overall neotectonic framework of the Seattle 
fault zone, which is beyond the scope of this 
study, will require better defi nition of the active 
extent of the fault to the east and to the west.

Paleoseismic History of the Seattle Fault 
Zone from Raised Shorelines, Trench 
Excavations, and Marsh Stratigraphy

Scrutiny of both late Holocene raised shore-
lines and east-trending, up-to-the-north fault 
scarps by recent investigators has resulted in a 
paleoseismic history of the Seattle fault zone. 
Bucknam et al. (1992) fi rst recognized mul-
tiple meters of abrupt uplift from late Holocene 
shore platforms straddling the Seattle uplift, and 
inferred the uplift to be recent in age (1100 yr 
ago), regional in extent (Fig. 1A), and earth-
quake caused. Atwater (1999) refi ned the age 
of the most recent, regional uplift event on the 
Seattle fault to be ~1100 yr ago (A.D. 900–930) 
based on debris deposited by a tsunami trig-

gered by an 1100 yr ago earthquake (Atwater 
and Moore, 1992). Sherrod et al. (2000) used 
a 7500-yr continuous relative sea level record 
from Restoration Point marsh on Bainbridge 
Island (Fig. 1B) to conclude that the A.D. 
900–930 regional uplift within the Seattle fault 
zone was the only one in the past 7000 yr.

Using airborne light detection and ranging 
(LiDAR) images, several late Holocene fault 
scarps were discovered in the Puget lowland 
(Harding, 2002; Haugerud et al., 2003), and 
subsequent trenching investigations revealed 
that the scarps delineate steeply dipping, north-
side-up reverse faults that slip along bedding 
planes of the Oligocene Blakeley Formation and 
the Miocene Blakely Harbor Formation (Nelson 
et al., 2003a, 2003b, 2003c). The north-side-up 
reverse faults on Bainbridge Island slipped dur-
ing at least four earthquakes in the late Quater-
nary, with the three most recent earthquakes in 
the past ~3000 yr (Nelson et al., 2003a).

Bedding-Plane Reverse Faults and 
Structural Model of the Seattle Fault Zone

Bedding-plane reverse faults are an impor-
tant structural element at the uppermost struc-
tural level of the Seattle fault zone because such 
faults form all the late Quaternary scarps. The 
steeply dipping beds at the surface (60°–80°), 
which defi ne the north-dipping panel of the 
monocline, align with steeply dipping refl ectors 
in the subsurface on seismic lines (Fig. 2A).

Two conceptual models—a reverse fault with 
secondary antithetic fault model (ten Brink et 
al., 2002) and a fl oor thrust-roof thrust duplex 
model (Brocher et al., 2004) (Fig. 2C)—can 
account for the broad uplift (~6–7 km width) 
along the Seattle fault zone by slip on a master-
ramp thrust and a backthrust or “roof ramp” 
(ten Brink et al., 2006). In a structural duplex, 
reverse faults cut up from a lower basal detach-
ment and merge at a higher stratigraphic level 
to form another detachment, called a roof 
thrust (Marshak and Mitra, 1988). Brocher 
et al. (2004) suggested that the Seattle fault 
zone is a passive roof duplex with the shallow 
(<5 km depth) reverse faults (purple faults, 
Fig. 2C) being passive (nonseismogenic) splay 
faults off a south-vergent roof thrust. The 
roof thrust model of Brocher et al. (2004) can 
account for the observed north-side-up reverse 
faults and can accommodate simultaneous 
coseismic shortening on a north-vergent thrust 
fault at depth and on secondary south-vergent 
(north-side-up) reverse faults at the surface. 
In contrast, an alternative model consisting 
of a reverse fault with a secondary antithetic 
thrust (ten Brink et al., 2002) (Fig. 2C) can-
not accommodate the location or movement 

history of the north-side up-reverse faults (ten 
Brink et al., 2006).

The fl oor thrust-roof thrust duplex model 
of Brocher et al. (2004) (Fig. 2C) is a starting 
point to evaluate earthquake sources on the 
Seattle fault zone. Inherent in the fl oor thrust-
roof thrust duplex model is the assumption that 
the bedding-plane reverse faults that splay off 
the roof thrust are passive and not seismogenic. 
However, faults that occur on bedding-plane 
surfaces in bedded sedimentary rocks may be 
seismogenic. For instance, in the offshore Santa 
Barbara Channel in southern California, Shaw 
and Suppe (1994) described seismicity that 
they inferred records folding of fault-bend folds 
by bedding-plane slip. The hypocentral loca-
tions of earthquakes from a 1984 M

L
 0.5–4.0 

swarm defi ne a steeply dipping plane at the 
location of an axial surface mapped from well 
logs. Focal mechanism solutions for some of 
the earthquakes (Henyey and Teng, 1985) were 
consistent with folding by bedding-plane slip 
in the vicinity of the axial surface but were also 
consistent with a high-angle fault cutting across 
bedding. More recent work interprets the axial 
surface of the fault-bend fold also to be a high-
angle fault (Nicholson et al., 2007). In the case 
of the 1984 Santa Barbara Channel seismic-
ity, the swarm of earthquakes that Shaw and 
Suppe (1994) associated with folding was not 
accompanied by coseismic slip on an underly-
ing master ramp. Therefore, Shaw and Suppe 
(1994) inferred that bedding-plane fl exural slip 
associated with a fault-bend fold can be an inde-
pendent seismic source. Whether or not Shaw 
and Suppe’s (1994) interpretation is correct for 
a particular structure in the Santa Barbara chan-
nel, their conceptual contribution, that bedding-
plane fl exural slip associated with a fault-bend 
fold can be an independent seismic source, is 
signifi cant. Similarly, our data on deformation 
of bedding-plane reverse faults that offset wave-
cut platforms on the Seattle uplift suggest that 
these faults are not passive and represent poten-
tial independent seismic sources.

Research Questions

We use uplifted shoreline data to investigate 
whether the upper structural levels of the Seattle 
fault zone are passive, as initially proposed, or 
active earthquake sources. Our evaluation of 
the structural model of the Seattle fault zone is 
prompted by three questions. First, if all Seattle 
fault zone earthquakes involve rupture of the 
master ramp (the “fl oor thrust” of Brocher et al., 
2004), which then impels a coseismic regional 
uplift along the Seattle fault zone, then why is 
there only one regional uplift in the late Holocene 
(implying just one late Holocene  earthquake) 
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when there is evidence in trenches excavated 
across reverse faults of the Seattle fault zone for 
multiple late Holocene earthquakes?

