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ABSTRACT

Earthquake prehistory of the southern 
Puget Lowland, in the north-south com-
pressive regime of the migrating Cascadia 
forearc, refl ects diverse earthquake rupture 
modes with variable recurrence. Stratigraphy 
and Bayesian analyses of previously reported 
and new 14C ages in trenches and cores along 
backthrust scarps in the Seattle fault zone 
restrict a large earthquake to 1040–910 cal yr 
B.P. (2σ), an interval that includes the time of 
the M 7–7.5 Restoration Point earthquake. 
A newly identifi ed surface-rupturing earth-
quake along the Waterman Point backthrust 
dates to 940–380 cal yr B.P., bringing the num-
ber of earthquakes in the Seattle fault zone 
in the past 3500 yr to 4 or 5. Whether scarps 
record earthquakes of moderate (M 5.5–6.0) 
or large (M 6.5–7.0) magnitude, backthrusts 
of the Seattle fault zone may slip during mod-
erate to large earthquakes every few hundred 
years for periods of 1000–2000 yr, and then 
not slip for periods of at least several thou-
sands of years. Four new fault scarp trenches 
in the Tacoma fault zone show evidence of late 
Holocene folding and faulting about the time 
of a large earthquake or earthquakes inferred 
from widespread coseismic subsidence ca. 
1000 cal yr B.P.; 12 ages from 8 sites in the 
Tacoma fault zone limit the earthquakes to 
1050–980 cal yr B.P. Evidence is too sparse 
to determine whether a large earthquake was 
closely predated or postdated by other earth-
quakes in the Tacoma basin, but the scarp 
of the Tacoma fault was formed by multiple 

earthquakes. In the northeast-striking Saddle  
Mountain deformation zone, along the west-
ern limit of the Seattle and Tacoma fault 
zones, analysis of previous ages limits earth-
quakes to 1200–310 cal yr B.P. The prehistory 
clarifi es earthquake clustering in the central 
Puget Lowland, but cannot resolve potential 
structural links among the three Holocene 
fault zones.

INTRODUCTION

The seismic hazard of active convergent mar-
gins derives not only from great earthquakes on 
the megathrust, but also from shallow faulting in 
the actively deforming forearc. Along the Cas-
cadia margin, the cities of Seattle and Tacoma 
occupy the Puget Lowland, a structurally com-
plex, seismically active forearc trough between 
the Coast Range and the Cascade volcanic arc. 
Deformation of the lowland is caused by the 
clockwise motion of western Oregon, pushing 
northward and compressing western Washing-
ton against slower moving Canada (Fig. 1A; 
Wells and Simpson, 2001; McCaffrey et al., 
2007). North-south shortening of the Puget 
Lowland at ~4.4 mm/yr (McCaffrey et al., 2007) 
has produced thrust fault–bounded uplifts that 
subdivide the lowland into four basins (Fig. 1B; 
Pratt et al., 1997; Brocher et al., 2001; Blakely 
et al., 2002). Much of the north- to northeast-
directed strain in the southern Puget Lowland 
is accommodated by deformation in the Seattle 
fault zone, the Tacoma fault zone, the Saddle 
Mountain deformation zone, and along the 
Olympia fault (Figs. 1B, 1C).

The Puget Lowland tectonic setting is similar 
to that of southwest Japan, where the westward-

migrating forearc has deformed the Seto Inland 
Sea into a series of basins and uplifts bounded 
by faults. One of these, the Nojima fault, pro-
duced the 1995 Mw6.9 Hyogoken Nanbu (Kobe) 
earthquake, which killed more than 6400 peo-
ple, destroyed the port of Kobe, and caused 
$100 billion in damage (Chang, 2010). Unlike 
the Inland Sea of Japan, the historical record of 
seismicity in the Puget Lowland is short, and 
information about past large, surface-deforming 
earthquakes must come from paleoseismol-
ogy. In this densely forested, heavily glaciated 
region, the most successful paleoseismology 
studies begin with aeromagnetic mapping and 
seismic refl ection surveys to identify potentially 
active fault zones, move to searches for fault or 
fold scarps and deformed shorelines on lidar 
(light detection and ranging; i.e., airborne laser 
swath mapping) imagery, and follow up with 
studies of Holocene stratigraphy beneath scarps 
and shorelines to date prehistoric earthquake 
deformation (Barnett et al., 2010; e.g., Blakely 
et al., 2002; Johnson et al., 2004a; Sherrod et al., 
2004a, 2008; Kelsey et al., 2012).

Paleoseismology has uncovered several 
aspects of fault and earthquake behavior in the 
Seattle-Tacoma-Saddle Mountain fault systems.

1. A very large earthquake is recorded by an 
uplifted marine terrace fi rst identifi ed at Res-
toration Point on Bainbridge Island (Fig. 2A). 
The terrace, uplifted during an earthquake on 
the  master-ramp thrust of the Seattle fault, can 
be traced over tens of square kilometers on the 
fault hanging-wall block (Bucknam et al., 1992; 
Sherrod et al., 2000; Kelsey et al., 2008; Figs. 
2A and 3).

2. Surface-rupturing reverse faults are well 
documented in the hanging-wall blocks of the 
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Seattle and Tacoma faults, as well as along 
faults of the Saddle Mountain deformation zone 
(Fig. 1C; Witter et al., 2008; Blakely et al., 2009; 
this paper). In the central Seattle fault zone, the 
surface ruptures are on short, en echelon back-
thrusts (Nelson et al., 2003a), and their relation 
to slip on the master thrust at depth is problem-
atic (Kelsey et al., 2008).

3. Widespread evidence for surface-deform-
ing earthquakes within ~100–200 yr of 1000 
cal yr B.P. extends over at least 800 km2 (Buck-
nam et al., 1992; Sherrod, 2001) and probably 
>4000 km2 (Blakely et al., 2009; Martin and 
Bourgeois, 2012) of the southern Puget Low-
land. This includes the Seattle fault zone, the 
Tacoma fault zone and Tacoma basin, and the 
Saddle Mountain deformation zone (Fig. 1C; 
Atwater and Moore, 1992; Bucknam et al., 1992; 
Bucknam and Biasi, 1994; Atwater, 1999; Sher-
rod et al., 2000; Hughes, 2005; Kelsey et al., 
2008; Blakely et al., 2009; Arcos, 2012).

4. Apparent quiescent intervals of 6000–
8000 yr have been inferred for 2 faults marked 
by short scarps of the central Seattle fault zone 
(Nelson et al., 2003a; this paper). The signifi -
cance of the apparent clustering of earthquakes 
on these faults in the late Holocene is unclear, 
partly because the structural relation of the faults 
to the master-ramp thrust is not understood.

In this paper we reconstruct the prehistory of 
large earthquakes in the southern Puget Lowland 
(Fig. 1B). Our objectives are to interpret new 
and previously published evidence for surface-
deforming earthquakes above the master-ramp 
thrusts of the Seattle and Tacoma faults, to 
compare earthquake chronologies among sites, 
and to assess the timing of large earthquakes 
on these faults and the kinematically related 
Saddle Mountain deformation zone. To do this, 
we describe, date, and interpret new evidence of 
surface-deforming earthquakes in nine fault scarp 
trenches in the Seattle and Tacoma fault zones 
(Nelson et al., 2003b, 2008; Sherrod et al., 2004a) 
and from wetland stratigraphy adjacent to one of 
the trenched scarps in the Seattle fault zone. We 
synthesize these new interpretations with prior 
studies of uplifted, subsided, or warped shorelines 
(Bucknam et al., 1992; Sherrod et al., 2000; Sher-
rod, 2001; Kelsey et al., 2008; Arcos, 2012), fault 
scarp and fold scarp stratigraphy (Nelson et al., 
2002, 2003a; Witter et al., 2008; Blakely et al., 
2009), wetland stratigraphy adjacent to scarps 
(Hughes, 2005; Polenz et al., 2011), strong-shak-
ing–induced liquefaction and landslide deposits 
(Fig. 1C; Karlin and Abella, 1992, 1996; Pringle 
et al., 1998; Sherrod, 2001; Karlin et al., 2004; 
Martin and Bourgeois, 2012; Arcos, 2012), and 
the deposits of tsunamis generated by fault rup-
ture (Atwater and Moore, 1992; Bourgeois and 
Johnson, 2001; Arcos, 2012; Martin and Bour-

geois, 2012). A key part of our synthesis is an 
evaluation of the more than 260 14C ages obtained 
during paleoseismic studies in the southern low-
land. Using stratigraphic, geomorphic, and age 
evidence to correlate earthquakes from site to 
site, we selected ages that most closely limit the 
times of late Holocene earthquakes (Table 1; 
Table S1 in the Supplemental File1) and calcu-
lated time intervals for each earthquake.

TECTONICS OF THE SEATTLE AND 
TACOMA FAULTS AND HOLOCENE 
RUPTURE MODE DIVERSITY

The subsurface geometry of the Seattle fault 
zone is the subject of debate. Johnson et al. 
(1994, 1999), Pratt et al. (1997), and ten Brink 
et al. (2002) interpreted the Seattle fault zone as 
a complex, south-dipping (~40°) master-ramp 
thrust (Fig. 3A). Short, south-facing scarps in 
the central Seattle fault zone, such as along the 
Toe Jam Hill fault on Bainbridge Island, were 

interpreted as shallow, north-dipping faults anti-
thetic to the master-ramp fault (Figs. 1C, 2A, 
and 3A). In a variation of this model (adopted 
by ten Brink et al., 2006), Brocher et al. (2004) 
proposed a passive-roof duplex in which the 
shallow faults root into a gently north-dipping 
detachment fault above the south-dipping mas-
ter-ramp fault (Fig. 3B). Liberty and Pratt (2008) 
proposed that the eastern part of the Seattle fault 
zone is a thrust fault that extends upward into a 
fault-propagation fold with a breakthrough fore-
limb fault (Fig. 3C). The tip of the breakthrough 
fault forms a blind growth fold and may be the 
fault exposed in a trench across the Vasa Park 
scarp (Fig. 1C; Sherrod, 2002).

In the central Seattle fault zone, Kelsey et al. 
(2008) incorporated aspects of the Brocher et al. 
(2004) and ten Brink et al. (2006) models, but 
Kelsey et al. (2008) proposed that the upper part 
of the fault zone is a doubly vergent, wedge-
thrust, fault-bend fold. The north-dipping 
reverse faults marked by scarps on Bainbridge 
Island are interpreted as shallow fl exure slip, 
bedding-plane thrust faults that root 4–6 km 
deep in the active axial surface of the wedge-
thrust fold (Figs. 2A and 3D). In this model, the 
shallow bedding-plane faults may slip during 
moderate earthquakes independent of slip on the 
deeper master-ramp thrust.

Figure 1 (on following page). (A) Kinematic model of the Cascadia forearc (simplifi ed from 
Wells et al., 1998; Wells and Simpson, 2001). Northward migration of the Oregon Coast 
Range squeezes western Washington against the North American plate, producing faults and 
earthquakes in the Puget Lowland. Red lines are faults; black arrows show motions of tec-
tonic blocks. (B) Tectonic setting of the Seattle and Tacoma fault zones and the Saddle Moun-
tain deformation zone in the southern Puget Lowland region (modifi ed from Blakely et al., 
2009). The Puget Lowland occupies the area within the orange dashed line. Red and green 
stipples indicate regions of uplift and sedimentary basins, respectively, as defi ned by gravity 
anomalies. Holocene or suspected Holocene faults are shown in black. Faults in the Seattle 
and Tacoma fault zones and the Saddle Mountain deformation zone are shown in red. Basins 
and regions of uplift: BB—Bellingham basin; EB—Everett basin; KA—Kingston arch; SB—
Seattle  basin; SU—Seattle uplift; DB—Dewatto basin; TB—Tacoma basin; OU—Olympia 
uplift. Faults: BCF—Boulder Creek fault; LRF—Leech River fault; DMF—Devil’s Mountain 
fault; SWIF—southern Whidbey Island fault; RMF—Rattlesnake Mountain fault; SMF—
Saddle Mountain faults; CRF—Canyon River fault; FCF—Frigid Creek fault; WRF—White 
River fault; OF—Olympia fault. (C) Southern Puget Lowland showing the Seattle fault zone, 
Tacoma fault zone, Saddle Mountain deformation zone, Olympia fault, and related late Holo-
cene fault scarps (base from Finlayson, 2005). Faults (red lines) are inferred from evidence 
summarized by Brocher et al. (2004), Johnson et al. (2004b), Karel and Liberty (2008), Liberty 
and Pratt (2008), Witter et al. (2008), Blakely et al. (2009), Clement et al. (2010), and Tabor 
et al. (2011). Fault scarps (black lines) are as identifi ed on lidar (light detection and ranging) 
imagery by many investigators (e.g., Harding and Berghoff, 2000; Haugerud and Harding, 
2001; Nelson et al., 2002; Haugerud et al., 2003; Sherrod et al., 2004a; Nelson et al., 2008; 
Witter et al., 2008; Blakely et al., 2009). Colored symbols mark sites with evidence of surface 
deformation (from Bucknam et al., 1992; Sherrod, 2001; Sherrod et al., 2004a; Tabor et al., 
2011; Arcos, 2012): green (inverted triangles)—coseismic subsidence, purple (triangles)—
coseismic uplift, blue (circle)—no movement. Faults marked by the Price Lake scarps include 
the Saddle Mountain East fault (SME) and Saddle Mountain West fault (SMW).

1Supplemental File. PDF fi le containing two tables 
and six fi gures that describe basic data for sites in the 
paper that are not summarized elsewhere. If you are 
viewing the PDF of this paper or reading it offl ine, 
please visit http:// dx .doi .org /10 .1130 /GES00967 .S1 
or the full-text article on www .gsapubs .org to view 
the Supplemental File.
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Figure 2. Maps of fault scarps and sites with 
evidence of surface deformation in (A) the 
central Seattle fault zone and (B) the central 
Tacoma fault zone (located in Fig. 1C; base 
from Finlayson, 2005). Hachures on fault 
scarps (black lines) point down the scarp. 
Projected surface traces of major faults at 
depth (light red lines) are from Figure 1C. 
Green letter A locates the intersection of 
the Toe Jam Hill fault scarp with marine 
terraces on the west coast of Bainbridge 
Island. Green letter B locates a strand of the 
Seattle fault south of Alki Point. The pro-
nounced north-to-northeast trend of land-
forms was produced during glaciation of 
the Puget Lowland. Much higher resolution 
lidar (light detection and ranging) imagery 
of scarps in A is shown with trench site loca-
tions in Nelson et al. (2002, fi g. 2 therein, 
http:// pubs .usgs .gov /of /2002 /ofr -02 -0060/; 
2003b, Fig. 2 therein, http:// pubs .usgs .gov 
/mf /2003 /mf -2423/) and Kelsey et al. (2008, 
fi g. 1B therein), and in B in Sherrod et al. 
(2004a, fi g. 3 therein) and Nelson et al. (2008, 
fi gs. 3, 4, 10, 11, and 12 therein, http:// pubs 
.er .usgs .gov /usgspubs /sim /sim3060).
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The Tacoma fault zone consists of a series 
of faults and folds with a north-dipping reverse 
fault on its western end, a growth fold above 
a deeper fault beneath Case Inlet, and a fault 
that intersects a northwest-trending monocline 
on its eastern end (Figs. 1C, 2B, and 3B; Pratt 
et al., 1997; Brocher et al., 2001, 2004; Johnson 
et al., 2004b). Shallow seismic refl ection work 
has confi rmed the growth fold and other folds 
to the west, and identifi ed small faults near the 
northwest-trending monocline that indicate its 
postglacial growth. Clement et al. (2010) inter-
preted the refl ection data to suggest Holocene 
folding and faulting along the Olympia fault (or 
fold) on the south edge of the Tacoma basin. If 
north-dipping reverse faults of the Tacoma fault 

zone sole into a south-dipping master Seattle 
thrust, they do so at a depth of at least 10 km 
(Fig. 3B; Brocher et al., 2001, 2004; Johnson 
et al., 2004b; Clement et al., 2010).