Second, are the north-side-up, bedding-plane 
reverse faults that trend through the Seattle 
urban area seismic sources for earthquakes? 
Such earthquakes would be smaller in magni-
tude than the earthquakes with source foci on the 
master-ramp thrust because they would involve 
less fault rupture area than earthquakes on the 
master ramp, but they also would be shallower 
(~5 km versus ~12 km) and could pose a seismic 
hazard to the Seattle metropolitan area.

Third, if the north-side-up reverse faults pro-
duce earthquakes, then there should be uplifted 
shore platforms of limited areal extent that are a 
distinct product of these earthquakes. Do such 
uplifted shore platforms, limited in extent and 
not correlative to the regionally uplifted A.D. 
900–930 platform, exist? What is the likely 
rupture area and magnitude of such earthquakes 
given the areal extent, fault scarp length, and 
amounts of fault displacement on these raised 
shore platforms?

RESEARCH APPROACH

Shoreline Angles as Paleogeodetic 
Benchmarks

The best measure of the amount of vertical 
displacement between a modern shore plat-
form and a raised platform is a comparison of 
the elevation of the modern shoreline angle to 
the elevation of the shoreline angle of the raised 
platform (Hull, 1987). The shoreline angle is 
the intersection of the inner edge of the mod-
ern shore platform with the base of the modern 
sea cliff (Fig. 3; gray squares on profi le lines, 
Figs. 4 and 5). Uplifted shoreline angles are 
buried by colluvium from the paleo–sea cliff, 
and their elevations are determined by digging 
holes in the uplifted terrace seaward of the col-
luvial covered shoreline angle, identifying the 
platform (wave-cut strath) in the subsurface and 
then projecting the strath shoreward to the base 
of the paleo–sea cliff.

Shoreline angle elevations, determined by 
leveling, were tied to a tidal benchmark through 
surveying low tides. The accuracy of the eleva-
tions is ~1 m, limiting our investigation to earth-
quakes uplifting the platform by more than this 
amount. Elevation uncertainty depends on four 
controlling variables: surveying uncertainty 
(5 mm, based on the upper limit to survey clo-
sures from multiple survey loops), inherent relief 
of the strath surface (relief of the modern strath 
surface averages 0.25 m; relief can be as large as 
one meter but over most of the exposed modern 
strath relief is ~0.25 m), accuracy of identify-

ing the strath in soil pits (accurate within 10 mm 
based on observations in pit excavations), and 
accuracy of projecting the strath surface land-
ward to the paleo–sea cliff (an extrapolation 
procedure with uncertainty up to 1.0 m). The 
uncertainty in determining paleoshoreline angle 
elevation, approximated by taking the square 
root of the sum of the squares of the uncertain-
ties, is ~1 m. The uncertainty in projecting the 
strath surface landward to the paleo–sea cliff 
dominates all other uncertainties.

Shore Platform Investigations

We utilized deformed shore platforms that 
intersect north-side-up reverse fault scarps at 
three coastal sites to determine if shorelines 
were deformed in the late Holocene at times 
other than during the A.D. 900–930 regional 
uplift earthquake. We determined vertical dis-
placement on north-side-up reverse faults by 
differencing shoreline angle elevations for cor-
related platforms on either side of the fault, and 
we quantifi ed platform uplift as the elevation 
difference of modern and uplifted shoreline 
angles. We assumed that raised late Holocene 
shore platforms are uplifted during earthquakes 
because, in the last few thousand years, coseis-
mic vertical displacement is the only way to sud-
denly lower relative sea level by several meters 
(Bucknam et al., 1992).

In the zone of the Seattle uplift, coseismic 
vertical displacement can be a product of either 
regional uplift (across the ~6- to 7-km–wide 
“Seattle uplift,” gray shaded area in Fig. 1A), 
local uplift on the upthrown side of reverse faults 
(uplift confi ned to hundreds of meters immedi-
ately north of reverse fault scarps), or both. Dis-
tinctive raised platform geometries are produced 
by different sequences of regional uplift versus 
local uplift on reverse faults (Fig. 3).

Of the seven alternative shore platform geom-
etries illustrated in Figure 3, four typify the vari-
ation seen in shore platforms at sites intersected 
by reverse faults. The fi rst shore platform geom-
etry, generated by one earthquake with regional 
uplift in which the reverse fault did not move 
(Fig. 3A), occurs where the Toe Jam Hill fault 
intersects the east coast of Bainbridge Island 
(Fig. 4). The second shore platform geometry, 
generated by both regional uplift and reverse 
fault movement during a single earthquake 
(Fig. 3B), occurs at the westernmost on-land 
exposure of the Waterman Point fault (Nelson 
et al., 2003b) (Fig. 5). The third shore platform 
geometry, generated fi rst by a reverse fault earth-
quake and later by a regional uplift earthquake 
(Fig. 3E), occurs at two sites: where the Toe Jam 
Hill fault intersects the west coast of Bainbridge 
Island (Fig. 4) and at Point Glover where the 

Point Glover fault intersects the coast (Fig. 5). 
The fourth shore platform geometry, generated 
fi rst by a reverse fault earthquake and later by 
both regional uplift and reverse fault movement 
during one earthquake (Fig. 3G), occurs south of 
Alki Point, Seattle, where the West Seattle fault 
intersects the shore of Puget Sound (Fig. 6). 
Because only the latter three sites implicate two 
earthquakes separated in time, these three sites 
were selected for detailed investigation.

SHORE PLATFORM DEFORMATION

West Coast of Bainbridge Island

On the west coast of southern Bainbridge 
Island, there are two uplifted shore platforms 
north of the Toe Jam Hill fault and one south 
of the fault. The shoreline angle of the lowest 
uplifted platform north and south of the fault 
(the A.D. 900–930 uplifted platform), where it 
intersects the west coast, is at the same elevation 
within the ~1 m survey accuracy (6.3 m versus 
5.7 m) (Fig. 4). The elevation of the shoreline 
angle of the upper platform is 9.0 ± 1.0 m, which 
is the cumulative uplift from an older earthquake 
that uplifted the platform for an ~400 m coast-
wise extent north of the fault, but not south of 
the fault, and a younger earthquake that region-
ally uplifted the lower platform; uplift solely 
from the older earthquake was ~3–3.5 m (9 m 
minus 5.7 m, Fig. 4). Therefore, on the west 
coast of Bainbridge Island, there is evidence 
for two earthquakes in the late Holocene, an 
earlier earthquake that locally uplifted the plat-
form north of the fault but was not associated 
with a regional uplift of the Seattle uplift and a 
younger earthquake that regionally uplifted the 
coast-fringing shore platforms within the Seattle 
uplift (case E, Fig. 3).

Coastal evidence for earthquakes in the late 
Holocene is consistent with paleoseismic data 
from trenches across the Toe Jam Hill fault 
scarp. The Toe Jam Hill fault forms a scarp 
that trends east-west across the southern part 
of Bainbridge Island, and the scarp dies out 
as it approaches both the west and east coasts 
(Fig. 4). Based on three of fi ve trenches dug 
in the sandstone and shale of the Miocene 
Blakely Harbor Formation, the fault is a steeply 
dipping reverse fault that slips along bed-
ding planes (Nelson et al., 2003a). Based on 
deformed strata in one of the trenches (trench 
CL, Fig. 4), three earthquakes have occurred 
on Toe Jam Hill fault after 2.5 ka, and the most 
recent earthquake of ca. 1.1 ka involved ~2 m 
of vertical offset of the ground surface caused 
by slip along 60° to 80° north-dipping bedding 
contacts of the Miocene Blakely Harbor For-
mation (Nelson et al., 2003a).
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Point Glover

There are two uplifted platforms on Point 
Glover north of the Point Glover fault but only 
one regionally uplifted platform south of the 
fault (Fig. 5). The lower platform, which was 
regionally uplifted during the A.D. 900–930 
earthquake (Nelson et al., 2003b, 2003c), 
extends across the Point Glover fault with no 
offset (within the 1 m survey resolution). The 
lower platform maintains the same shoreline 
angle elevation (9.0 ± 1.0 m) along the 0.75 km 
coastal extent of the headland. The upper plat-
form only occurs north of the Point Glover 
fault, and its shoreline angle elevation is 12.7 
± 1.0 m, which is the cumulative uplift from 
an older earthquake that uplifted the platform 
just north of the fault, and a younger earthquake 
that regionally uplifted the lower platform (case 
E, Fig. 3). Uplift at Point Glover just from the 
older earthquake was ~3.5–4 m (12.7 minus 
9.0 m, Fig. 5).

Similar to Bainbridge Island, therefore, there 
is evidence for two late Holocene earthquakes 
at Point Glover. The Point Glover fault slipped 
during the older earthquake. The 3.5–4.0 m of 
localized uplift extends at least 200 m north of 
the fault to where the older platform is eroded 
by the younger platform. The localized uplift 
was accommodated by bedding-plane fault slip; 
and at Point Glover, beds of the Blakely Forma-
tion dip ~60° north. The younger earthquake 
regionally uplifted the lower shore platform by 
9.0 ± 1.0 m but did not involve surface rupture 
of the Point Glover fault.

West Seattle Fault near Alki Point

The extensive A.D. 900–930 uplifted shore 
platform at West Seattle is offset by the West 
Seattle fault, an east-trending, north-side-up 
reverse fault near Alki Point (Fig. 6). Based 
on auger hole exploration of the depth of the 
shore platform, the West Seattle fault has offset 
the A.D. 900–930 platform by ~1.5 m (Fig. 6). 
Therefore at this site, the regional-uplift earth-
quake, which involved slip on the north-vergent 
master ramp at depth (>6 km) (Fig. 2), also 
involved slip on the south-vergent West Seattle 
fault at the surface.

A locally higher terrace, which extends 
~300 m north of the West Seattle fault and is 
~5 m higher than the regionally uplifted shore 
platform, cannot be explained by only 1.5 m of 
up-to-the-north offset of the lower platform. We 
infer that this terrace is evidence for an older, 
higher shore platform only present immedi-
ately north of the West Seattle fault. However, 
we cannot determine the elevation of the higher 
platform because both extensive urbanization of 
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the higher terrace and landsliding of its paleo-
sea cliff to the east prevent augering through the 
cover sediment.

At the highly urbanized West Seattle site, 
the same late Holocene north-side-up fault that 
offset the A.D. 900–930 platform apparently is 
responsible for localized uplift of an older shore 
platform just north of the fault, a relation similar 
to two much better exposed and less urbanized 
faulted shore platform sites on the west coast of 
Bainbridge Island and at Point Glover. We infer 
that two earthquakes may be recorded at West 
Seattle as well. During the earlier earthquake, 
slip on the West Seattle fault locally elevated a 
shore platform only north of the fault and a later 
earthquake regionally uplifted a younger shore 
platform and again ruptured the West Seattle 
fault (case G, Fig. 3).

LATE HOLOCENE EARTHQUAKE 
SCENARIOS ON THE SEATTLE FAULT 
ZONE

The Toe Jam Hill fault provides the best data 
set to reconstruct late Holocene earthquake his-
tory on the Seattle fault zone because data include 
both paleoseismic history from exploratory 
trenches (Nelson et al., 2003a) and paleoseismic 
history from uplifted shoreline angles (Figs. 4, 
5, and 7). The trench-derived earthquake history 
has age data for all paleoearthquakes (Fig. 7) 
from abundant 14C age determinations on char-
coal in soils buried by earthquakes. In contrast, 
only the youngest earthquake recorded at the 
coast has an age (A.D. 900–930) derived from 
radiocarbon dating (Atwater, 1999). The next-
to-youngest earthquake recorded by an uplifted 
shore platform is broadly constrained to be older 
than A.D. 900 but younger than ca. 6 ka, which 
is the time when global sea level rise decelerated 
and sea level stabilized so that coastal landforms 
such as wave-cut platforms could be formed and 
preserved (Stanley and Warne, 1994) (Fig. 7).