The different structural models affect inter-
pretations of the magnitude of the earthquakes 
recorded by fault scarps and deformed shore-
lines in the Seattle and Tacoma fault zones. 
All of the models are consistent with the larg-
est earthquakes being produced during ruptures 
tens of kilometers long on the master-ramp 
thrust of the Seattle fault zone and/or on faults 
of the Tacoma fault zone that extend deeper 
than 8–10 km. Kelsey et al. (2008) termed these 
“regional earthquakes,” based on shorelines 
uplifted >3 m over an area 5–6 km wide and tens 

of kilometers long on the hanging wall of the 
Seattle fault zone during the Restoration Point 
earthquake. We refer to these largest upper plate 
earthquakes as “very large,” and follow previous 
studies in inferring that they were M 7–7.5 (e.g., 
Bucknam et al., 1992; Sherrod, 2001; Blakely 
et al., 2009).

As interpreted in Kelsey et al. (2008), earth-
quakes recorded by short scarps or uplifted 
terraces extending <1–2 km from faults may 
have rupture areas limited to the upper 4–6 
km of a fault-bend-fold wedge over distances 
of 8–10 km (Fig. 3D). These events were con-
sidered “local earthquakes” by Kelsey et al. 
(2008) with inferred “moderate” magnitudes 
of 5.5–6.0. If instead, the ruptures with limited 
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TABLE 1. LATE HOLOCENE RADIOCARBON AGES THAT CLOSELY LIMIT THE TIMES OF SURFACE DEFORMATION 
IN THE SEATTLE AND TACOMA FAULT ZONES AND SADDLE MOUNTAIN DEFORMATION ZONE

Lab-reported age
(14C yr B.P. at 1σ)*

Calibrated age
(cal yr B.P. at 2σ)†

Calibrated age
(cal yr A.D. at 2σ)† Inferred age context§ Description of dated material**

Seattle fault zone
Bainbridge Island
Winslow marsh—Eagle Harbor (Bucknam et al., 1992)
1081 ± 66 1170–800 780–1150 max D wood in peat

Spotted Frog trench—IslandWood scarp (this paper)
stnemgarflaocrahcDxam097–0660611–092104±0921

Bear’s Lair trench—Toe Jam Hill scarp (Nelson et al., 2002, 2003a)
Dxamesolc099–027069–032105±0611 Thuja plicata leaf attached to block of mud

Saddle trench—To Jam Hill scarp (Nelson et al., 2002, 2003a)
0603–063305±0203 −1410– −1130 max B charcoal fragments

Mossy Lane trench—Toe Jam Hill scarp (Nelson et al., 2002, 2003a)
088–0960601–072103±0321 close min C and max D charred bark
077–066711–092112±0031 close min C and max D outermost 7–10 rings of charcoal log

Cxamesolc077–0060711–053104±0631 three 3-mm-long charcoal fragments
Cxamesolc076–0750621–093104±0141 5-mm-long charcoal fragment

Blacktail trench—Toe Jam Hill scarp (Nelson et al., 2002, 2003a)
?Dnim0221–098027–060108±089 pieces of charcoal

tnemgarflaocrahc?Dxam077–02260711–033154±0431
doowdedarbaylthgilsfostnemgarfowtDroCxam077–0560711–033104±0231

Crane Lake trench—Toe Jam Hill trench (Nelson et al., 2002, 2003a)
Dxamesolc0201–009029–060103±0601 clean charcoal sticks from forest fl oor

tnemgarflaocrahcDxam098–0760501–092105±0421
tnemgarflaocrahcDxam077–0660711–092103±0921

stnemgarflaocrahceerhtCnim056–0740921–094104±0741
ygolohpromgiwthtiwtsegral,stnemgarflaocrahcCxam026–0340131–025104±0251

laocrahcnaelcfoseceipCxam083–070651–088106±0181
0881–050203±0102 −90–70 min B decayed charcoal fragment
0532–027203±0442 −750– −410 max B charcoal fragment
8942–057203±0552 −800– −550 max B clean charcoal fragment

Point Glover area
Snowberry trench—Waterman Point scarp (Nelson et al., 2003b)

Dxamesolc099–088069–070162±7111 split 15 × 15 × 10 mm fragment from bed of charcoal
Exam0511–079097–08904±0001 10 × 5 × 4 mm fragment from bed of charcoal

Madrone Ridge trench—Waterman Point scarp (Nelson et al., 2003b)
tnemgarflaocrahcmm4×4×51Exam095–03406531–025153±0451

sevlahotnitnemgarflaocrahcmm4×6×31tilpsExam045–0140141–045152±1061
tnemgarflaocrahcesnedmm2×3×5evfiDxam077–0660811–092103±0031

stnemgarflaocrahcmm02×4×8owtdna1×2×5enoDxam008–0560411–092153±0921

Nettle Grove trench—Waterman Point scarp (this paper)
Dxamesolc049–0770101–081162±1811 split 20 × 10 × 5 mm charcoal fragment in halves

Madrone East core transect—Waterman Point scarp (this paper)
,deesydoowdrahmm8×5Dnim0831–0221075–03753±537 Prunus type
,deesydoowdrahmm4×7Dxamesolc098–0860601–072104±0221 Prunus type

Wataugua Beach West core site—Waterman Point scarp (this paper)
dnaExamesolc0121–0201047–03904±529

close min D
14-mm-long Pseudotsuga menziesii twig

Exam0511–009008–050104±5201 21 P. Menziesii leaves + Tsuga heterophylla bract
ExamdnaDnimesolc0511–009097–050104±5001 6 × 12mm fresh herb bract or bud

Dxamesolc079–087089–071103±0511 12-mm-long twig with bark and petioles

Gorst wetland—Sinclair Inlet (Arcos, 2012)
Dnim0931–0421065–01704±007 Tsuga heterophylla cone 2 cm above sand

Dxamesolc099–098069–060152±0011 deciduous leaf in lower 5 cm of debris fl ow deposit
Dxam049–0270101–032103±0911 deciduous leaf in lower 5 cm of debris fl ow deposit
Dxam078–0860701–062103±0421 deciduous leaf in lower 5 cm of debris fl ow deposit

East of Puget Sound
West Point—excavation of tsunami-deposited sand (Atwater, 1999; Sherrod, 2001)

goldetisoped-imanustfosgnir51retuoDxamesolc099–098069–060151±0011
Dnimesolc099–098069–060161±8011 Scirpus-type stems in tsunami-deposited sand

wiggle match of 5 ages 1050–1020 900–930 round-number
age interval D

log in tsunami-deposited sand

(continued )
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areas of surface deformation sole in a master 
thrust when it slips during earthquakes (ten 
Brink et al., 2002; Brocher et al., 2004; Liberty 
and Pratt, 2008; Pratt and Troost, 2009), rupture 
areas would be at least an order of magnitude 
larger, likely generating “large” earthquakes of 
~M 6.5–7.0 (Figs. 3A, 3C). If large, these earth-
quakes apparently produced less than meters of 
surface deformation over areas less than kilome-
ters wide and tens of kilometers long.

Farther west, Witter et al. (2008) and Blakely 
et al. (2009) argued that postglacial movement 
on faults of the Saddle Mountain deformation 
zone help accommodate northward-directed 
slip on the deep thrusts of the Seattle fault zone 
where it may impinge on the southeast fl ank of 
the Olympic Mountains (Fig. 1C; Polenz et al., 
2011). Blakely et al. (2009) concluded that an 

earthquake on the Saddle Mountain fault ca. 
1000–1300 cal yr B.P. was M 6.5–7, what we 
term a “large earthquake.”

Typical 50–200-yr analytical uncertainties 
and additional stratigraphic and sample context 
uncertainties in 14C dating (Sherrod, 2001; Nel-
son et al., 2003a; Kemp et al., 2013) preclude 
distinguishing individual earthquakes on the 
Seattle fault zone, the Tacoma fault zone, and 
the Saddle Mountain deformation zone that 
occurred ~1000 cal yr B.P. Because our paleo-
seismic methods cannot distinguish between 
a series of large earthquakes or one very large 
earthquake ~1000 cal yr B.P. on these faults, we 
refer to surface-deforming earthquakes within 
~100–200 yr of 1000 cal yr B.P. as within the 
“millennial earthquake series.” We term the 
largest earthquake of the millennial series, fi rst 

identifi ed from extensive uplifted shorelines on 
Bainbridge Island (Fig. 2A; Bucknam et al., 
1992; Sherrod et al., 2000), the Restoration 
Point earthquake. Based on less distinct and 
spatially much more limited stratigraphic and 
geomorphic earthquake evidence, other, prob-
ably smaller, surface-deforming earthquakes in 
the Seattle fault zone and possibly the Tacoma 
fault zone occurred before (Nelson et al., 2003a; 
Kelsey et al., 2008) and after (Sherrod, 2001; 
Nelson et al., 2003c; Karlin et al., 2004) the 
Restoration Point earthquake. Although 14C 
ages that limit the times of surface faulting or 
folding help us interpret the evidence of other 
earthquakes, in most cases the ages are merely 
consistent with site-to-site correlations of earth-
quakes based on stratigraphic and geomorphic 
evidence (Sherrod, 2001; Nelson et al., 2003a; 

TABLE 1. LATE HOLOCENE RADIOCARBON AGES THAT CLOSELY LIMIT THE TIMES OF SURFACE DEFORMATION 
IN THE SEATTLE AND TACOMA FAULT ZONES AND SADDLE MOUNTAIN DEFORMATION ZONE (continued )

Lab-reported age
(14C yr B.P. at 1σ)*

Calibrated age
(cal yr B.P. at 2σ)†

Calibrated age
(cal yr A.D. at 2σ)† Inferred age context§ Description of dated material**

Tacoma fault zone
North of Tacoma fault
Lynch Cove marsh—Hood Canal (Bucknam et al., 1992; Sherrod, 2001)

Dnimesolc0201–086039–072109±0711 peat
Dnimesolc099–087069–071171±2311 leaf bases of Triglochin maritima
Dxamesolc069–087089–71141±9511 trunk of small tree embedded in sand
Dxamesolc0611–087069–071107±0501 woody root in growth position

Snake trench—Sunset Beach scarps (Nelson et al., 2008)
tnemgarflaocrahceligarfmm4×5×5Dxam078–0660801–092154±0821

Bee’s Nest trench—Sunset Beach scarps (Nelson et al., 2008)
tnemgarflaocrahcmm1×2×6Dxam068–0660801–092104±0821

Burley marsh (Bucknam et al., 1992; Sherrod et al., 2004a, 2004b)
Dnimesolc0101–087059–081105±0311 leaf base of Triglochin maritima from basal peat

Micah trench—Stansberry Lake scarp (Nelson et al., 2008)
toormm01retuo,tnemgarfdenrubyllaitrapmm2×3×8079–056089–003158±0421

toorfomm01retuomorftnemgarfmm2×51×510201–098039–050152±0801
tnemgarflaocrahcytalpmm2×6×80101–088049–070103±0111

Dnimesolc099–098069–060191±0011 3-age mean from burned root in scarp colluvium
tnemgarflaocrahcytalpmm1×4×5Dxam055–0140041–035103±0851

Catfi sh Lake and Mill Pond—Catfi sh Lake scarps (Logan and Walsh, 2007)
Dxamesolc0101–077049–081105±0411 wood from stump in Catfi sh Lake

fitaCnipmutsmorfdoowDxam088–0560701–003106±0921  sh Lake
dnoPlliMnipmutsmorfdoowDxam049–0660101–092106±0421
dnoPlliMnipmutsmorfdoowDxam098–0660601–092106±0621

Allyn marsh—Catfi sh Lake scarps (Sherrod et al., 2004a, 2004b)
Dnimesolc0211–098038–060104±0401 seeds

South of Tacoma fault
Wollochet Bay marsh (Sherrod et al., 2004a, 2004b)

sgnirtsomretuo?Dxamesolc0811–089067–07905±079 Pseudotsuga menziesii stump

Nisqually marsh (Sherrod, 2001)
Dnimesolc0711–087087–071107±0301 leaf bases of Triglochin maritima

Nisqually—McAllister Creek marsh (Sherrod, 2001)
Dnim0201–096039–062108±0411 leaf bases of Triglochin maritima

Nisqually—Red Salmon Creek marsh (Sherrod, 2001)
Dxamesolc0611–009097–050105±0101 outermost rings Pseudotsuga menziesii stump

Dxam098–0770601–081141±0021 Pseudotsuga menziesii stump
wiggle match age 1090–1010 860–940 close max D Pseudotsuga menziesii stumps

Little Skookum Inlet marsh (Sherrod, 2001)
Dxamesolc0301–087029–071106±0901 outer 15–25 rings of Pseudotsuga menziesii stump

ni)ry38tesffo(sgnirDxam088–0967101–062151±2221 Pseudotsuga menziesii stump
(continued)
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Kelsey et al., 2008). We return to the topic of 
rupture extent during the millennial earthquake 
series in the Discussion.

LATE HOLOCENE DEFORMATION IN 
THE SEATTLE FAULT ZONE

Most evidence of surface deformation during 
earthquakes of the past few thousand years in 
the Seattle fault zone have come from studies of 
fault scarps and deformed shorelines on Bain-
bridge Island and the Point Glover peninsula 
to the south (Figs. 1C and 2A; Table 1; Table 
S1 in the Supplemental File [see footnote 1]). 
Other sites with evidence of surface deforma-
tion include Alki Point near Seattle, Vasa Park 
in the eastern part of the fault zone (Sherrod, 
2002), and sites along faults of the Saddle 
Mountain deformation zone. In this section, we 
summarize earlier investigations in the central 
Seattle fault zone, describe new evidence for 
surface-rupturing earthquakes along scarps, and 
explain how deformed shorelines are related to 
earthquakes.

Methods used to investigate surface defor-
mation were discussed by Nelson et al. (2003a, 
2003b), Sherrod et al. (2004a, 2008), Witter 

et al. (2008), and Blakely et al. (2009). All basic 
data for scarp sites, such as complete trench 
logs, core descriptions, scarp topographic pro-
fi les, detailed descriptions and interpretations 
of stratigraphic units, notes explaining how 
fault slip was measured, and tables of litho-
logic, radiocarbon, structural, soil profi le, and 
paleoecologic data can be found in Nelson et al. 
(2002, 2003b, 2008), Sherrod et al. (2004b), 
Witter et al. (2008), or in the Supplemental File 
(see footnote 1). Shoreline site methods were 
described in Sherrod et al. (2000), Sherrod 
(2001), and Kelsey et al. (2008). Our analysis 
and interpretation of key 14C ages from sites in 
the central Seattle fault zone follow the discus-
sion of surface deformation data.