Three earthquakes, and possibly four, have 
occurred in the past 2500 yr based on com-
paring the number and timing of earthquakes 
recorded in trench CL on the Toe Jam Hill 
fault (see trench location, Fig. 4) with those 
recorded by the uplifted shore platforms 
(Fig. 7). The youngest earthquake, which is 
the A.D. 900–930 regional-uplift earthquake, 
is correlative to the 0.2–1.2 ka earthquake that 
caused up to 2 m of vertical displacement on the 
Toe Jam Hill fault in the middle of Bainbridge 
Island (Fig. 7). However, vertical displacement 
from the 0.2–1.2 ka earthquake was less than 
1 m along strike to the east and west where the 
fault intersects the island’s coast. The next-
to-youngest earthquake, which was confi ned 
to the reverse fault and did not cause regional 
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uplift, uplifted shore platforms by ~3.5 m 
(Figs. 4 and 5) and probably is correlative with 
1.2–1.7 ka earthquake recorded in trench CL 
on the Toe Jam Hill fault (Fig. 7). The old-
est earthquake, which did not cause regional 
uplift, is recorded by the 1.9–2.5 ka north-side-
up reverse fault earthquake on the Toe Jam Hill 
fault (Nelson et al., 2003a), but is not recorded 
by uplifted shore platforms (Fig. 7). The shore 
platform that was uplifted during the oldest 
earthquake is not preserved probably because 
the 1.9–2.5 ka uplift was small enough (<~2 m) 
that the uplifted platform was fully removed by 
sea cliff erosion before the next-to-youngest 
(1.2–1.7 ka) earthquake.

Four, rather than three, earthquakes since 
2.5 ka occurred only if the A.D. 900–930 earth-
quake recorded at the coast is not the same earth-
quake as the 0.2–1.2 ka reverse fault earthquake 
recorded in trench CL. However, the timing of 
the youngest reverse fault earthquake (prehis-
toric but younger than 1.2 ka) overlaps in time 
the A.D. 900–930 earthquake (Fig. 7). Further-
more, nearby reverse faults did slip during the 
A.D. 900–930 regional uplift earthquake at both 
Waterman Point (Nelson et al., 2003b, 2003c) 
and at West Seattle. The Toe Jam Hill fault could 
have slipped at the time of the regional uplift 
as well. The most likely scenario, therefore, is 
three earthquakes since 2.5 ka in the Bainbridge 
Island and Point Glover areas with the most 
recent A.D. 900–930 earthquake, which is the 
regional-uplift earthquake, involving up to 2 m 

of vertical displacement on the Toe Jam Hill 
fault in the middle of the island but vertical dis-
placements of less than 1 m along strike to the 
east and west at the coast.

In the Seattle fault zone, three north-side-up, 
bedding-plane reverse faults, the Toe Jam Hill 
fault on Bainbridge Island, the Point Glover 
fault at Point Glover, and the West Seattle fault 
near Alki Point (Figs. 1 and 6), slipped during 
earthquakes prior to the A.D. 900–930 regional-
uplift earthquake. The uplift footprint for an 
earthquake associated with these reverse faults 
was locally confi ned to a limited area north 
of the fault (Figs. 4, 5, and 6). Of these three 
reverse faults, the Toe Jam Hill and Point Glover 
could behave as one fault segment (Fig. 8), but 
the West Seattle fault is less likely to be the same 
fault as the other two because the West Seattle 
fault is 8 km to the west-southwest and is not 
along strike (Fig. 1).

If the Toe Jam Hill and the Point Glover 
faults behave as one fault segment, then the 
next to oldest earthquake recorded by the higher 
uplifted platform on the west coast of Bain-
bridge Island (the 1.2–1.7 ka earthquake, Fig. 7) 
was also recorded by uplift of the higher plat-
form at Point Glover (Fig. 7). The Toe Jam Hill 
fault and the Point Glover fault are almost along 
strike of each other, and they may be connected 
across the narrow 1.7-km–wide Rich Passage 
(Figs. 1B and 8). For the two faults to be con-
nected, the connecting segment must have a 
slightly more northerly strike or there must be 

an ~250 m left step in the fault trace (Fig. 8). 
If connected, the 1.2–1.7 ka earthquake likely 
included slip on both the Toe Jam Hill and the 
Point Glover faults.

DISCUSSION

Can Bedding-Plane Faults Generate 
Earthquakes?

Bedding-plane slip at shallow to interme-
diate (3–12 km depth) levels is implicated for 
earthquakes in many convergent and obliquely 
convergent structural settings in addition to the 
Seattle fault zone (Philip and Meghraoui, 1983; 
Yeats, 1986; McInelly and Kelsey, 1990; Tsut-
sumi and Yeats, 1999; Guzofski et al., 2007). 
Bedding-plane faults have ruptured coseismi-
cally and produced surface scarps in conjunc-
tion with large earthquakes on deeper structures 
(Lensen and Otway, 1971; Philip and Meghraoui, 
1983; Hull, 1990; Treiman, 1995; Yeats, 2000). 
While in some cases bedding-plane faults above 
thrust wedges and passive roof duplexes root in 
thrust ramps or roof thrusts (Banks and Warbur-
ton, 1986; Guzofski et al., 2007), in other cases 
bedding-plane reverse faults root in the axial 
plane region of folds (Shaw and Suppe, 1994; 
Ishiyama et al., 2004).

Folds can generate fault slip on bedding planes 
through the mechanism of fl exural-slip (Yeats, 
1986; Yeats et al., 1997); and based on geologic 
mapping supplemented by depth control from 
well logs, Yeats et al. (1981) contended that 
fl exural-slip, bedding-plane faults can be seis-
mogenic without being triggered by coseismic 
slip on deeper crustal faults. Adams (1984) made 
a similar case that bedding-plane faults rooted in 
a fold axis are seismogenic, while McInelly and 
Kelsey (1990) argued that these same bedding-
plane faults probably are triggered by deeper 
crustal structures. As discussed above, Shaw 
and Suppe (1994) interpreted that bedding-plane 
surfaces in proximity to the active axial surface 
of a fault-bend fold in bedded sedimentary rocks 
in the Santa Barbara channel produced a swarm 
of <M

L
4 earthquakes, the hypocenters of which 

outline the active axial surface. In contrast, 
Nicholson et al. (2007) interpret the axial sur-
face also to be a high-angle fault, in which case 
the earthquakes may have been produced on 
this fault. In either case, the axial surface roots 
in the underlying, active Channel Islands thrust 
ramp, and the earthquake swarm was not trig-
gered by coseismic slip on the underlying thrust 
ramp. Other examples of bedding-plane fault 
earthquakes not linked to slip on crustal faults 
at deeper levels include earthquakes generated 
by removal of overburden in quarries that initi-
ated small reverse fault earthquakes confi ned to 
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 bedding planes (Yerkes et al., 1983; Sylvester 
and Heinemann, 1996).