Previous Investigations of 
Surface Deformation

Deformed Shorelines and Earthquake Dating
Beginning with the shoreline studies of Buck-

nam et al. (1992), investigators have attributed 
most uplifted shorelines in the central Seattle 
fault zone to uplift of the fault hanging wall 
during the Restoration Point earthquake. These 
include uplifted marine platforms located at 

Restoration Point, 5 km to the east at Alki Point, 
and along the shores of southern Bainbridge 
Island and the Point Glover peninsula (Figs. 1C, 
2A, and 4; Table 1; Table S1 in the Supplemental 
File [see footnote 1]; e.g., Atwater and Moore, 
1992; Sherrod et al., 2000; Harding et al., 2002; 
Ota et al., 2006; Kelsey et al., 2008). Conversely, 
the marsh at Winslow, 5 km north of Restora-
tion Point on the footwall of the fault (Fig. 2A), 
probably subsided during the earthquake, as did 
West Point ~4 km north of the uplifted platform 
at Alki Point (Fig. 1C; Atwater and Moore, 
1992; Bucknam et al., 1992; Ekblaw and Leo-
pold, 1993). Maximum and minimum limiting 
14C ages for uplift and subsidence in these stud-
ies placed the earthquake between 550 and 1750 
cal yr B.P. (Table 1; Table S1 in the Supplemen-
tal File [see footnote 1]; Bucknam et al., 1992). 
Shoreline uplift and a tsunami, caused by slip 
on faults of the Seattle zone, were dated at Gorst 
to 1260–560 cal yr B.P. (Fig. 1C; Arcos, 2012).

More precise ages for the Restoration Point 
earthquake came from matching 14C ages on 
different-aged groups of outer ring wood from 
trees that died about the time of the earthquake 
with fl uctuations in the radiocarbon calibration 
curve (e.g., Kemp et al., 2013). In an excavation 

TABLE 1. LATE HOLOCENE RADIOCARBON AGES THAT CLOSELY LIMIT THE TIMES OF SURFACE DEFORMATION 
IN THE SEATTLE AND TACOMA FAULT ZONES AND SADDLE MOUNTAIN DEFORMATION ZONE (continued )

Lab-reported age
(14C yr B.P. at 1σ)*

Calibrated age
(cal yr B.P. at 2σ)†

Calibrated age
(cal yr A.D. at 2σ)† Inferred age context§ Description of dated material**

Saddle Mountain deformation zone
Price Lake—Saddle Mountain East faults (Wilson et al., 1979; Jacoby et al., 1992; Hughes, 2005; Polenz et al., 2011)††

wmsDxamesolc0201–086039–072158±5511 submerged stump in pond
ekaLecirPnim4.3degrembuspmutsemsDxam098–0850601–073108±5131

segatnadrocnoc2foegnar;seldeendnasenocrefinocemsDxam0801–0921—
emsDxam0501–0721— Tsuga heterophylla cone

wmsDxamesolc078–066079–071104±0511 Tsuga heterophylla needles
wmsDxamesolc098–0960601–062153±0121 Thuja plicata cone

stnalpdnaltewfosevaelemsDxam098–0860601–072104±0321
erutximdeesdnaltewemsDxam078–0860701–062103±0421

emsDxam078–0860801–072103±0521 Thuja plicata cone
emsDxam078–0660801–092104±0721 Tsuga heterophylla needles

Price Lake—Saddle Mountain West faults (Hughes, 2005; Polenz et al., 2011)
wmsDxamesolc049–096089–062104±0121 Tsuga heterophylla needles

degrembuswmsDxam098–0860601–072104±0221 Pseudotsuga menziesii stump
degrembuswmsDxam078–0760801–082104±0521 Pseudotsuga menziesii stump

Cargill Creek trench—Saddle Mountain West fault (Witter et al., 2008)
0101–087049–071153±0211 min Dsmw or max Dsmw? charcoal in colluvium

*Radiocarbon age reported by laboratory. Laboratory sample numbers and more complete data in Table S1 (see text footnote 1). Ages in bold most closely constrain 
the times of earthquakes; calibrated age column data were used in the OxCal analysis (see text Figs. 5 and 6) to calculate time-interval probability distributions for each 
earthquake. Other ages constrain earthquake timing less closely, but support the calculated time intervals. Two ages conflict with the calculated intervals (see text).

†Ages in solar years calculated using OxCal (version 4.1; Bronk Ramsey, 1995, 2009; probability method) with the INTCAL09 data set of Reimer et al. (2009) rounded 
to the nearest decade. Calibrated ages show time intervals of >95% probability distribution at 2σ. Ages shown in figures (ka; see text) are weighted averages of probability 
distribution functions (Telford et al., 2004) rounded to nearest 100 yr.

§Interpretation of the stratigraphic context of dated samples that most closely limit the times of surface faulting and folding. Maximum (max) limiting ages are on samples 
containing carbon judged to be older than the earthquake, minimum (min) limiting ages are on samples judged younger than the earthquake, and close ages are those on 
samples judged to contain carbon produced within a few decades of the earthquake. Context, sample type, and sample quality were used to infer whether age is a maximum 
age, minimum age, or close maximum age. Earthquake labels are those of Nelson et al. (2003a; B, C, and D) with the addition of a younger earthquake (E) and a separate 
earthquake or earthquakes (Dsme and Dsmw) in the Saddle Mountain deformation zone (sme—Saddle Mountain East; smw—Saddle Mountain West).

**Unless indicated otherwise, ages are on unabraded fragments of wood charcoal. In each sample, the largest, most angular, least decayed fragments of charcoal, wood, 
and/or above-ground plant parts were selected to minimize the chance of analyzing carbon much older than the host sediment. In most samples, fragments with root-like 
morphology were avoided to minimize the chance of analyzing roots much younger than the host sediment. Except for a few of the most delicate fragments, rootlets and 
sediment adhering to fragments were removed with brushes or dental tools in distilled water at 12–50×.

††We list only the six ages that Polenz et al. (2011, Appendix A therein) described as the closest maximum limiting ages on the time of forest and soil submergence in Price 
Lake due to faulting.
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at West Point, Atwater and Moore (1992) identi-
fi ed deposits of the tsunami produced by sudden 
upper plate uplift during the earthquake. Scirpus 
sp. stems engulfed by sand exposed in the exca-
vation were fl attened by a log carried by the tsu-
nami. By wiggle matching three ages on groups 
of rings from the log, Atwater (1999) narrowed 
the time of the earthquake to 1050–1020 cal yr 
B.P. (Table 1; Fig. 5). Close agreement among 
ages on Scirpus stems and log ages, and the good 
preservation of bark encircling the log, showed 
that log death did not predate the tsunami by 
more than a few years. Matching tree-ring pat-
terns among the West Point log and the stumps 
of trees carried into Lake Washington (Fig. 1C) 
by shaking-induced landslides showed that the 
log and stumps probably died in the same sea-
son of the same year (Jacoby et al., 1992; Karlin 
and Abella, 1992). South of the Tacoma fault 

zone at Red Salmon Creek, Sherrod (2001) also 
used wiggle-matched ages from the rings of a 
Pseudo tsuga menziesii stump, inferred to have 
been killed by coseismic subsidence, to date 
subsidence during a large earthquake to 1090–
1010 cal yr B.P. (Table 1; Figs. 1C and 5).

Kelsey et al. (2008) inferred, as had previous 
researchers (e.g., Bucknam et al., 1992; Sherrod 
et al., 2000; Ota et al., 2006), that the widely 
distributed, largely continuous, uplifted marine 
platform in the Seattle fault zone was raised 
during the Restoration Point earthquake. They 
interpreted older, higher platforms that merge 
with the younger continuous platform within 
hundreds of meters of fault scarps as markers 
of fault slip during older earthquakes (Fig. 4). 
Because of the limited extent of the older ter-
races and their identifi cation at only a few sites, 
Kelsey et al. (2008) inferred the older terraces to 

record uplift during moderate magnitude earth-
quakes on fault-bend-fold faults having lengths 
of <10 km. At three principal sites, i.e., where 
the scarp of the Toe Jam Hill fault intersects the 
west coast of Bainbridge Island (A in Fig. 2A), 
at the tip of the Point Glover peninsula (Fig. 4), 
and where a strand of the Seattle fault intersects 
Puget Sound south of Alki Point (B in Fig. 2A), 
the uplifted lower shoreline platforms, corre-
lated with the similar platform at Restoration 
Point, are 2–9 m above Puget Sound. The older 
platforms on the hanging walls of the faults are 
~3 m (west Bainbridge), ~4 m (Point Glover), 
and ~5 m (Alki Point) higher than the wider, 
more continuous, lower platforms (terrace maps 
and profi les in Kelsey et al., 2008, fi gs. 4–6 
therein). If gradual subsidence followed coseis-
mic uplift at many of these sites, as illustrated 
by stratigraphy and fossils for the Restoration 
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peninsula showing the scarps of the Waterman Point and Point Glover faults, uplifted shoreline platforms, and trench and coring sites. The 
linear feature 200 m south of the Waterman Point scarp and parallel to it is a road. Figure 2 of Nelson et al. (2003b, http:// pubs .usgs .gov /mf 
/2003 /mf -2423/) shows the location of trench and core sites on a high-resolution lidar image of the fault scarps with 1 m contours. Hachures 
on fault scarps point down the scarp. As described by Kelsey et al. (2008), the wide, continuous platform extending around both sides of 
the peninsula was uplifted during the Restoration Point earthquake. An older platform uplifted during slip on the Point Glover fault is just 
north of that fault. We also mapped two small remnants of an older platform uplifted during slip on the Waterman Point fault <200 m north 
of the fault, but whether the remnants are older or younger than the older platform north of the Point Glover fault is uncertain. The two 
remnants of a youngest platform 4 m below the continuous platform and <380 m east of Waterman Point may have been uplifted during the 
younger of two earthquakes on the Waterman Point fault. The pronounced northward trend of landforms was produced during glaciation 
of the Puget Lowland.
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Figure 5. OxCal modeled probability distributions for the times of late Holocene surface-deforming earthquakes in the Seattle fault zone, Tacoma fault zone, and Saddle 
Mountain deformation zone. Distributions (2σ) for earthquakes B and C (Nelson et al., 2003a), and earthquakes of the millennial earthquake series (Restoration Point earth-
quake, earthquakes D and E in the Seattle fault zone, and earthquakes in the Tacoma fault zone and Saddle Mountain deformation zone) were calculated using ages listed in 
bold in Table 1 (see Fig. 12). Distributions for Lake Washington landslide turbidite deposits (from Karlin et al., 2004; blue) were calculated from ages on organic fractions of 
lake sediment. The bars below purple SZ labels show the time ranges of subduction zone earthquakes with evidence of coastal subsidence from Atwater et al. (2004) and Nelson 
et al. (2006). The width of turbidite distributions makes it uncertain which turbidites may have been deposited as a result of strong shaking during Cascadia subduction zone 
earthquakes. Wiggle-matched age distribution for the tsunami-deposited log at West Point is from Atwater (1999) and Sherrod (2001). Vertical gray bar shows time interval 
for the Restoration Point earthquake (1050–1020 cal yr B.P.) based on the West Point distribution. We calculated separate time intervals for earthquakes on the Saddle Moun-
tain (Mt.) East and Saddle Mountain West faults (see Table 1; ages of Hughes, 2005, as listed in Polenz et al., 2011). Distribution for the wiggle-matched age at Red Salmon 
Creek is from Sherrod (2001). Because four of the fi ve distributions for earthquakes of the millennial earthquake series overlap with the distribution for the Restoration Point 
earthquake, we cannot preclude that any of the ruptures of these earthquakes did not occur during the Restoration Point earthquake.
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Point earthquake at Gorst (Fig. 1C), the present 
heights of many shorelines may be minimum 
values for coseismic uplift (Arcos, 2012).

Toe Jam Hill Fault Scarp
The scarp of the Toe Jam Hill fault extends 

east-west 1.5 km across the southern part of 
Bainbridge Island in the Seattle fault zone (Figs. 
1C and 2A). A synthesis of stratigraphy and 14C 
ages from 5 trenches across the 1–6-m-high 
scarp yielded a history of 3, or possibly 4, sur-
face-rupturing earthquakes between 2.5 and 1.0 
ka (Nelson et al., 2003a; site maps and complete 
data in Nelson et al., 2002).

Charcoal 14C ages from faulted and folded 
forest soil A horizons date two of the earth-
quakes, labeled B and C, to ca. 2.5 to 1.9 ka, 
primarily in the Crane Lake and Mossy Lane 
trenches. From correlations of earthquakes 
among trenches (Nelson et al., 2003a), only 3 
ages limit the time of the second oldest earth-
quake (earthquake B), placing it in a 700-yr 
interval (Fig. 5; Table 1). Charcoal ages from A 
horizons that most closely constrain the time of 
earthquake C indicate an age of ca. 1.7–1.2 ka 
from the Crane Lake trench and ca. 1.3–1.2 ka 
from the Mossy Lane trench. If earthquakes C 
and D were correctly correlated by Nelson et al. 
(2003a) between the two trenches, the young-
est maximum age and oldest minimum age 
from the Mossy Lane trench date earthquake C 
to 1350–1170 cal yr B.P. (Fig. 5; Table 1). The 
three other trenches lack fi rm evidence of earth-
quake C. The earliest possible earthquake (A), 
dated between 2.5 ka and 1.9 ka in the Crane 
Lake trench, may record a toppled tree rather 
than an earthquake.

Nelson et al. (2003a) correlated the young-
est surface-deforming earthquake (earthquake 
D) in the fi ve trenches with the Restoration 
Point earthquake. Evidence for the correlations 
included the youngest detrital 14C ages in the 
1.3–1.0 ka range and the relative amount of fault 
slip or uplift, which was inferred from strati-
graphic relations to be largest for the young-
est earthquake in 3 of the 5 trenches. Eight 14C 
ages from the 5 trenches were interpreted as 
maximum ages for the time of earthquake D 
(Table 1). The two highest quality samples from 
the trenches, inferred to predate the earthquake 
by decades, gave maximum ages for earthquake 
D of 1230–960 cal yr B.P. (cedar leaf at base of 
fi ssure in Bear’s Lair trench; Table 1) and 1060–
920 cal yr B.P. (sticks of forest-fl oor charcoal 
from a fi ssure in Crane Lake trench; Table 1).

Although Kelsey et al. (2008) acknowledged 
that older platform uplift at the west end of the 
Toe Jam Hill fault scarp on the west coast of 
Bainbridge Island was known only to predate 
the Restoration Point earthquake and postdate 

the time that regional Holocene sea level stabi-
lized (ca. 7 ka), Kelsey et al. (2008) suggested 
that uplift of the older platforms here and at 
Point Glover occurred during earthquake C of 
Nelson et al. (2003a; Figs. 2A and 4). Because 
none of the older platforms have been dated, 
they could have been uplifted during either or 
both of earthquakes B and C, or perhaps during 
an earlier late Holocene earthquake.