In the hanging wall north of bedding-plane–
parallel reverse faults of the Seattle uplift, the 
limited spatial extent of coseismic uplift is 
best explained by earthquakes confi ned to the 
reverse faults. The earthquakes are projected 
to be 5.6–6.0 magnitude events (see below) 
which, although not large, present an appre-
ciable seismic hazard because the earthquakes 
are probably shallow (~5 km depth) and the 
reverse fault traces trend across the greater 
Seattle metropolitan area.

Two Types of Earthquakes Inferred from 
Shore Platform Deformation

Paleoseismic evidence of earthquakes in the 
Seattle fault zone points to two different ground 
surface responses to two distinctly different 
paleoearthquakes. The fi rst type of paleoearth-
quake, represented by the A.D. 900–930 earth-
quake, caused regional uplift across much of the 
~6–7 km width of the Seattle fault zone. Bro-
cher et al. (2004) suggest a passive roof duplex 
model for the A.D. 900–930 earthquake. Ten 
Brink et al. (2006) adopt the roof duplex model 
and, assuming that shore platforms over a 6-km 

width were coseismically uplifted 6–7 m, place 
constraints on the dip of the fl oor thrust (50°) 
and on the fault geometry. In the models of both 
Brocher et al. (2004) and ten Brink et al. (2006), 
the A.D. 900–930 earthquake ruptures the north-
vergent fl oor thrust (the master-ramp thrust), the 
south-vergent roof thrust (a backthrust that roots 
in the master ramp), and some of the south-
vergent, bedding-plane reverse faults above the 
roof thrust (Fig. 2B).

The second type of paleoearthquake, repre-
sented by the second-to-most recent earthquake 
on the Toe Jam Hill fault, involves slip of one 
or several bedding-plane reverse faults, gener-
ates surface faulting, and causes localized uplift 
hundreds of meters north of fault scarps but not 
regional uplift.

Some component of slip on bedding-plane 
faults may be aseismic, but fi eld and seismic 
evidence suggests that bedding-plane slip is at 
least in part coseismic. Multiple-meter high fault 
scarps along the Waterman Point, Point Glover, 
and Toe Jam Hill faults (Nelson et al., 2003a, 
2003b, 2003c), localized abrupt uplift of shore 
platforms adjacent to bedding-plane reverse 
faults, and the Point White earthquake (dis-
cussed below) are all observations that support 
coseismic slip on bedding planes in the Seattle 

fault zone during earthquakes that generate 
localized deformation but not regional uplift.

Revised Structural Model for the Seattle 
Fault Zone

We propose an alternative model for the 
Seattle fault zone (Fig. 9) that incorporates 
interpretations of Brocher et al. (2004) and 
ten Brink et al. (2006) with observations of 
the timing and extent of surface faulting from 
uplifted shorelines and paleoseismic studies. 
This model uses mapped surface traces of 
active reverse faults (Point Glover, Toe Jam 
Hill, and Islandwood) and evidence for late 
Holocene uplift associated with these faults 
to help defi ne the geometry of the underlying 
wedge thrust and fault-bend fold.

We infer that the Seattle monocline is a dou-
bly vergent wedge thrust fold (Medwedeff, 
1992; Ishiyama et al., 2004) with the active axial 
surface of the fault-bend fold intersecting the 
ground at the surface transition from the Seattle 
basin to the Seattle uplift (A1 in Figs. 1A and 
9B). The mapped scarps of the active reverse 
faults (Toe Jam Hill and Islandwood) help 
defi ne where the active axial surface intersects 
the ground surface (Fig. 9B). The limb of the 
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black lines, isovelocity con-
tours at 1 km/sec intervals (ten 
Brink et al., 2002). Inset shows 
enlarged portion of seismic line 
in upper 3 km in vicinity of 
bedding-plane reverse faults. 
(B) Doubly vergent wedge thrust 
fold interpretation for the Seat-
tle fault zone. Bold black lines—
faults; dashed black lines—
bedding; bold dashed yellow 
lines—active axial surfaces of 
fault-bend folds; thin dashed 
yellow lines—inactive axial sur-
face; orange line—top of Eocene 
Crescent Formation basalt. 
Note the bedding-plane reverse 
faults root in the steeply dip-
ping synclinal axial surface and 
not in the roof thrust, as origi-
nally proposed by Brocher et al. 
(2004) (Fig. 2C). (C) Inferred 
extent of slip (solid-yellow bold 
lines) for an earthquake causing 
regional coseismic uplift, such 
as occurred in A.D. 900–930. 
(D) Inferred extent of slip (yel-
low bold line) for an earthquake 
confi ned to bedding-plane 
reverse fault (a “folding earth-
quake”), which would gener-
ate a north-side-up fault scarp 
and localized uplift extending 
hundreds of meters north of the 
fault scarp. The dashed, bold-
yellow “tail” of the inferred slip 
denotes that the slip may also 
occur north of the axial surface 
in the fl at portion of the fault-
bend fold. TJHf—Toe Jam Hill 
fault; IWf—Islandwood fault.



Reverse faults Seattle fault zone

 Geological Society of America Bulletin, November/December 2008 1593

H
K

K
H

K

12

10

8

6

4

2

0

D
ep

th
 (

km
)

TJHf IWf D1A8C1 A2 A1

10 20 30 40Distance (km)

Amount of
shortening

Top of Crescent 
basalt

Top of Crescent 
basalt

NorthSouthB

A

Roof thrust

Roof thrust

Slip surfaces

Slip surfaces

Land surface

Ramp

Ramp

Figure 10. (A) Simple theoretical model, using fault-related folding theory (Suppe, 1983; Med-
wedeff, 1992), showing how bedding-plane reverse faults would grow as slip accumulates on 
the master ramp. The model demonstrates the permissible kinematic relationship between 
slip on bedding-plane reverse faults, which would produce localized uplift to the north of 
reverse fault scarps, and slip on the Seattle thrust ramp. Note that the inferred ramp angle 
for the Seattle fault zone (Figs. 9 and 10B), based on interpretation of the seismic refl ection 
profi le, and the ramp angle in the theoretical model are not the same because the theoretical 
model consists of a layered medium in both the hanging wall and footwall, whereas the mas-
sive, fractured Crescent basalt does not consist of layers that deform by layer parallel slip. 
(B) Wedge thrust fold model for the Seattle fault zone and focal mechanism for the 1997 Point 
White earthquake (beach ball) and aftershocks (open white circles) (Blakely et al., 2002). The 
solid vertical bar shows the depth uncertainty for the main shock (Pacifi c Northwest Seismic 
Network, 2007). The focal mechanism is projected 8 km west along strike from its epicentral 
location (Fig. 1A), using the position of the earthquake relative to the surface trend of axial 
plane A1. The amount of shortening is inferred from the kink band width from H to K. The 
cross section is line length balanced for the top of Crescent basalt (orange line) and the low-
ermost bed contact from seismic refl ection line (dotted line). C1, A8, and D1 are seismometer 
locations on the seismic line in Figure 1A.
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fold south of the active axial surface is the mod-
erately to steeply dipping (60°–80°N) structural 
panel of Tertiary strata that contains bedding-
plane–parallel reverse faults.