Strong Shaking in the Seattle Fault Zone
Vented sand is a widespread effect of strong 

shaking during the millennial earthquake series 
(e.g., Whistler et al., 2002). Martin and Bour-
geois (2012) applied stratigraphy and sedi-
mentology to distinguish between sandy beds 
deposited by tsunamis or through liquefaction 
venting caused by seismic loading at four of 
seven previously identifi ed sites in the southern 
lowland. Thorough work by Martin and Bour-
geois (2012) at Lynch Cove (Fig. 1C) led them 
to reinterpret sandy beds as liquefaction features 
rather than tsunami deposits, as had been con-
cluded by Hemphill-Haley (1996) and Jovanelly 
and Moore (2009).

The only long record of strong shaking dur-
ing Holocene earthquakes in the southern low-
land comes from Lake Washington, astride the 
Seattle fault zone (Figs. 1C and 5). Through 
study of more than 45 gravity and piston cores, 
sidescan swath imagery, and high-resolution 
seismic refl ection profi ling, Karlin and Abella 
(1992, 1996) and Karlin et al. (2004) identi-
fi ed 21 widely distributed turbidites, probably 
induced by strong shaking since 7.6 ka, for an 
average turbidite recurrence of 300–400 yr.

New Evidence of Surface-Rupturing 
Earthquakes

IslandWood Scarp on Bainbridge Island
In the Spotted Frog trench on the IslandWood 

scarp on southern Bainbridge Island (Fig. 2A), 
till and other ice-contact deposits on Miocene 
volcaniclastic deposits were twice thrust over 
a Holocene forest soil developed on the ice-
contact deposits (Figs. 2A and 6; Fig. S1 in the 
Supplemental File [see footnote 1]). Based on 
displacements of the ice-contact deposits and 
faulted colluvium from the fi rst earthquake, slip 
during the fi rst earthquake was <1.7 m and dur-
ing the second earthquake was >0.9 m (measure-
ments explained in Fig. S1 in the Supplemental 
File [see footnote 1]). Additional folding during 
these or possibly earlier earthquakes accounts 
for the vertical displacement of 3.5 m across the 
scarp. Two of four 14C ages on detrital charcoal 
in overridden soil horizons place the earthquakes 
in the same time frame as earthquakes C and D 
in the Toe Jam Hill fault trenches (Table S1 in 

the Supplemental File [see footnote 1]). An age 
of 1.2 ka (1290–1160 cal yr B.P.; Table 1) on 
charcoal from a thin AB horizon developed on 
hanging-wall-collapse colluvium deposited fol-
lowing the fi rst earthquake shows that the second 
earthquake occurred after earthquake C (Figs. 5 
and 6). If the ruptures on the IslandWood scarp 
coincide with those on the subparallel Toe Jam 
Hill fault scarp 1.3 km to the south, the fi rst 
earthquake in the Spotted Frog trench correlates 
with earthquake C and the second earthquake 
correlates with earthquake D.

Relation of the Toe Jam Hill Scarp to the 
Platform on Eastern Bainbridge Island

Bucknam et al. (1999) inferred that because 
no scarp was observed where the Toe Jam Hill 
fault intersects the uplifted platform that contin-
ues 2 km east to Restoration Point on the east 
coast of Bainbridge Island, faulting observed 
in trenches across the scarp must be older than 
uplift of the platform (Fig. 2A; Sherrod et al., 
2000). However, Nelson et al. (2003a) thought 
it was unlikely that surface faulting on the Toe 
Jam Hill scarp would not have occurred dur-
ing the very large Restoration Point earthquake 
(which they correlated with earthquake D). The 
scarp rapidly decreases in height from 6 m to 
<2 m as it approaches a landslide above the 
heavily forested platform on the east coast of the 
island (Nelson et al., 2002; Kelsey et al., 2008). 
A 30-m-long trench south of the projected inter-
section of the fault with the platform exposed 
1–2.5 m of soft, massive marine sand on its sur-
face, but no trace of a scarp was found in or near 
the trench.

To test for possible vertical offset of the 
uplifted platform by the fault we measured the 
platform’s shoreline angle (back edge) north and 
south of the fault where the platform intersects 
the hillside (Figs. S2 and S3 in the Supplemen-
tal File [see footnote 1]). We measured 48 topo-
graphic profi les on lidar imagery, parallel with 
and <200 m north and south of the projection of 
the Toe Jam Hill scarp, across the platform. We 
estimated the elevation of the shoreline angle of 
the platform along each profi le by projecting the 
slope of the platform westward to the hillside. 
Means of shoreline angle estimates in groups 
of profi les north and south of the projection of 
the fault across the platform (n = 24 for each 
group) differed by 1.2 m. A paired t-test on the 
means rejects the null hypothesis (p << 0.05) 
that there is no difference in the elevation of the 
shoreline angles on either side of the projected 
trace of the fault. From this result, we infer that 
surface faulting displaced the platform during 
earthquake D, but the <1.5-m-high fault scarp in 
the soft marine sediment on the platform is too 
broad or too eroded to now identify.
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Scarps and Shorelines of the 
Point Glover Peninsula

Two east-west–trending fault scarps truncate 
glacial topography on the Point Glover peninsula 
~2 km southwest of the Toe Jam Hill fault scarp 
(Fig. 2A). The older of the two, the north-facing 
Point Glover scarp, is ~1 km long and as much 

as 8 m high (Fig. 4; Nelson et al., 2003b; Kelsey 
et al., 2008). The younger, steeper Waterman 
Point scarp is 1.6 km long and 4 m high along 
its western third and tapers to 1 m high on the 
uplifted platform on the east side of the peninsula.

Three trenches across the Waterman Point 
scarp exposed weathered and glacially sheared 

Blakeley Formation sandstone and mudstone of 
Oligocene and late Eocene age overlain by till 
and proglacial lake and fl uvial deposits (Figs. 
4, 7, 8, and 9). We interpret that bedrock in the 
Madrone Ridge trench was thrust southward 
over weathered ice-contact deposits along fault 
F1 during a fi rst earthquake (Fig. 7C). During  
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1 Advance of the Puget glacial lobe over uplifted, eroded, and weathered volcaniclastic deposits of the Middle Miocene Blakely Harbor 

Formation (late Pleistocene).
2 Deposition of subglacial ice-contact deposits over bedrock shortly followed by deposition of proglacial fluvial sediment in a small 

channel (probably 17–16 ka). Because the sediment filling the fissure in the middle of the trench is well consolidated like the 
adjacent ice-contact deposits, the fissure probably formed during glacial shearing prior to ice retreat rather than during late 
Holocene faulting.

3 Development of a forest soil (A and AB horizons) with a weak structural B horizon on the ice-contact, proglacial, and fissure fill 
deposits, followed by extensive root stirring (postglacial through late Holocene).

4 During a first earthquake, about 1.6 m of reverse faulting along fault F3 thrust the hanging wall over the postglacial forest soil 
developed on the ice-contact deposits. Deformation and slumping of the tip of the hanging wall led to deposition of 
hanging-wall-collapse colluvium containing blocks of the ice-contact deposits. 

5  Continued forest soil development with root stirring on the hanging wall and footwall of the fault scarp and development of a thin 
forest soil on the deformed colluvium.

6  During a second earthquake, about 0.6 m more slip on fault F3 offset the hanging-wall-collapse colluvium deposited during the first 
earthquake and the thin soil developed on it. During thrusting, the collapse colluvium in the tip of the new hanging wall was 
deformed as it rode over the the adjacent collapse colluvium.
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Spotted Frog Trench
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Figure 6. Fault scarp stratigraphy, ages, and interpretation for the Spotted Frog trench, IslandWood scarp, Seattle 
fault zone (see Figs. 1C and 2A). (A) Central two-thirds of the west wall of the Spotted Frog trench. (B) Close-up 
of stratigraphy near the tip of thrust fault F3 in trench wall shown in A. (C) Sequence of depositional and fault-
ing events in the trench. A photomosaic of the trench log with an explanation of fault slip is in Figure S1 in the 
Supplemental File (see footnote 1). Brian Sherrod, Harvey Kelsey, and Elizabeth Barnett described, sampled, and 
interpreted the Spotted Frog trench.
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a second earthquake, bedrock was thrust along 
fault F2, higher in the hanging wall, over soil A 
horizons and colluvium deposited in response 
to the fi rst earthquake. Key evidence that 
requires a two-earthquake interpretation is a 
forest A horizon, developed on slope colluvium 
deposited following the fi rst faulting event, 

which was sheared and/or overridden during 
the second faulting event. The faulted A hori-
zon developed on scarp colluvium is particu-
larly distinct in a supplemental exposure 2 m 
west of the mapped trench wall. A forest A hori-
zon of this thickness (8 cm) takes decades to 
centuries to develop (e.g., Lukac and Godbold, 

2011); therefore, the earthquakes occurred at 
least decades apart. The total vertical separa-
tion during both faulting events is <2.4 m, 
suggesting that the 4.3 m height of the scarp 
is the result of slip on faults F2, F3, and F4, 
or other unmapped faults beneath them, during 
earlier surface-deforming earthquakes (Fig. 7; 
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1 Advance of the Puget glacial lobe over uplifted, eroded, and weathered Late Eocene to Oligocene turbidite mudstone and sandstone, 
forming a <1-m-thick subhorizontal zone of glacial shear planes in brecciated bedrock and drift (late Pleistocene).

2 Deposition of ice-contact deposits with locally derived clasts over the zone of sheared bedrock and drift in a proglacial environment 
(probably 17–16 ka).

3 Development of a forest soil with a thick (0.35 m) structural B horizon on the drift and weathered bedrock, followed by extensive root 
stirring (postglacial to late Holocene).

4 During a first earthquake, reverse faulting along fault F1 thrust bedrock over the forest soil.  Deformation and slumping of the forest 
soil on bedrock in the hanging wall above F1 rotates the A horizon into a subvertical position (main trench wall on right, above). 
Fragments of the soil accumulate as hanging-wall-collapse colluvium in a wedge of sediment adjacent to the rotated A horizons. 
Total slip along F1 is 2.1–2.4 m, with vertical stratigraphic separation about 1.3–1.5 m.  

5 Gradual deposition of silty, sandy slope-derived colluvium over the collapse colluvium and rotated A horizons on the F1 hanging wall, 
followed by continued forest soil development with root stirring on the hanging wall and footwall of the fault scarp and development 
of a new forest soil on rotated A horizons and overlying slope colluvium.

6 During a second earthquake, reverse faulting primarily along fault F2 thrusts deformed bedrock over the new A horizons and 
overlying slope colluvium. Sheared blocks of the new forest soil and fragments of the soil accumulate as hanging-wall-collapse 
colluvium in a wedge of sediment at the tip of F2. Minimum slip along F2 is about 0.8 m.

7 Deposition of a wedge of coarse sandy slope colluvium, derived mostly from bedrock, over the new wedge of collapse colluvium, 
followed by continued soil development with root stirring on the hanging wall and footwall of the scarp, and by development of a 
new A horizon on the most recent scarp colluvium.
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Figure 7. Fault scarp stratigraphy, ages, and interpretation for the Madrone Ridge trench, Waterman Point scarp, Seattle fault zone (see Figs. 
2A and 4). (A) Central two-thirds of the west wall of the Madrone Ridge trench (m6 to m20 on trench wall grid in Nelson et al., 2003b, http:// 
pubs .usgs .gov /mf /2003 /mf -2423/). (B, C) Close-up of stratigraphy near faults F1 and F2 in trench wall shown in A, and in a supplemental 
exposure dug 2 m west and parallel to trench wall. Drawing of supplemental exposure was made from notes and photographs without detailed 
measurements. (D) Sequence of depositional and faulting events in the trench. Sam Johnson, Koji Okumura, Alan Nelson, Robert Bogar, Brian 
Sherrod, Ray Wells, Harvey Kelsey, Lee-Ann Bradley, and Yoko Ota described, sampled, and interpreted the Madrone Ridge trench.
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slip measurements explained on trench log in 
Nelson  et al., 2003b).

Except for one charcoal age of 0.2 ka in the 
youngest slope colluvium, which we infer was 
deposited in a young root cast, the youngest 
ages (1.2 ka) from the trench are on charcoal 
in the sheared A horizon beneath the hanging 
wall of fault F1. These relations show that both 
surface-rupturing earthquakes are younger than 
1290 cal yr B.P. (ages of 1290–1180 cal yr B.P. 
and 1290–1140 cal yr B.P. in Table 1).

Approximately 100 m west of the Madrone 
Ridge trench, the Snowberry trench, across a 
steep, 3.5-m-high scarp, exposed Blakeley For-

mation that was thrust southward over weath-
ered ice-contact deposits and glacial lake sedi-
ment along fault F1 (Figs. 4 and 8). Distinct, 
overturned blocks of forest soil A, O, and B 
horizons beneath mudstone and sandstone of 
the hanging wall suggest that the blocks were 
plucked from the soil developed on underlying 
glacial sediments and rotated during thrust-
ing prior to collapse of the thrust tip. The ori-
entations of shear planes within the jumble of 
rotated blocks of soil, fragments of bedrock, 
and glacial and root-stirred sediment under the 
hanging wall suggest rumpling and shearing of 
the soil and underlying units during a surface-

rupturing earthquake. Structural relations in the 
Snowberry trench do not suggest more than one 
earthquake.

Four charcoal ages from A and O horizons 
beneath the hanging wall provide maximum 
ages for the time of faulting (Fig. 8). The three 
youngest ages were obtained on samples from 
a 10-mm-thick seam of charcoal in the O hori-
zon attached to two overturned blocks. Based 
on excavation and measurement of the charcoal 
seam in the trench wall, the seam once covered 
at least 1.7 m2 of the forest fl oor. Because it 
is continuous, undeformed by tree roots, and 
well preserved, we infer that the seam’s wood 
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C   Sequence of events
    
1 Advance of the Puget glacial lobe over uplifted, eroded, and weathered Late Eocene to Oligocene turbidite mudstone and sandstone, 

forming a 1-m-thick subhorizontal zone of glacial shear planes in weathered bedrock and drift (late Pleistocene).
2 Deposition of ice-contact deposits over the shear zone shortly followed by deposition of laminated and debris-flow sediment in a 

proglacial lake (probably 17–16 ka).
3 Development of a forest soil with a structural B horizon on the lake sediment and drift, followed by extensive root stirring (postglacial 

through middle Holocene).
4 Reverse faulting slip of 5.3–5.8 m on fault F1, with vertical stratigraphic separation of 3.0–4.3 m, shortly after 980–790 cal yr B.P. 

(youngest of four ages beneath thrust tip).  Based on the stratigraphy in the Madrone Ridge trench, the slip may be the total from 
two faulting events. 

5 Continued forest soil development with root stirring on the hanging wall and footwall of the fault scarp and development of an A 
horizon on the scarp.
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Figure 8. Fault scarp stratigraphy, ages, and interpretation for the Snowberry trench, Waterman Point scarp, 
Seattle fault zone (see Figs. 2A and 4). (A) Central two-thirds of west wall of Snowberry trench (m6 to m25 
on trench wall grid in Nelson et al., 2003b, http:// pubs .usgs .gov /mf /2003 /mf -2423/). (B) Close-up of stratigraphy 
near the tip of thrust fault F1 in trench wall shown in A. (C) Sequence of depositional and faulting events in the 
trench. Alan Nelson, Brian Sherrod, Robert Bogar, Harvey Kelsey, Ray Wells, Sam Johnson, Lee-Ann Bradley, 
Ian Madin, Steve Personius, Vicki McConnell, Frank Hladky, Michael Polenz, and Mark Molinari described, 
sampled, and interpreted the trench.
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burned <200 yr prior to faulting. Two of the 
three younger ages (1.2 ka and 1.0 ka; Fig. 8) 
are consistent with the ages for faulting in the 
Madrone Ridge trench and the Toe Jam Hill 
fault trenches, but the third is younger (0.9 ka, 
age of 980–790 cal yr B.P.; Table 1). In our later 
analysis of 14C ages, we explain how the young-

est age may be evidence for a second surface-
rupturing earthquake in the Snowberry trench.

Approximately 600 m east of the Madrone 
Ridge trench, the Nettle Grove trench exposed 
Blakeley Formation thrust southward over 
sheared and weathered ice-contact deposits 
along faults F1, F2, and F3 during 1 or 2 earth-

quakes (Figs. 4 and 9). Faults F1, F2, and F3 
may have slipped during the same earthquake 
or during two earthquakes, the fi rst on F1 and 
F2, and the second on F1 and F3 (Fig. 9C). Total 
slip measured by stratigraphic separations along 
the 3 faults is at least 4.0 m. The vertical separa-
tion between the hanging wall and footwall is 
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C   Sequence of events
    
1 Advance of the Puget glacial lobe over uplifted, eroded, and weathered Late Eocene to Oligocene turbidite mudstone and sandstone, 

forming a 0.5-to-1.5-m-thick subhorizontal zone of glacial shear planes in bedrock and drift (late Pleistocene).
2 Deposition of till over the shear zone shortly followed by deposition of sediment in a proglacial lake (probably 17–16 ka).
3 Development of a forest soil with a structural B horizon on the lake sediment and drift, followed by extensive root stirring (postglacial 

through late Holocene).
4 Because no slope colluvial deposits (which may accumulate gradually between earthquakes) were mapped in the Nettle Grove 

trench, we are uncertain whether or not faults F2 and F3 slipped during the same earthquake or during separate earthquakes.
If a single earthquake: during the earthquake reverse fault F1 slipped about 2.7 m and the forest soil capping sheared bedrock and 
drift in the hanging wall was folded and then collapsed, burying the adjacent part of the same undeformed soil just to the south. As 
fault F1 continued to slip, a new fault (F3) propagated through the folded/collapsed hanging wall, overidding the folded forest soil in 
the hanging wall.  Slip along F3 during this second stage of faulting was a minimum of 1.3 m.  Following slip on F3, the overlying 
bedrock of the hanging wall collapsed in a series of small normal faults near the tip of F3.
If two earthquakes are recorded by the stratigraphy near F2 and F3, then slip during the first earthquake was along F1 and F2 and 
slip during the second earthquake was along F1 and F3.  If slip is the result of two earthquakes, the thin wedge of slope colluvium 
that was likely deposited following the first earthquake, has probably been incorporated by root stirring into the long, thin deposit of 
slope colluvium in the trench. 

5 Continued forest soil development with root stirring on the hanging wall and footwall of the fault scarp, and by development of a new 
forest A horizon on the scarp colluvium.

A

B

Nettle Grove Trench
Waterman Point scarp

Figure 9. Fault scarp stratigraphy, ages, and interpretation for the Nettle Grove trench, Waterman Point scarp, 
Seattle fault zone (see Figs. 2A and 4). (A) Central two-thirds of west wall of Nettle Grove trench (m5 to m15 on 
trench wall grid in Nelson et al., 2003b, http:// pubs .usgs .gov /mf /2003 /mf -2423/). (B) Close-up of stratigraphy near 
faults F1, F2, and F3 in trench wall shown in A. (C) Sequence of depositional and faulting events in the trench. 
Harvey Kelsey, Ray Wells, Koji Okumura, Robert Bogar, Brian Sherrod, Alan Nelson, and Lee-Ann Bradley 
described, sampled, and interpreted the trench.
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3.5–3.7 m, whereas surface displacement mea-
sured across the scarp is ~3.2 m (slip measure-
ments explained on trench log in Nelson et al., 
2003b). The youngest sampled charcoal in the 
trench (1.1 ka; Fig. 9) was found in the sheared 
A horizon beneath the hanging wall and fault 
F2. The age (1180–1010 cal yr B.P.; Table 1) is 
a maximum age for surface rupture at this site.

Thus, based on stratigraphy in the 3 trenches 
along a 700 m section of the Waterman Point 
scarp, interpretations range from 1 very large 
surface-rupturing earthquake to 2 large surface-
rupturing earthquakes in the past 1300 yr. We 
infer the history of surface ruptures to be the 
same over such a short section of scarp and 
conclude that the stratigraphy exposed in the 
Madrone Ridge trench is more complete than 
that in the other two trenches. The vertical com-
ponent of slip measured for each of the faulting 
events in the trenches compared with the height 
of the scarp also suggests that the scarp records 
multiple earthquakes.

To test the two-earthquake interpretation, we 
described and dated wetland stratigraphy at two 
sites adjacent to the Waterman Point scarp (Fig. 
4; scarp map on lidar imagery with 1 m contours 
in Nelson et al., 2003b). Approximately 70 m 
east of the Madrone Ridge trench, the stream 
channel in a 14-m-wide valley cut into the scarp 
is vertically displaced ~0.5–1.0 m. A cross sec-
tion with 15 gouge cores extending south from 
the base of the fault scarp at the valley mouth 
shows that sediment of the past 8000 yr is <1 m 
thick (Madrone East core site, Fig. 10; Fig. S4 
in the Supplemental File [see footnote 1] shows 
core descriptions with sketch map). Colluvium 
with fragments of peat derived from the scarp 
in cores 1 and 4, overlying the younger of two 
wetland O horizons developed on sediment 
ponded against the scarp, is bracketed by ages 
on Prunus-type seeds between 1.2 and 0.7 ka 
(Table 1). The ages suggest that the colluvium, 
probably deposited in response to faulting along 
the scarp, dates from the time of the two earth-

quakes inferred from the Madrone Ridge trench 
(and the 1–2 earthquakes recorded in the Snow-
berry and Nettle Grove trenches; Figs. 7–9).

At the Wataugua Beach core site, ~140 m east 
of the Nettle Grove trench site, we found evi-
dence consistent with a two-earthquake interpre-
tation. A composite stratigraphic section with 14C 
ages compiled from 6 gouge cores 1–2 m south 
of the scarp-wetland contact (Figs. 4 and 11; 
Fig. S5 in the Supplemental File [see footnote 1] 
shows composite section description with sketch 
map) shows two beds of probable colluvium 
(units 5–7 and 10) separated by 0.24 m of peat 
and peaty mud (units 8 and 9). Radiocarbon ages 
on a twig from the top of unit 4 (0.8 ka) and from 
a fragile herb bract or bud from the upper contact 
of pond deposits mixed with the colluvium (unit 
7; 0.9 ka) are consistent with the colluvium (units 
5–7) having been deposited in a pond along the 
scarp shortly following an earthquake of the mil-
lennial series (Fig. 12). Flat-lying Pseudotsuga 
menziesii needles from the upper 10 mm of peat 
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Figure 10. Cross section based on stratigraphy in 15 2.5-cm-diameter gouge cores extending south from the base 
of the Waterman Point fault scarp ~70 m east of the Madrone Ridge trench (see Figs. 2A and 4; location on high-
resolution lidar [light detection and ranging] imagery in Nelson et al., 2003b, http:// pubs .usgs .gov /mf /2003 /mf 
-2423/). Location of section and descriptions of fi ve cores are shown in Figure S4 in the Supplemental File (see 
footnote 1). VE—vertical exaggeration.
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beneath the upper scarp colluvium 0.25 m higher 
in the section (unit 9) gave a similar age (0.9 ka), 
but a Pseudotsuga-type twig (petiole with distinct 
pegs) at the upper unit 9 contact 20 mm above the 
needles yielded an age ~100 yr younger (0.8 ka, 
Fig. 11; 930–740 cal yr B.P., Table 1). Typical 
rates of deposition for peat and pond sediments 
in such a small wetland basin (less than a few 
mm/yr) suggest that 0.24 m of peat and pond 
deposits between units 7 and 10 took decades to 
accumulate. Although bedrock-derived unit 10 
may be the disaggregated remains of a block of 
hanging-wall bedrock that rolled down the scarp 
decades after the fi rst surface-rupturing earth-
quake, we infer that it is slope colluvium depos-
ited in response to a second surface-rupturing 
earthquake. Site proximity and similar 14C ages 
suggest that the two possible earthquakes iden-
tifi ed in the Wataugua Beach cores are the 2 
surface-rupturing earthquakes identifi ed in the 
Madrone Ridge trench, 140 m to the west.

Remnants of uplifted shoreline platforms 
north of the Waterman Point fault scarp are 
additional evidence consistent with a history 
of at least three late Holocene earthquakes on 
the Waterman Point and Point Glover faults. 
The continuous 8–10-m-high platform, which 
extends around both sides of the Point Glover 
peninsula, shows >6 m of uplift of this part of 
the hanging wall of the master Seattle thrust 
during the Restoration Point earthquake (Fig. 4; 
Bucknam et al., 1992; Sherrod et al., 2000; 
Kelsey et al., 2008). Two <50-m-wide remnants 
of a platform 70–200 m north of the Waterman 
Point fault and 2–3 m above the continuous 
platform may mark an earlier episode of uplift 
of the hanging wall of the fault during a pre–
Restoration Point earthquake. These remnants 
are several meters lower than the platform at 
the northern tip of the peninsula uplifted dur-
ing faulting on the Point Glover fault (Fig. 4), 
which also predates the Restoration Point earth-

quake (Kelsey et al., 2008). We also mapped 
remnants of a third, lowest shoreline platform 
200 m southeast and 370 m northeast of Water-
man Point (Fig. 4) at an elevation of ~2 m, ~4 m 
below the platform of the Restoration Point 
earthquake. These smaller remnants (<30 m 
wide and <50 m long) are consistent with 1–2 m 
of uplift north of the Waterman Point scarp dur-
ing the younger surface-rupturing earthquake 
identifi ed in the Madrone Ridge trench. They 
also match our interpretation of earthquake-
induced deposition of the younger colluvium at 
the Wataugua Beach core site.

Earthquake Correlation and Timing 
in the Central Seattle Fault Zone

Selection and Analysis of 14C Ages
To correlate earthquakes from site to site and 

to make more precise estimates of the times of 
surface-deforming earthquakes, we reevaluated 
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Figure 11. Composite stratigraphic section compiled from six gouge cores within 2 m of each other at the Watau-
gua Beach core site, 140 m east of the Nettle Grove trench site (see Figs. 2A and 4; location on high-resolution lidar 
[light detection and ranging] imagery in Nelson et al., 2003b, http:// pubs .usgs .gov /mf /2003 /mf -2423/). Units within 
the composite section are numbered from 1 to 13. Location of section and descriptions of cores are in Figure S5 in 
the Supplemental File (see footnote 1).



Nelson et al.

786 Geosphere, August 2014

the stratigraphic context and types of materi-
als dated for ~260 14C ages from paleoseismic 
sites in the southern Puget Lowland. For each 
dated sample, we considered the sample strati-
graphic and geomorphic context, composition, 
size, weight, probable source, condition (e.g., 
decayed, abraded), potential for contamination 
with younger or older material, potential for 
being reworked or introduced from a younger 
horizon (e.g., burned roots), and consistency 
with other ages at the sample’s site and cor-
relative sites (e.g., Nelson et al., 2003a; Bird, 
2007; Kemp et al., 2013). For published stud-
ies we mostly made the same site-to-site corre-
lations of earthquakes as made by the original 
investigators (e.g., Sherrod, 2001; Nelson et al., 
2003a; Sherrod et al., 2004a). Of the 214 ages 
that place some constraint on the times of earth-
quakes (Table S1 in the Supplemental File [see 
footnote 1]), we selected increasingly smaller 

subsets of ages based on higher sample quality, 
more stratigraphically consistent ages, and more 
closely limiting inferred maximum or minimum 
ages on the times of earthquakes (Table 1). In 
most cases, we assumed the youngest of detrital  
ages from faulted or folded deposits to be the 
most closely limiting maximum age of an 
earthquake. As explained earlier and in Figure 
12, however, we relied on stratigraphic context 
to infer that six of the detrital charcoal ages 
are probably minimum ages for earthquakes 
(Table 1). Following many previous paleoseis-
mic studies (e.g., Fumal et al., 2002; Atwater 
et al., 2004; Lienkaemper and Williams, 2007; 
Fraser et al., 2010; DuRoss et al., 2011; Berry-
man et al., 2012), we then used Bayesian meth-
ods (Bronk Ramsey, 1995, 2009; Biasi and Wel-
don, 2009; Lienkaemper and Bronk Ramsey, 
2009) to calculate a probability distribution for 
the times between our selected youngest maxi-

mum ages and oldest minimum ages (ages in 
bold in Table 1; Figs. 5 and 12; Table S2 in the 
Supplemental File [see footnote 1] lists OxCal 
program code). Although we use the OxCal-
modeled probability distributions to correlate 
and date earthquakes, the error ranges of the 
distributions may not encompass all uncertain-
ties in the times of earthquakes. For example, 
the distributions do not include additional types 
of sample context error, such as the residence 
time of charcoal on a forest fl oor (Gavin, 2001; 
Nelson et al., 2003a), because we have no way 
of accurately estimating them.

Earthquakes on Bainbridge Island and 
Point Glover Peninsula

Limiting ages from the Crane Lake and Mossy 
Lane trenches on the Toe Jam Hill fault place 
earthquakes B and C of Nelson et al. (2003a) 
within intervals (2σ ranges of OxCal-modeled 
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Figure 12. Example of how probability distri-
butions for the times of earthquakes (shown in 
green) in Figure 5 are calculated using maxi-
mum and minimum limiting 14C ages (listed in 
Table 1) with the program OxCal (version 4.1; 
Bronk Ramsey, 1995, 2009) and the 14C cali-
bration data set of Reimer et al. (2009). Based 
on our correlation of earthquake D of Nelson 
et al. (2003a) on the Toe Jam Hill fault with the 
older of the two earthquakes on the Waterman 
Point fault, we selected the most closely limit-
ing maximum and minimum ages for earth-
quake D (sites discussed in text) as labeled in 
the fi gure. The gray distribution for each age 
is the original probability distribution for each 
calibrated age. Black distributions show how 
distributions shift as a result of the OxCal analy-
sis. Seven ages from correlated sites are close 
maximum ages for earthquake D. Based on 
stratigraphic position, two ages are minimum 
ages for earthquake D and also maximum ages 
for earthquake E on the Waterman Point fault. 
The age from the Blacktail trench is a mini-
mum age for earthquake D only if the dated 
charcoal in scarp colluvium was deposited in 
response to scarp folding during earthquake D; 
because the charcoal is detrital, it could be 
older than its host sediment. Two other ages are 
close maximum ages for earthquake E. To illus-
trate this interpretation of the timing of earth-
quake E, we used OxCal to calculate a skewed 
probability distribution (see text).
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probability distributions) of 2650–1940 cal yr 
B.P. and 1350–1170 cal yr B.P., respectively 
(Fig. 5). If the youngest charcoal age from the 
Spotted Frog trench on the IslandWood scarp 
closely limits the time of the second faulting 
event in that trench (Fig. 6), then the fi rst fault-
ing event probably records earthquake C. The 
older shoreline platforms studied by Kelsey 
et al. (2008) may correlate with earthquakes B 
and/or C. Sherrod et al. (2000) listed coseis-
mic uplift during several moderate magnitude 
earthquakes as one of three possible explana-
tions for salinity changes dated to 3.5–2.5 ka 
in a sparsely sampled section of core from the 
Restoration Point marsh (Fig. 2A). Kelsey et al. 
(2008, p. 1595) considered these events as “a 
cluster of ~2–3 folding (local) earthquakes.”