These reverse faults are bedding-plane 
thrusts that root in the active axial surface of 
the fold. This geometry allows for reverse slip 
on 60°–80° north-dipping bedding planes, as 
observed in trenches (Nelson et al., 2003a) 
(Fig. 2A). Based on dips of the reverse faults 
at the surface, and on the dips of sedimentary 
beds, the reverse faults are interpreted to root in 
the synclinal axial surface at depths of 4–6 km 
(Fig. 9). An earthquake confi ned to these steep 
bedding-plane faults would produce localized 
uplift to the north of north-side-up reverse fault 
scarps. A possible theoretical model (after 
Medwedeff, 1992) shows how such bedding-
plane reverse faults would grow as slip accu-
mulates on the master ramp (Fig. 10A). Bed-
ding-plane slip accumulates as the forelimb of 
the structural wedge associated with the Seattle 
ramp widens. We interpret the forelimb of the 
wedge to be a fault-related fold that deforms 
by fl exural slip processes (Yeats et al., 1997). 
The model in Figure 10 demonstrates the per-
missible kinematic relationship between bed-
ding-plane reverse faults and slip on the Seattle 
thrust ramp as constrained by surface observa-
tions of bedding dip and reverse fault scarps 
and seismic refl ection data.

We therefore envision the Seattle fault zone 
as a seismogenic structural wedge (Fig. 9), in 
contrast to prior interpretations of the Seattle 
fault as a reverse fault with a backthrust (ten 
Brink et al., 2002) or as a structural duplex (Bro-
cher et al., 2004) (Fig. 2). A similar seismogenic 
structural wedge underlies Wheeler Ridge in 
the southern San Joaquin Valley (Medwed-
eff, 1992) and the Coyote Hills segment of the 
Puente Hills blind-thrust fault in the Los Ange-
les basin (Pratt et al., 2002). According to fault-
bend fold theory (Suppe, 1983), the total short-
ening on the wedge thrust is equal to the 6-km 
width of the kink fold between the active axial 
surface A1 and the inactive axial surface A2 
(Figs. 9 and 10B). If the total slip on the master-
ramp thrust is ~6 km and the master ramp dips 
40°–60° (ten Brink et al., 2006), the vertical off-
set of the Seattle basin from the Seattle uplift is 
4.6–5.2 km, which is roughly the relief of the 
basin compared to the neighboring uplift (verti-
cal offset of top of Crescent Formation, Fig. 9) 
as inferred from P-wave–velocity modeling (ten 
Brink et al., 2002). Minor folds in the sedimen-
tary units, which often are associated with faults 
at the surface, are consistent with a fault ramp 
and bedding cutoff fold geometry. For instance, 
the seismic line shows minor folds in the steeply 
dipping bedded section below the reverse fault 

scarps (solid arrows point to such folds on inset 
to Fig. 9A). We infer that these folds are hang-
ing-wall bedding cutoffs that are formed by fault 
ramps where the reverse faults cut obliquely 
up-section from one bedding plane to another. 
Similarly, farther south on the seismic line, folds 
in the upper few kilometers of the Tertiary bed-
ded section perturb the otherwise shallow beds 
dips (open arrows point to such folds on inset to 
Fig. 9A). We infer these folds are also hanging-
wall bedding cutoffs, in this case formed by 
fault ramps where reverse faults cut obliquely 
up-section from the underlying roof thrust.

The wedge thrust, fault-bend fold model can 
explicitly account for the two earthquake types 
identifi ed by paleoseismology studies. Regional 
uplift earthquakes can accommodate, but do not 
require, slip on the bedding-plane reverse faults. 
The bold yellow lines in Figure 9C delineate 
faults that would rupture during a regional uplift 
earthquake. These faults include the master 
ramp and fl at, the backthrust of the wedge, and 
the hinterland bedding-plane detachment (“roof 
thrust”); a regional uplift earthquake could also 
include slip on a bedding-plane–parallel reverse 
fault (Fig. 9C). Bedding-plane–parallel reverse 
fault earthquakes, which produce only localized 
uplift, can occur independently of slip on the 
master ramp and wedge thrust. The bold yel-
low line in Figure 9D schematically delineates 
a fault that could rupture during an earthquake 
confi ned to a bedding-plane–parallel reverse 
fault rooted in the active axial surface.

The June 23, 1997, M
W

4.5 Point White earth-
quake (Pacifi c Northwest Seismic Network, 
2007) is an earthquake within the Seattle fault 
zone (Fig. 1A) that likely initiated by slip on 
bedding planes within or near the active syncli-
nal axial surface above the structural wedge of 
the Seattle fault zone. The focal mechanism and 
depth, if plotted 8 km eastward along strike onto 
the line of the seismic section, shows that the 
reverse focal mechanism occurred at a shallow 
depth (4.0–8.0 km, Pacifi c Northwest Seismic 
Network, 2007) with a hypocentral position 
within steeply dipping bedded sediment at the 
north end of the Seattle uplift (Fig. 10B). The 
depth and position of the focal mechanism are 
consistent with earthquake initiation by slip on 
bedding planes near the axial surface of the Seat-
tle monocline (A1, Fig. 10B). The two possible 
slip planes for the earthquake have strikes par-
allel to the regional strike of the Tertiary strata 
(090°) and one of the planes dips 65° to 85°N 
(Pacifi c Northwest Seismic Network, 2007), 
which is the same as the local dip of the Tertiary 
strata (Figs. 1B and 10B). We infer that the Point 
White earthquake is similar to the localized-
uplift earthquakes inferred from platform uplift 
at Bainbridge Island and Point Glover (Figs. 4 

and 5) except that the Point White earthquake 
was too small to generate a surface scarp or to 
preserve shore platform uplift.

The Late Holocene Toe Jam Hill/Point 
Glover Bedding-Plane Reverse Fault 
Earthquake

At least two earthquakes that involved slip on 
the Toe Jam Hill fault occurred hundreds to a 
few thousand years prior to the A.D. 900–930 
regional uplift earthquake (Nelson et al., 2003a; 
Fig. 7), and in this section we reconstruct the 
likely rupture area of one of those earthquakes, 
herein called the Toe Jam Hill/Point Glover 
earthquake (earthquake #2 in Fig. 7). The earth-
quake ruptured the Toe Jam Hill and Point 
Glover north-side-up, bedding-plane reverse 
faults, which we infer to be connected across 
Rich Passage (Fig. 8). Although in this recon-
struction we restrict the earthquake rupture 
area to these two faults, we recognize that other 
separate bedding-plane reverse faults, such as 
the Waterman Point fault, the Islandwood fault, 
and/or the West Seattle fault (Fig. 1), could have 
ruptured in earthquakes at the same time, pro-
ducing other areas of localized surface uplift.

We approximate the extent and amount of the 
surface coseismic uplift from the Toe Jam Hill/
Point Glover earthquake (Fig. 8) by compiling 
coseismic uplift estimates from trench investi-
gations (Nelson et al. 2003a) and from wave-cut 
platform studies discussed above. Uplift on the 
fault trace at Point Glover and on the west coast 
of Bainbridge Island was ~3.5 m (Figs. 4 and 5), 
and uplift on the Toe Jam Hill fault in the middle 
of Bainbridge Island at the site of trench excava-
tions was 2.0 m (Nelson et al., 2003a). Evidence 
for a higher shore platform above the A.D. 
900–930 regionally uplifted platform is lack-
ing both at Point White and on the east coast of 
Bainbridge Island, and therefore uplift at these 
sites probably was less than one meter (Fig. 8). 
Because coseismic surface uplift decreases to the 
east and to the west from a maximum between 
Point Glover and the west coast of Bainbridge 
Island, we approximate eastern and western 
limits to surface rupture, which defi ne an ~8- 
to 10-km–long fault trace (a ~9-km–long trace 
is depicted in Fig. 8). Although the maximum 
slip is on the order of 3.5–4.0 m (Figs. 4 and 5), 
much of the area was coseismically uplifted less 
than one meter (Fig. 8); thus, we assign a con-
servative average slip of 2 m. Subsurface geom-
etry based on seismic refl ection data (Figs. 2 and 
9) suggests that the bedding-plane faults root at 
4–6 km depth, possibly in the vicinity of the 
axial surface of the fault-bend fold.

Fault rupture characteristics for the Toe Jam 
Hill/Point Glover earthquake (rupture plane that 
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is 8–10 km long and 4–6 km deep with an aver-
age fault slip of 2 m) would generate an earth-
quake of moment magnitude 5.6–6.0, using a 
material shear modulus range for sedimentary 
rocks of 0.5 × 1011 GPa to 0.9 × 1011 GPa (Bro-
cher, 2005) and the moment magnitude relation 
developed by Hanks and Kanamori (1979). An 
example of a historic reverse fault earthquake 
with similar surface scarp length, vertical dis-
placement, and epicentral depth to the recon-
structed Toe Jam Hill/Point Glover earthquake, 
but hosted in rocks with higher shear moduli, is 
the 1988 Tennant Creek (Australia) earthquake 
sequence (Crone et al., 1992). These three M

S
 

6.3–6.7 reverse fault earthquakes had surface 
fault scarp lengths of 3.1–16.0 km, vertical dis-
placements of 1.0–1.5 m and main shock depths 
of 3.5–6.5 km. In general, the reverse fault earth-
quake depicted in Figure 8 has a short rupture 
length for the average amount of slip compared 
to historic earthquakes generated by reverse 
faults (Wells and Coppersmith, 1994). The 1983 
M

W
 6.5 Coalinga earthquake, for instance, had 

maximum surface uplift of 0.5 m from a com-
bined rupture length of 20–35 km with primary 
and secondary slip on several shallow (<30°) 
ramp thrusts and bedding-plane reverse faults 
above a 10 km main shock depth (Eaton, 1990; 
Stein and Ekström, 1992). However, the maxi-
mum surface uplift was not on a fault scarp but 
occurred directly above an actively growing 

fault-bend fold at depth, where no bedding-
plane reverse faults were observed at the surface 
(Guzofski et al., 2007).

Timing of Folding Earthquakes Relative to 
Timing of Master-Ramp Earthquakes

Earthquakes generated in the axial plane 
region of a fault-bend fold (“folding earth-
quakes”) are, in the broadest sense, kinemati-
cally driven by earthquakes on the master ramp 
because coseismic slip on the master ramp 
results in growth of the fault-bend fold in the 
overlying sedimentary basin at the tip of the 
wedge thrust. If slip occurs on fl exural slip 
bedding-plane surfaces of a fault-bend fold dur-
ing a master-ramp earthquake, then there is no 
folding earthquake separated in time from the 
master-ramp earthquake, although reverse fault 
scarps generated by bedding-plane slip may be 
preserved at Earth’s surface. However, if bed-
ding-plane slip is delayed by hours to years, a 
separate folding earthquake (i.e., seismic slip on 
bedding planes) would occur. The folding earth-
quake must occur centuries after the master-
ramp earthquake in order for the uplift from the 
folding earthquake to be recorded by a separate 
uplifted shore platform.

Timing of Seattle fault zone earthquakes 
(Sherrod et al., 2000; Nelson et al., 2003a; 
2003b) may provide insight to the time range 

of triggering of folding earthquakes by mas-
ter-ramp earthquakes. The earthquake record 
comes from several sources, the best docu-
mented of which are the 7500 yr continuous 
relative sea-level stratigraphic record from 
the marsh at Restoration Point (Sherrod et al., 
2000) (Fig. 1) and the late Holocene paleoseis-
mic record from the Waterman Point and Bain-
bridge Island trench investigations (Nelson et 
al., 2003a, 2003b, 2003c).