We follow Kelsey et al. (2008) in inferring that 
the Toe Jam Hill and the Waterman Point faults, 
the east-west trends of which are offset <1 km 
(Fig. 2A), ruptured during the same earthquake, 
most likely the Restoration Point earthquake. 
Our correlation of earthquakes between the two 
faults suggests, however, that both faults do not 
always rupture during the same earthquakes. 
Nelson et al. (2003a) attributed the youngest 
surface-rupturing event in the Toe Jam Hill fault 
trenches (earthquake D) to the Restoration Point 
earthquake, citing 14C ages and the greater slip 
exposed in trenches during that earthquake than 
for earlier earthquakes. In contrast, our dating 
of two colluviums (units 5–7 and 10; Fig. 11) in 
wetland cores along the Waterman Point scarp 
suggests that the older of the two faulting events 
on that scarp most likely correlates with the Res-
toration Point earthquake. An age on a conifer 
twig (930–740 cal yr B.P.; Fig. 12) from the top 
of the peat (unit 9) that separates the colluviums 
is ~100 yr younger than the most precise age for 
the Restoration Point earthquake (1050–1020 
cal yr B.P.; Figs. 5 and 12). Of course, the dating 
cannot preclude separate rupture of these scarps 
during other moderate to large earthquakes of 
the millennial series.

If, as we infer above, the unit 10 colluvium 
correlates with the second faulting event in the 
Madrone Ridge trench and with the second of 
the two possible faulting events in the Nettle 
Grove trench, then a younger surface rupture 
(earthquake E) broke the Waterman Point scarp 
at least decades after earthquake D in the Toe 
Jam Hill fault trenches. We infer this rupture to 
record the Restoration Point earthquake (Fig. 5). 
Trench mapping identifi ed only one large sur-
face-rupturing event in the Snowberry trench 
100 m west of the two-event Madrone Ridge 
trench, but our OxCal analysis of limiting ages 
for earthquake D from the Toe Jam Hill fault 
suggests that the youngest age from the Snow-
berry trench may be a maximum age for earth-

quake E (Fig. 12) and possibly a minimum age 
for earthquake D. The age (980–790 cal yr B.P.) 
on wood charcoal in a layer of charcoal at the 
top of an overturned block of forest soil in the 
fault zone (Fig. 8) is too young (at 2σ) to date 
forest-fl oor charcoal incorporated into the fault 
zone during the Restoration Point earthquake 
(1050–1020 cal yr B.P.; Fig. 12). If the age is a 
minimum for earthquake D, then part of the slip 
along fault F1 in the Snowberry trench occurred 
during a second earthquake that is younger than 
earthquake D. An alternative statistical possibil-
ity is that the true age of the charcoal is within 
the youngest tail of its 3σ age distribution, in 
which case it might still provide a close maxi-
mum age for earthquake D.

Because we cannot distinguish between these 
two alternatives, we use the youngest Snowberry 
trench age with three other ages from the Watau-
gua Beach cores only to set an older limit for the 
time of earthquake E (Fig. 12). As we have no 
minimum ages for earthquake E, our full interval 
extends to A.D. 1851, when European settlers 
arrived in southern Puget Sound. Because we 
interpret our limiting ages as being close maxi-
mums, we use the Zero Boundary command in 
OxCal to skew the probability distribution for 
earthquake E toward its older end (methods of 
Bronk Ramsey, 2008, 2009; as explained by 
DuRoss et al., 2011). The skewed distribution 
(940–380 cal yr B.P. at 2σ) best represents our 
interpretation of the time of earthquake E.

HOLOCENE DEFORMATION IN 
THE TACOMA FAULT ZONE

In a series of stratigraphic, 14C dating, and 
paleoecologic studies, Bucknam et al. (1992), 
Sherrod (2001), Sherrod et al., (2004a, 2004b), 
and Arcos (2012) identifi ed evidence of sub-
stantial late Holocene uplift and subsidence at 
12 sites over much of the region of the Tacoma 
fault zone (Figs. 1C and 2B). Differences in 
wetland plant fossils and diatom assemblages 
across uplift and subsidence contacts indicate 
>1 m of vertical deformation at most sites. Over-
all, dating at fi ve of the uplift sites and six of the 
subsidence sites constrains Tacoma fault zone 
deformation to the millennial earthquake series 
(1180–790 cal yr B.P.; Sherrod et al., 2004a). 
Ages that best constrain the time of shoreline 
deformation include leaf bases of Triglochin 
maritima that limit the uplift of the tide fl at on 
the hanging wall of the fault (Lynch Cove; Fig. 
2B) to shortly before 1170–960 cal yr B.P., and 
the 14C-wiggle-matched age of 1090–1010 cal 
yr B.P. on rings from a Pseudotsuga menziesii 
stump killed by earthquake subsidence at the 
Nisqually delta 25 km south of the fault (Red 
Salmon Creek; Figs. 2B and 5; Table 1).

The >1–3 m of subsidence measured at Little 
Skookum Inlet led Sherrod (2001; Fig. 1C) to 
speculate that this subsidence was the result of 2 
earthquakes. Following such reasoning, an age 
of 970–760 cal yr B.P. on the outermost rings of 
a Pseudotsuga menziesii stump in growth posi-
tion on the modern tide fl at at Wollochet Bay 
postdates the most precise age for the Restora-
tion Point earthquake (1050–1020 cal yr B.P.). 
Perhaps it records subsidence during a later 
earthquake or a stress-relaxation response of 
the crust to the Restoration Point earthquake 
decades after it (Sherrod et al., 2004b; Table 1).

Catfi sh Lake Scarps and Related Shorelines

The Catfi sh Lake fault scarps, which trun-
cate drumlins and outwash channels on the 
hanging wall of the Tacoma fault (Figs. 1C and 
2B), formed in the late Holocene. These linear, 
1–6-m-high scarps extend 4.4 km east-west 
between Hood Canal and Case Inlet (Sherrod 
et al., 2004a, 2004b; Logan and Walsh, 2007; 
Nelson et al., 2008, sheet 1) and probably another 
2 km to the east beneath Case Inlet (Figs. 1C and 
2B; Johnson et al., 2004b; Clement et al., 2010). 
Seismic refl ection profi ling east of Allyn shows 
that the water bottom of Case Inlet on trend with 
the scarp is warped upward ~2 m, suggesting 
Holocene growth of a fold above a blind thrust 
(Johnson et al., 2004b; Clement et al., 2010). 
The Blueberry trench across the western scarp 
showed probable late Holocene faulting of a 
B/E soil horizon developed on weathered till 
(Sherrod et al., 2004a, fi g. 3D therein, 2004b). 
Reverse separation along at least 2 of 4 small 
faults offsets the top of the horizon <0.3 m. 
Although some folding in the till may have a 
glacial origin, the sharp truncation of the glacial 
ridges by the scarp at the trench site shows that 
the scarp formed after the retreat of the Puget ice 
lobe (later than 16 ka).

In the more recent Cedars trench, across a 
6-m-high scarp 0.8 km east of the Blueberry 
trench (Fig. 2B), we exposed a 30-m-long section 
of subglacial, ice-contact, and proglacial deposits 
(Fig. S6 in the Supplemental File [see footnote 1]; 
trench log in Nelson et al., 2008, sheet 2). Bed-
ding contacts along most of the trench are sub-
parallel to the scarp, indicating that scarp folding 
is postglacial. Several lines of evidence show that 
a strongly folded syncline of subglacial or progla-
cial stream and lake deposits near the base of the 
scarp predates the retreat of the Puget lobe. Tight 
folds, truncation surfaces, boudins, and fl ame 
structures in lake beds of the syncline are evi-
dence for subaqueous soft-sediment loading and 
fl ow. The onlap of its successive lake beds also 
shows that folding of the syncline was contempo-
raneous with deposition. A thermoluminescence 
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age of 110–119 ka on silt-sized feldspar from 
one of the lake beds shows that synclinal folding 
considerably predates the last glacial maximum. 
The syncline axis is strongly oblique to the scarp 
trend, suggesting that the scarp is much younger 
than the syncline.

Near the crest of the scarp in the Cedars 
trench, parallel-bedded sand, deposited in a 
stream channel cut into the glacial deposits, con-
tains angular, horizontally bedded, fragments 
of wood charcoal as young as 4.3 ka (Table S1 
in the Supplemental File [see footnote 1]). The 
channel position near the crest of the scarp and 
the tilt of its bedding parallel with the scarp 
surface show that the stream could only have 
deposited the sand prior to scarp folding, and 
therefore that the scarp formed after 4.3 ka.

At least some of the uplift and folding along 
the Catfi sh Lake scarps probably occurred dur-
ing the millennial earthquake series. An uplifted 
shoreline north of where the trend of the scarp 
intersects the western shore of Case Inlet is 
4 m higher than its modern tide-fl at equivalent 
south of the scarp south of Allyn (Sherrod et al., 
2004a, fi g. 2B therein). Stratigraphy beneath a 
marsh south of Allyn shows that a fresh water 
swamp developed on the tide fl at following the 
most recent uplift. Seeds from the base of the 
swamp O horizon give a minimum limiting age 
for the uplift of 1060–830 cal yr B.P. (Sherrod 
et al., 2004b; Table 1), an age within the 1180–
790 cal yr B.P. interval determined for Tacoma 
fault zone deformation by Sherrod et al., 
(2004a). In Catfi sh Lake and Mill Pond to the 
west of Allyn, Logan and Walsh (2007) dated 
the stumps of trees probably killed by lake water 
impounded during uplift of the scarp. Because 
the outer rings of the stumps have been eroded, 
the youngest of the stump ages (1180–940 cal yr 
B.P.; Table 1) is older than the uplift.

Stansberry Lake Scarps

Near Stansberry Lake ~6 km east of Allyn, 
a 1-m-high, 1.2-km-long, northwest-trending 
scarp offsets a 1.7-km-long, 4–12-m-high, east-
northeast-trending scarp in the hanging wall 
of the Tacoma fault (Figs. 2B and 13; Sherrod 
et al., 2004a, 2004b, fi g. 3B therein; see lidar 
fi gures in Nelson et al., 2008, sheet 2). Only the 
younger scarp is tectonic. Our thorough study 
of a 30-m-long trench across the older scarp, 
which exposed subglacial ice-contact and fl u-
vial deposits, proglacial fl uvial deposits, and 
overlying root-stirred colluvium, showed no 
sign of faulting or folding. Erosional uncon-
formities cut on the glaciofl uvial deposits 
beneath the upper half of the older scarp suggest 
that this gently sloping scarp is the margin of a 
wide proglacial channel, the opposite margin of 

which has apparently been eroded (Owl trench 
log in Nelson et al., 2008, sheet 2).

The Micah trench across the younger scarp 
exposed three zones of mostly subvertical 
faults that offset proglacial ice-contact and 
well-stratifi ed fl uvial deposits (Fig. 13; Nelson 
et al., 2008, sheet 2). Many of the faults trend 
near 330°, and the upper tips of strands in fault 
zones 2 and 3 extend upward into recently root-
stirred sediment in the lower part of the mod-
ern forest soil. Strand tips in fault zone 1 did 
not extend into root-stirred sediment. However, 
because such strands are unreliable indicators 
of the relative age of slip on oblique-slip faults, 
we conclude that the faulting occurred during a 
single, probably late Holocene, earthquake. The 
maximum age of the earthquake is constrained 
by the youngest of six ages (1530–1400 cal yr 
B.P.; Table 1) on wood charcoal in the B hori-
zon buried by a wedge of colluvium formed 
from collapse of the 0.4-m-high fault scarp in 
fault zone 2. The mean of three ages, from a tree 
root that grew following deposition of the collu-
vium, dates the earthquake at prior to 1060–960 
cal yr B.P., a time interval within the millennial 
earthquake series.

Right-lateral horizontal separation of sand 
lenses in proglacial deposits and a fl ower-struc-
ture–like pattern of faults in fault zone 2 (par-
ticularly on the shorter of the two trench walls 
shown in Nelson et al., 2008, sheet 2) suggest 
signifi cant lateral slip on the faults. However, 
the only distinct bedding in the proglacial units 
offset by the faults is horizontal, preventing 
measurement of the ratio of vertical to lateral 
slip. Total oblique slip on the faults may be 
several times the 0.6 m net vertical displace-
ment across the three fault zones in the trench. 
Because the young scarp trends at a 60° angle 
to the trend of the surface projection of the 
main Tacoma fault in this area (170°), it prob-
ably records slip on a short, shallow fault in the 
hanging wall of the main fault probably caused 
by folding of the hanging wall. Clement et al. 
(2010) inferred that the small postglacial faults 
they imaged 7 km southeast of the Stansberry 
Lake scarps were either shallowly rooted, bend-
ing moment faults produced during folding of 
the northwest-trending monocline along this 
part of the Tacoma fault zone, or short strike-slip 
faults accommodating lateral movement parallel 
with the monocline. The latter origin is consis-
tent with our oblique-slip interpretation of the 
faults in the Micah trench.

Sunset Beach Scarps

Complex sets of scarps trend northeast for 
3.5 km from Hood Canal (Figs. 1C and 2B; lidar 
fi gures in Nelson et al., 2008, sheet 3; Polenz 

et al., 2009), 1–2 km south of the uplift and 
lique faction site at Lynch Cove (Bucknam et al., 
1992; Sherrod et al., 2004b; Martin and Bour-
geois, 2012), and 6–7 km north of the Catfi sh 
Lake scarps. Their shore-parallel position and 
arcuate morphology suggest many of the larger 
scarps in the steep bluffs along Hood Canal are 
landslide head scarps. However, most of the 
scarps on the glaciated upland south of Hood 
Canal and trending to the northeast away from 
the landslide complex are probably tectonic 
rather than landslide scarps. Landslides with 
headscarps with the orientation and position of 
those near the northeast end of the upland scarps 
would require slide planes of exceptionally low 
angles. From the slight up-to-the-south dis-
placement of refl ectors at 100–200 m depth on a 
seismic refl ection profi le that crosses the scarps 
near their northeast end (Nelson et al., 2008, 
fi g. 13 therein), we infer that the upland scarps 
formed in response to slip on a south-dipping 
reverse fault in the underlying Tertiary bedrock, 
or on a larger north-dipping reverse fault ~1 km 
to the south. Refl ectors suggesting a gently dip-
ping slide plane, as would be expected from a 
low-angle landslide, are absent on the profi les. 
Hummocky morphology characteristic of a 
bulging landslide toe is also not present where it 
would be expected near the shore of Hood Canal 
at Lynch Cove (Fig. 1C).

Near the northeast end of the upland scarps, 
we also dug 2 trenches, ~12 m long, which 
exposed steeply dipping normal faults in sub-
glacial ice-contact deposits and overlying 
proglacial fl uvial deposits on either side of a 
60–80-m-wide graben (Fig. 14). In each of the 
two trenches on either side of the graben, the 
youngest dated fragments of detrital charcoal 
in the scarp-derived colluvium date the normal 
faulting to younger than 1290–1080 cal yr B.P. 
(Table 1; Fig. 14), a limiting age that places the 
time of faulting within the millennial earth-
quake series. We infer that the Sunset Beach 
fault scarps, as well as many of the landslide 
head scarps along Hood Canal (Sarikhan et al., 
2007), formed or increased in height during the 
millennial earthquake series.

Earthquake Timing in the 
Tacoma Fault Zone

We used OxCal (methods of Fig. 12) with 
the 12 closest maximum and minimum limiting 
ages from Tacoma fault zone sites (Table 1) to 
calculate a fault-wide probability distribution 
for the time interval of the millennial earth-
quake series (Fig. 5). This calculation assumes 
that deformation at all the sites records the same 
very large earthquake or a cluster of large earth-
quakes in the span of a few decades (Sherrod  
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et al., 2004a). The interval (1050–980 cal yr 
B.P.) closely overlaps the wiggle-matched age 
for a drowned stump inferred to record coseis-
mic subsidence at Red Salmon Creek (1090–
1010 cal yr B.P.; Sherrod, 2001) as well as the 
time of the Restoration Point earthquake (1050–
1020 cal yr B.P.).

LATE HOLOCENE EARTHQUAKES 
ELSEWHERE IN THE SOUTHERN 
PUGET LOWLAND

Recent magnetic, structural, and paleoseismic 
studies conclude that faults of the Saddle Moun-
tain deformation zone record north-directed 

uplift of the Seattle uplift area during the Holo-
cene (Fig. 1C; Witter et al., 2008; Blakely et al., 
2009; Lamb et al., 2009; Polenz et al., 2010, 
2011, fi g. 8 therein). Early investigations of the 
Saddle Mountain deformation zone showed late 
Holocene slip on the Saddle Mountain East fault 
and ponding of a swamp against the fault scarp 
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1 Deposition of proglacial ice-contact and fluvial deposits in the vicinity of the Puget glacial lobe (probably 17–16 ka).
2 Deposition of silty to gravelly proglacial fluvial deposits (probably 17–15 ka).
3 Development of a forest soil with a structural B horizon on the proglacial fluvial deposits, followed by extensive root stirring 

(postglacial through late Holocene).
4 Oblique-slip faulting at a 60° angle to the trend of the Tacoma fault zone with an unknown ratio of vertical to right-lateral slip (0.6 m 

vertical displacement across the three fault zones) after 1530–1400 cal yr B.P. and shortly before 1060–960 cal yr B.P. 
5 Erosion of the 0.4-m-high fault scarp in fault zone 2 and deposition of a wedge of proximal scarp-derived colluvium over the B horizon 

adjacent to the scarp.
6 Continued forest soil development with root stirring on the hanging wall and footwall of the scarp and development of a weak forest 

soil overlying the scarp colluvial wedge.
7 Growth of a tree root in the developing soil near the top of the colluvial wedge, followed by a forest fire during which most of the 

exterior of the root burned.
8 Continued forest soil development with root stirring on the hanging wall and footwall of the scarp and development of a weak soil 
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Figure 13. Fault scarp stratigraphy, ages, and interpretation for the Micah trench, Stansberry Lake scarps, hanging wall of Tacoma 
fault (Figs. 1C and 2B). (A) Central two-thirds of northwest wall of Micah trench (m5 to m16 on trench wall grid of Nelson et al., 
2008, http:// pubs .er .usgs .gov /usgspubs /sim /sim3060). Faults zones are labeled FZ1, FZ2, and FZ3. (B) Close-up of stratigraphy and 
faults in FZ2 of the Micah trench. (C) Sequence of depositional and faulting events in the trench. Steve Personius, Gary Henley II, 
Alan Nelson, Liz Shermer, Eliza Nemser, Trenton Cladouhos, and Lee-Ann Bradley described, sampled, and interpreted the trench.
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(Fig. 1C; Carson, 1973; Wilson et al., 1979; 
Table 1; Table S1 in the Supplemental File [see 
footnote 1]). Recently, Barnett et al. (2009) and 
Czajkowski et al. (2009) identifi ed multiple late 
Holocene faulting events on a fault east of the 
Saddle Mountain East fault, and Witter et al. 
(2008) dated two surface-rupturing earthquakes 

to 17–7.7 ka and after 1.7 ka on a parallel fault 
to the west, the Saddle Mountain West fault 
(Fig. 1C). As noted by Jacoby et al. (1992), 
stumps killed by earthquake-induced fl ooding 
in Price Lake and nearby wetlands between the 
faults near Saddle Mountain give close maxi-
mum ages for the most recent movement on the 

faults (Blakely et al., 2009; Polenz et al., 2011; 
Table 1). Hughes (2005) used 14C ages on cones 
and needles from Price Lake and counts of rings 
from submerged stumps to limit the time of 
this earthquake to 1300–1000 cal yr B.P.. Pre-
liminary correlations of tree rings date stumps 
killed by fl ooding as a result of surface rupture 
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(postglacial through late Holocene).
4 Normal faulting with displacement of 2.4 m (4 m total displacement including antithetic faulting on F2, F3, and F4) on the northwest 

edge of the graben and 1.8 m of displacement on the southeast edge after 1290–1080 cal yr B.P. (youngest age from each trench; 
Table S1). 

5 Erosion of fault scarps and deposition of wedges of proximal scarp-derived colluvium adjacent to scarps.
6 Continued forest soil development with root stirring on the hanging wall and footwall of the scarps and development of a forest soil on 

the slope colluvium overlying the scarp colluvial wedges.
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Figure 14. Fault scarp stratigraphy, ages, and interpretation for the Snake and Bees’ Nest trenches, Sunset Beach 
scarps, Tacoma fault zone (Figs. 1C and 2B). (A) Central two-thirds of southwest wall of Snake trench (m9 to m1 
on trench wall grid of Nelson et al., 2008, http:// pubs .er .usgs .gov /usgspubs /sim /sim3060). Ice-contact deposits have 
been faulted down to the southeast along a normal fault (F1) on the northwest edge of a 60-m-wide, northeast-
trending graben on the hanging wall of the Tacoma fault. Faults F2, F3, and F4 are small faults antithetic to fault 
F1. (B) Central three-quarters of the north wall of Bees’ Nest trench (m2 to m9 on trench wall grid of Nelson et al., 
2008). Ice-contact deposits have been faulted down to the northwest along a normal fault (F1) on the opposite side 
(southeast) of the graben in A. Fault F2 is a small fault antithetic to fault F1. (C) Sequence of depositional and 
faulting events in the Snake and Bees’ Nest trenches. Steve Personius, Rob Witter, Harvey Kelsey, Jason Buck, 
Rich Koehler, Alan Nelson, and Lee-Ann Bradley described, sample, and interpreted the Snake trench. Alan Nel-
son, Rich Koehler, Rob Witter, Steve Personius, Harvey Kelsey, Lee-Ann Bradley, and Jason Buck described, 
sampled, and interpreted the Bees’ Nest trench.
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on Saddle Mountain faults to ~1300–1200 cal yr 
B.P. (Snook, 2011). Normal fault displacement 
(2.5 m) on the Frigid Creek scarps, south of the 
Saddle Mountain faults, was dated by Blakely 
et al. (2009) to 5.6–0.3 ka (Fig. 1C; Table S1 in 
the Supplemental File [see footnote 1]).

In the Cargill Creek trench on the Saddle 
Mountain West fault, Witter et al. (2008) 
inferred that the younger of two charcoal 
samples in colluvium deposited after the most 
recent faulting probably postdated the faulting. 
Following this inference, we used the young-
est maximum age from a drowned stump in 
Price Lake (Wilson et al., 1979; Hughes, 2005; 
Polenz et al., 2011, Appendix A therein) with 
this youngest charcoal age as a minimum age 
(ages of 1270–930 cal yr B.P. and 1170–940 cal 
yr B.P.; Table 1), to calculate an OxCal modeled 
probability distribution for the time of the most 
recent earthquake or earthquakes on the Saddle 
Mountain West fault (Fig. 5). For the Saddle 
Mountain East fault, we used the three young-
est maximum ages from Price Lake to calculate 
a skewed probability distribution for its most 
recent earthquake, as we did for earthquake E in 
the Seattle fault zone. Both distributions overlap 
the time of the millennial earthquake series.

To the southeast at the bend in Hood Canal, 
cores and exposures on the Skokomish River 
delta reveal the sudden conversion of a tide 
fl at to a forest due to uplift ~1100 yr ago (Fig. 
1C; Martin, 2011). Probable folding of the 
Skokomish  River fl oodplain above a blind fault 
may date from about the same time (Polenz 
et al., 2010). The oblique, left-lateral Canyon 
River fault, 27 km to the west of the Skokomish 
River (Fig. 1C), also slipped <2000 yr ago (Fig. 
1B; Walsh and Logan, 2007; Polenz et al., 2011).

Terrestrial landslides likely induced by strong 
shaking, particularly those that dammed stream 
valleys to form lakes, have been dated in Lake 
Sammamish near the eastern end of the Seattle 
fault zone (Fig. 1C), in the Cascade Mountains 
north and south of Puget Sound, and in the 
southeast Olympic Mountains (Logan et al., 
1998; Pringle et al., 1998). Ages for submerged 
stumps in Lake Sammamish and four lakes in 
the Olympic Mountains suggest that lake dams 
may have coincided with the millennial earth-
quake series (Schuster et al., 1992; Logan et al., 
1998). Other landslides are too imprecisely 
dated or are too far away from the southern low-
land to infer that they record earthquakes in the 
Seattle or Tacoma fault zones.

DISCUSSION

Diverse rupture modes characterize the earth-
quake prehistory of the southern Puget Low-
land. However, paleoseismology provides fi rm 

evidence for the magnitude of only the largest 
earthquake, named for Restoration Point. As 
much as 7 m of coseismic uplift at Restoration 
Point and >2 m of shoreline uplift along at least 
40 km of the central Seattle fault zone imply a 
magnitude of 7–7.5 for this earthquake (Buck-
nam et al., 1992; Sherrod et al., 2000; ten Brink 
et al., 2006; Kelsey et al., 2008). Widespread 
tsunami, liquefaction, and landslide deposits 
are consistent with an earthquake of this size 
(Atwater and Moore, 1992; Blakely et al., 2009; 
Arcos, 2012; Martin and Bourgeois, 2012). At 
sites that record thousands of years of relatively 
continuous sedimentation, evidence attributed 
to the Restoration Point earthquake is more 
distinct and/or suggests greater deformation or 
stronger shaking than evidence for any other 
earthquake (Sherrod et al., 2000; Nelson et al., 
2003a; Karlin et al., 2004; Kelsey et al., 2008).

Surface deformation during several historical 
earthquakes near M 7 on forearc and intraplate 
thrust faults is broadly analogous to that inferred 
for the central Seattle fault zone. Uplift of as 
much as 2.7 m in the Hikurangi forearc of New 
Zealand during the 1931 Mw7.8 Hawke’s Bay 
earthquake extended over an area ~100 km long 
and as much as 20 km wide (Hull, 1990). Marine 
terrace uplift of 1–4 m during 7 prehistoric earth-
quakes on thrusts in the same region is inferred 
to record earthquakes of M 7–7.5 (Berryman 
et al., 2011). Surface ruptures during the 1896 M 
7.2 Riku-u earthquake in Japan showed a maxi-
mum vertical displacement of 3.5 m along four 
fault segments (37 km total length), and vertical 
displacement due to rupture of 4 main fault seg-
ments (40 km) during the 1980 Mw6.7 El Asnam, 
Algeria, earthquake reached 5 m (Rubin, 1996; 
Wesnousky, 2008). Even the greatest vertical 
displacements measured across scarps of the 
largest continental thrust earthquakes (Kaneda 
et al., 2008a; Xu et al., 2009) do not exceed 
the uplift measured for the Seattle fault at Res-
toration Point. These and other historical earth-
quakes on forearc and intraplate thrusts produced 
very complex patterns of surface deformation 
with highly discontinuous fold and fault scarps 
of variable height and orientation on multiple 
fault segments (Philip et al., 1992; Rubin, 1996; 
Kelsey et al., 1998; McCalpin and Carver, 2009).

Widespread evidence for other large to very 
large Holocene earthquakes in the southern low-
land is limited to the millennial series, and the 
number of earthquakes remains unclear. The 
spatial extent of evidence for uplift and sub-
sidence (>600 km2) and the >1 m of deforma-
tion at 15 sites in the Tacoma fault zone imply 
a large earthquake or earthquakes within the 
millennial earthquake series (Fig. 1C; Buck-
nam et al., 1992; Sherrod, 2001; Sherrod et al., 
2004a; Arcos, 2012). If, as assumed in our 

OxCal analysis of Tacoma fault zones ages (Fig. 
5), this deformation was the result of a large to 
very large earthquake (Sherrod et al., 2004a; 
Smith and Karlin, 2009), empirical magnitude-
rupture area relations suggest that its magnitude 
was near 7.0 (Wells and Coppersmith, 1994). 
Because empirical relations for thrust faults 
are based on a small number of earthquakes 
with complex, variable rupture patterns, such 
empirical-relation estimates of magnitude are 
more uncertain than those for normal or strike-
slip faults (Wesnousky, 2008; McCalpin, 2009).

Two sites with long, relatively continuous 
records of sedimentation show evidence con-
sistent with earlier large, possibly very large, 
earthquakes in the central Seattle fault zone. 
In a small marsh at Restoration Point (Fig. 
2A), Sherrod et al. (2000) used transfer func-
tion statistical methods on fossil diatom fl oras 
from a core to infer that an abrupt change in 
core lithology refl ected a sudden change in tidal 
environments. They suggested that the change 
was caused either by coseismic uplift or by 
the accumulation of a beach bar that partially 
blocked tidal access to the marsh ca. 7.2–6.4 ka. 
If coseismic, estimated uplift during this event 
was 1.5 m compared with at least 7 m during the 
Restoration Point earthquake. Perhaps the 1.5 m 
of uplift, comparable to that seen along the Toe 
Jam Hill fault and Waterman Point fault scarps 
during earthquakes B, C, or E (Fig. 5; Nelson 
et al., 2003a), records a rupture of a few kilome-
ters or less on a nearby unmapped fault.