The Holocene record of earthquakes on the 
Seattle fault zone (Fig. 11) indicates that folding 
earthquakes can be triggered from hours to thou-
sands of years after the last master-ramp earth-
quake. A large earthquake 7000 yr ago produced 
regional uplift (Sherrod et al., 2000) and was 
followed by a ~4500 yr time gap before a clus-
ter of ~2–3 folding earthquakes. This cluster of 
folding earthquakes was immediately followed 
by the A.D. 900–930 regional-uplift, master-
ramp earthquake (Fig. 11). The A.D. 900–930 
regional-uplift earthquake included slip on 
bedding-plane reverse faults that formed scarps 
at the surface. Although folding earthquakes 
are considered to be kinematically induced by 
deeper-seated master-ramp earthquakes, their 
timing can be suffi ciently delayed relative to the 
preceding master-ramp earthquake to appear as a 
precursory event for the next master-ramp earth-
quake in the paleoseismic record (Fig. 11). Such 
is the case in the Seattle fault zone where some 
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Toe Jam Hill fault 
(Nelson et al., 2003a)

Waterman Point fault 
(Nelson et al., 2003b)

End of last glaciation 
in Puget lowland

Age of regional uplift earthquakes (master ramp earthquakes)

Deposits 
of last or 
earlier 
glaciations 

Restoration Point marsh 
(Sherrod et al., 2000)

A.D. 7000 regional-uplift 
earthquake

Age of local uplift earthquakes (folding earthquakes)

Earthquakes prior to 16 ka

A.D. 900–930 regional-uplift earthquake

Islandwood fault 
(Sherrod et al., 2007)

Figure 11. Summary of earthquake timing from trench (Nelson et al., 2003a, 2003b; Sherrod et al., 2007), shore platform (this study), and 
marsh (Sherrod et al., 2000) investigations within the Seattle fault zone. All locations are depicted on Figure 1B. The age range denoted 
by the bar widths is the maximum limiting age for the earthquake based on radiocarbon ages on detrital charcoal. Earthquakes in the 
paleoseismic record of the Seattle fault zone are divided into three categories (regional, local, and older than 16 k.y.) based on age and 
extent of shoreline uplift associated with the earthquake
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folding earthquakes occur thousands of years 
after the master-ramp earthquake. The folding 
earthquakes of 1.2–1.7 ka and 1.9–2.5 ka (Figs. 7 
and 11) were precursors to the A.D. 900–930 
regional-uplift, master-ramp earthquake.

But the Seattle fault zone paleoseismic 
data also allow that folding earthquakes may 
be triggered within hours to months after the 
master-ramp earthquake. At the West Seattle 
and Waterman Point sites (Figs. 5 and 6), we 
have inferred that the Waterman Point reverse 
fault and the West Seattle reverse fault slipped 
at the same time as the A.D. 930–900 master-
ramp earthquake, but these bedding-plane fault-
ing events may have occurred days to months 
after the A.D. 930–900 master-ramp earthquake 
and the record of a regionally uplifted platform 
locally offset by a reverse fault scarp would be 
preserved the same either way.

CONCLUSIONS

Folding earthquakes, generated in the axial 
plane region of fault-bend folds, can be indepen-
dent seismic hazards. These earthquakes involve 
coseismic fold growth as part of the deforma-
tion fi eld of the earthquake and are distinct from 
earthquakes that occur on master-ramp thrusts.

The Seattle fault zone consists of a blind 
north-verging wedge thrust that poses a consid-
erable seismic hazard to the Seattle metropoli-
tan region from two seismogenic sources. One 
earthquake source is the master-ramp thrust and 
associated backthrust and roof ramp of the wedge 
thrust. Such earthquakes generate regional uplift 
along the ~6- to 7-km–wide Seattle uplift; and 
the hazard of such an earthquake, which last 
occurred in A.D. 900–930, has been identifi ed 
by other workers. The other earthquake source 
is relatively shallow (<6-km–deep) faults that 
occur on fl exural slip surfaces within the fault-
bend fold at the tip of the thrust wedge. These 
bedding-plane faults slip coseismically during 
folding. The folding earthquakes, generated in 
the axial region of the fold, propagate up steep 
bedding dips to form the observed north-side-
up fault scarps in the Seattle fault zone. Evi-
dence for these folding earthquakes comes from 
uplifted shore platforms formed on the north side 
of uplifted bedding-plane reverse fault scarps. 
Such uplifted platforms only extend hundreds of 
meters north of the fault scarps and are distinctly 
restricted in areal extent compared to the region-
ally extensive uplifted shore platform (6–7 km 
wide, ~25 km along strike) that is the result of a 
wedge thrust earthquake. Nonetheless, the fold-
ing earthquakes present a signifi cant, separate 
seismic hazard. Folding earthquakes are prob-
ably in the range of magnitude 6, based on esti-
mated slip amounts and rupture area on fl exural 

slip surfaces for one folding earthquake recon-
structed from paleogeodetic data derived from 
uplifted shore platforms.

A conceptual model of the Seattle fault zone 
as a doubly vergent wedge thrust fold not only 
provides a structural context for reverse faults 
and folding earthquakes but also provides 
insight to Seattle basin development. The width 
of the kink of the fault-bend fold at the tip of the 
Seattle fault zone wedge thrust is 6 km, which, 
following fault-bend fold theory, would predict 
that total slip on the wedge thrust is 6 km. Given 
a 50°–60° dip of the master ramp, the wedge 
thrust would create a basin ~4–6 km deep, a 
depth consistent with that of the Seattle basin in 
the foreland of the wedge thrust.

In the Holocene, folding earthquakes on 
the Seattle fault zone have occurred thousands 
of years after the previous master-ramp earth-
quake. Folding earthquakes in the broadest 
sense are triggered by earthquakes on the master 
ramp because coseismic slip on the master ramp 
results in growth of the fault-bend fold at the tip 
of the wedge thrust. If slip occurs on fl exural slip 
bedding-plane surfaces in the fault-bend fold 
during the master-ramp earthquake, then there 
is no separate folding earthquake. However, if 
slip is delayed by hours to years, a separate fold-
ing earthquake would occur. Based on an earth-
quake history record for the Seattle fault zone 
that spans the past 7500 yr, folding earthquakes 
can be triggered from hours to thousands of 
years after the last master-ramp earthquake, and 
some folding earthquakes may be precursory to 
the subsequent master-ramp earthquake.
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