Could the Seattle and Tacoma faults have 
ruptured during the same very large earthquake, 
perhaps with a rupture extending westward to 
faults of the Saddle Mountain deformation zone 
(Blakely et al., 2009)? Although upper plate 
structure eastward from the Saddle Mountain 
deformation zone remains unclear, we hesitate 
to exclude such a possibility, given some unex-
pected multifault ruptures of the past approxi-
mately two decades (e.g., Sieh et al., 1993; Xu 
et al., 2009). Earlier historical examples of such 
ruptures include the en echelon folds >60 km 
long that grew during the 1586 M~7.7 earth-
quake on the Yoro blind thrust of central Japan 
(Ishiyama et al., 2007). Above subduction zone 
megathrusts, backthrusts tens of kilometers arc-
ward of the megathrust have ruptured during and 
after great earthquakes (McCalpin and Carver, 
2009; Berryman et al., 2011; Wiseman et al., 
2011) However, the >20 km distance between 
the surface projections of the Seattle and Tacoma 
master-ramp thrusts (Fig. 1C) is greater than 
the distance between adjacent intraplate faults 
that have ruptured during the same earthquake 
(Rubin, 1996; Wesnousky, 2008). How Cou-
lomb stress changes infl uence the interactions 
of nearby thrusts depends on many factors in 
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addition  to fault proximity, including fault orien-
tations, prior earthquake timing and magnitudes, 
and whether thrusts are blind (Stein and Yeats, 
1989; Lin and Stein, 2004; Ishiyama et al., 2007; 
Schwartz et al., 2012). Rupture modeling of 
thrust faults (e.g., Wang and Chen, 2001; Lin and 
Stein, 2004), and of central Seattle fault defor-
mation during the Restoration Point earthquake 
(ten Brink et al., 2006), do not directly address 
simultaneous rupture on thrusts so far apart. A 
likely rupture scenario is that upper plate stress 
changes induced by the Restoration Point earth-
quake on the master-ramp thrust of the Seattle 
fault triggered slip on adjacent, updip parts of 
the fault, and perhaps faults of the Tacoma fault 
zone or Saddle Mountain deformation zone, 
days to decades after the earthquake (Sherrod, 
2001; Sherrod et al., 2004a; Johanson and Bürg-
mann, 2010; Schwartz et al., 2012). A possible 
analogous earthquake series is the sequence of 
four Mw5.8–6.7 thrust earthquakes in the cen-
tral California Coast Ranges during 1982–1985 
that may have been partially triggered by stress 
changes induced by the 1857 Mw7.9 Fort Tejon 
earthquake on the San Andreas fault (Lin and 
Stein, 2004).

Evidence for the magnitude of other Puget 
Lowland earthquakes during the late Holocene 
is ambiguous for two reasons: (1) the evidence 
is spatially more limited than that for the largest 
earthquakes during the millennial earthquake 
series, and (2) the typically >50 yr errors on 
earthquake ages prevent use of routine 14C dat-
ing for site-to-site correlation of closely spaced 
earthquakes. Paleoseismic studies in a variety of 
tectonic settings face similar correlation uncer-
tainties (Burbank and Anderson, 2001; Atwater 
et al., 2004; McCalpin, 2009; e.g., Fraser et al., 
2010; DuRoss et al., 2011; Berryman et al., 
2012). For example, in a study of scarp geo-
morphology and stratigraphy in the Hikurangi 
forearc, Kelsey et al. (1998) concluded that 
trench stratigraphy could not distinguish among 
prehistoric ruptures postulated to extend 15, 
25, 34, or possibly 130 km along the Poukawa 
fault zone. In the Seattle fault zone, measured 
amounts of surface deformation for these other 
earthquakes are smaller than for deformation 
that we correlate with the Restoration Point 
earthquake, suggesting earthquakes of smaller 
magnitude. Whether these earthquakes were 
large (M 6.5–7.0) or moderate (M 6.0–6.5), 
however, depends on which of several fault zone 
models best applies (Fig. 3). Until structural 
relations among backthrusts and master-ramp 
thrusts are clarifi ed, paleoseismic evidence can-
not discriminate large from moderate prehis-
toric earthquakes in the Seattle fault zone.

Limited evidence from the Tacoma fault zone 
is equally ambiguous about rupture modes, 

although some evidence suggests multiple earth-
quakes. For example, Sherrod (2001) ascribed 
the burial of a marsh soil at Wollochet Bay (Fig. 
1C) to subsidence during an earthquake younger 
than the Restoration Point earthquake. Prelimi-
nary tree-ring correlations date stumps killed 
by fl ooding, a result of surface rupture on the 
Saddle Mountain faults, to >50 yr before the 
Restoration Point earthquake (Hughes, 2005; 
Snook, 2011). At heights as great as 7–8 m, 
the Catfi sh lake scarps within the Tacoma fault 
zone are too high to have formed entirely during 
a single large earthquake (e.g., Ishiyama et al., 
2007), and the 6-m-high scarp at 1 site (Cedars 
trench, Nelson et al., 2008, sheet 3) is younger 
than 4.3 ka (Figs. 1C and 2B; Table 1; Fig. S6 in 
the Supplemental File [see footnote 1]).

Two consequences of forearc structure that 
the Puget Lowland shares with intraplate thrust 
fault systems cloud estimates of the frequency 
and degree of clustering of large earthquakes 
in the lowland: uncertain structural relations 
among faults and probable blind thrusting. 
Evidence from 2 short backthrusts in the cen-
tral Seattle fault zone records a cluster of at 
least 4 late Holocene earthquakes after 2.7 ka. 
Earthquakes B and C occurred before and earth-
quake E occurred after the Restoration Point 
earthquake (which we correlate with earth-
quake D), and are separated from prior or subse-
quent earthquakes by intervals of 100–1500 yr 
(Fig. 5). Records of wetland sedimentation from 
these sites make it unlikely that similar earth-
quakes occurred in the preceding 6000–8000 yr 
and perhaps not since 15 ka (Nelson et al., 
2003a; Figs. 10 and 11). However, because 
the structural relations of these scarps with the 
master-ramp thrust of the Seattle fault remain 
uncertain, we cannot determine to what extent 
the cluster represents the earthquake history 
of the master Seattle thrust. The same uncer-
tainties affl ict the early and middle Holocene 
earthquake history of the Tacoma fault, where 
well-dated earthquake evidence is limited to 
the millennial earthquake series. An additional 
complication is that most historical earthquakes 
on forearc and intraplate thrusts have involved 
rupture of some shallow secondary faults but 
not others (McCalpin and Carver, 2009; Philip 
and Meghraoui, 1983; Hull, 1990; Xu et al., 
2009). As inferred by Kelsey et al. (1998) from 
trenches at three sites on faults of the Poukawa 
fault zone in the Hirugani forearc, our mapping 
of trenches in the Seattle fault zone shows that 
not every late Holocene scarp ruptured during 
each surface-deforming earthquake.

Because blind or almost blind thrusting is 
ubiquitous in forearc and intraplate thrust sys-
tems, an absence of evidence for surface defor-
mation during Holocene earthquakes in the low-

land does not imply an absence of earthquakes. 
A common theme is that even for well-studied 
modern earthquakes with tens to hundreds of 
kilometers of complex fault and fold scarps (e.g., 
1988 Ms7 Spitak, Armenia; 2008 Mw7.9 Wen-
chuan, China), some slip on blind thrusts must 
be invoked to fully explain patterns of surface 
deformation (e.g., Hull, 1990; Rubin, 1996; Ishi-
yama et al., 2007; de Michele et al., 2010). Slip 
on blind thrusts during earthquakes as large as 
Mw7.7 has produced too little surface evidence 
of deformation to be preserved for more than 
decades (e.g., McCalpin and Thakkar, 2003). 
More commonly, slip on buried thrusts creates 
small, discontinuous fold or fault scarps that are 
so eroded or buried within 50–200 yr that sur-
face evidence of them can no longer be identifi ed 
(Lettis et al., 1997; McCalpin and Carver, 2009).

However, blind thrusting during successive 
earthquakes may create subtle, long-wavelength 
folds that warp marine or fl uvial terraces (Bur-
bank and Anderson, 2001; e.g., Philip and 
Meghraoui, 1983; Scharer et al., 2006; Ishi-
yama et al., 2007; Kaneda et al., 2008b). Sub-
stantial blind thrusting is inferred from evidence 
of this type along an 8-km-long reach of Big 
Beef Creek, at the western end of the Seattle 
uplift about half-way between the surface rup-
tures at Waterman Point and Saddle Mountain 
(Fig. 1C). There, recessional glaciofl uvial ter-
races crossing the Seattle fault have been arched 
upward 23 m since 16 ka (Tabor et al., 2011). 
The uplift has occurred along a stretch of the 
fault with no discernible surface rupture, imply-
ing either large Restoration Point–style earth-
quakes or many smaller earthquakes on a blind, 
south-dipping thrust.

Can records of strong shaking over many 
thousands of years, such as the Karlin et al. 
(2004) turbidite history from Lake Washing-
ton, help distinguish differing rupture modes 
or earthquake clustering in the lowland? Karlin 
and Abella (1996) inferred as many as 21 mag-
netic susceptibility peaks in Lake Washington 
cores to mark turbidites that record strong earth-
quake shaking since 7.6 ka, for an average tur-
bidite recurrence of 300–400 yr. Based on uni-
form sedimentation rates controlled by the 47 
14C ages of Karlin and Abella (1996; see Karlin 
et al., 2004), some of the turbidites recur every 
100–300 yr for periods lasting a thousand years. 
A large peak that could record strong shaking 
from a large, regional earthquake occurs in all 
cores ca. 7.4 ka, but at least 4 younger peaks 
are larger and whether all such peaks record 
earthquake shaking is uncertain (Karlin and 
Abella, 1996; Karlin et al., 2004). Conversely, 
all earthquakes that strongly shook the lowland 
are not necessarily recorded by Lake Washing-
ton turbidites, and some turbidites may have 
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been triggered by earthquakes that left no evi-
dence of surface deformation. The lake’s late 
Holocene record shows age distributions for 
shaking-induced turbidites that span the times 
of as few as 3 of the as many as 9 great sub-
duction zone earthquakes of the past 3500 yr 
(Karlin et al., 2004; Atwater et al., 2004; Nel-
son et al., 2006; Goldfi nger et al., 2012), and the 
distributions are too wide to infer which turbi-
dites were generated by strong subduction zone 
shaking. Shaking from deep intraplate earth-
quakes, such as the M 7.1 earthquake between 
Tacoma and Olympia in 1949, may have also 
generated turbidites. Although we infer that lake 
turbidites record a greater proportion of Seattle 
fault zone earthquakes than earthquakes in other 
upper plate fault zones in the Puget Lowland, 
without estimates of earthquake frequency and 
magnitude for other fault zones, the proportions 
of turbidite-marked earthquakes they produced 
are unknown. Such uncertainty in the interpre-
tation of earthquake sources is a major issue 
in studies of shaking-induced deposits in lakes 
adjacent to Holocene faults (Goldfi nger, 2009; 
e.g., Inouchi  et al., 1996; Ken-Tor et al., 2001; 
Strasser et al., 2013).

Hazard assessment in the Puget Lowland 
benefi ts from the additional information our 
reconstruction of earthquake history provides. 
The history increases the minimum number of 
closely spaced, surface-rupturing earthquakes 
in the central Seattle fault zone from 3 to 4, 
shows that the most recent of these earthquakes 
postdates the Restoration Point earthquake, and 
confi rms on a second backthrust scarp the infer-
ence of Nelson et al. (2003a) that the cluster of 
late Holocene earthquakes followed a period of 
~6000–8000 yr of scarp quiescence. The history 
suggests that faults of the central Seattle fault 
zone may slip during moderate to large earth-
quakes as frequently as every few hundred years 
for periods of ~1000–2000 yr, and then not 
slip for periods of at least several thousands of 
years. Our dating narrows the time interval for 
the millennial earthquake series, particularly in 
the Tacoma fault zone, but cannot address the 
prospect of simultaneous rupture of two or more 
fault zones in the southern lowland. Despite 
the uncertainties in actual earthquake history, 
hazard assessment methods accommodate the 
diverse rupture modes inferred from the fi ndings 
described here through weighting of alternative 
rupture models with a range of probabilities 
(e.g., Petersen et al., 2008).

CONCLUSIONS

Our evaluation of new and previously pub-
lished paleoseismic data improves the under-
standing of the earthquake prehistory of the 

southern Puget Lowland, and illustrates some 
limitations of using paleoseismic data to recon-
struct earthquake history in forearcs with com-
plex upper plate structure. OxCal analysis of 10 
of the most closely limiting 14C ages from fault 
scarp trenches and cores at 8 sites restrict the age 
of the M 7–7.5 Restoration Point earthquake in 
the central Seattle fault zone to 1040–910 cal yr 
B.P. (2σ; Fig. 5). This age interval overlaps the 
most precise age for the earthquake’s tsunami 
(1050–1020 cal yr B.P.) in eastern Puget Sound. 
Limiting ages date stratigraphic evidence for 
three smaller earthquakes that occurred during 
time intervals that do not overlap with 1050–
1020 cal yr B.P. Two of these, earthquakes B and 
C, occurred prior to the Restoration Point earth-
quake, 2650–1940 cal yr B.P. and 1310–1200 
cal yr B.P., respectively, and one (earthquake E) 
occurred after the Restoration Point earthquake 
between 940 and 380 cal yr B.P. Whether these 
earthquakes were of moderate (M 5.5–6.0) or 
large (M 6.5–7.0) magnitude, the surface-defor-
mation history of the central Seattle fault zone 
suggests that faults may slip during moderate 
to large earthquakes as frequently as every few 
hundred years for periods of ~1000–2000 yr, 
and then not slip for periods of at least several 
thousands of years.

Despite its value as the potentially most 
complete and longest record of strong shaking 
in the Puget Lowland, extracting a history of 
surface-deforming earthquakes on upper plate 
faults from Lake Washington’s turbidite record 
is complicated by an abundance of potential 
earthquakes sources. These include surface-
deforming and non-surface-deforming upper 
plate earthquakes in at least three lowland fault 
zones (Fig. 1B), Cascadia subduction zone 
earthquakes, and deep intraplate earthquakes 
beneath the lowland.

The Tacoma fault zone earthquake history 
consists of at least one large-magnitude earth-
quake ca. 1000 cal yr B.P., but evidence is too 
sparse to determine whether this earthquake was 
closely predated or postdated by moderate to 
large earthquakes on faults in the Tacoma basin. 
Four fault scarp trenches in the Tacoma fault 
zone described here show the most recent scarp 
of the Tacoma fault to be late Holocene and 
date surface rupture on two hanging-wall faults 
to ca. 1000 cal yr B.P., the time of widespread 
coseismic subsidence in the Tacoma basin. In 
the Tacoma fault zone, 12 closely limiting new 
and previously published ages from 9 sites con-
strain the earthquake (or a closely spaced series 
of earthquakes) to 1050–980 cal yr B.P. (Fig. 5). 
An age from one subsidence site in the Tacoma 
basin suggests an earthquake slightly younger 
than this interval. The amount of subsidence 
measured at another site and the height of the 

highest fault zone scarps also suggest multiple 
Holocene earthquakes.

OxCal analysis of previously reported ages 
for late Holocene earthquakes in the Saddle 
Mountain deformation zone limit earthquakes 
on the Saddle Mountain East and Saddle Moun-
tain West faults to 1160–310 cal yr B.P. and 
1200–970 cal yr B.P., respectively. Whether 
these earthquakes were synchronous, with each 
other or possibly with ruptures farther east in 
the Seattle fault zone or Tacoma fault zone, 
remains unknown.
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