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ABSTRACT: At the Skokomish River delta in Washington State’s Puget Lowland,
coseismic uplift and tilting trapped the river against a valley wall, resulting in little to no
channel migration for the last 1,000 years. The most recent earthquake occurred before AD
780-990, based on stratigraphic evidence such as sand blows and abrupt facies changes.
Since the hypothesized tilting a 5-km-long section of the river has not migrated laterally or
avulsed, resulting in reduced migration and a muddy intertidal flat that is 2 km wider in the
east than on the west side of Annas Bay. A ridge running perpendicular to the river may also
have restricted channel mobility. The ridge may be either the surface expression of a blind
thrust fault or a relict, uplifted and tilted shoreline. The uplift and tilting of the delta can be

ascribed to any of three nearby active fault zones, of which the most likely, based on the



orientation of deformation, is the Saddle Mountain fault zone, which produced a surface
rupture 1,000-1,300 years ago. The delta has experienced submergence since the earthquake.
A forest that colonized an uplifted part of the delta about 800-1,200 years ago was later

submerged by at least 1.6 m and is now a brackish-water marsh.

Key words: coastal geomorphology, Puget Lowland, tectonic river steering, submergence,
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1 INTRODUCTION

A variety of factors can lead to reduced channel mobility (low rates of migration and
avulsion) including human influence, tectonics, topographic features and substrate (Holbrook
and Schumm, 1999; Aslan et al., 2005). Rivers avulse for a variety of reasons, including a
gradient advantage for the river to take another course (Slingerland and Smith, 1998),
channel aggradation (King and Martini, 1984), and favorable substrate or geomorphology
along another course (Aslan et al., 2005). Tectonically driven channel mobility is the result
of river channels preferentially migrating away from uplift and/or toward subsidence
(Holbrook and Schumm, 1999). This study illustrates a case where tectonic uplift dominates
over other factors that can control the location of fluvial channels, resulting in reduced
channel mobility, due to a bounding valley wall, and the delta building into only one side of
the receiving basin.

In modern and ancient fluvial and deltaic systems, tectonically induced migration and
avulsion is studied as an indicator for tectonic environment and for the subsequent

depositional pattern (Schumm, 1986; Alexander and Leeder, 1987; Holbrook and Schumm,



1999; Gouw, 2007; Mateo and Siringan, 2007); the signal from the interplay of tectonics and
river dynamics is not always straightforward. Increased rates of avulsion in rivers and lobe
switching in deltas often indicate tectonic activity when other variables are constant (Gouw,
2007). In contrast, in locations where a river runs parallel to the trend of a graben, lower rates
of migration can occur if rates of subsidence are high enough to overcome other river
characteristics (e.g., stream power, sedimentation) and trap the river against the graben wall
(Alexander and Leeder, 1987). Changes to river systems by earthquakes are often transient
(Schumm, 1986; Attal et al., 2008), making stratigraphic and geomorphic studies necessary
to understand the tectonic history.

Faults and fluvial systems can interact in complex ways and create complicated
records in the geomorphology and stratigraphy of the landscape (Schumm, 1986). This study
examines a moderately simple fluvial-deltaic system affected by both coseismic uplift and
long-term subsidence. The study covers a time period over which sea level and climate have
remained almost stable (Eronen et al., 1987; McLachlan and Brubaker, 1995). The system
itself is small (4-km wide delta at the river mouth), mesotidal, and experiences little wave
activity and longshore drift (Schwartz, 1991). Additionally, in the study area the valley floor
consists of alluvium so the river is not affected by changes in lithology.

Within the fluvial/deltaic system of the Skokomish River, this study aimed to
determine the geomorphic and stratigraphic effects of Recent faulting on a fluvial deltaic
system including the origin of a bight and shore-parallel berm. The results demonstrate a
combination of differential uplift (tilting) and receiving basin geometry resulted in reduced
channel mobility of the Skokomish River and delta out-building only in the eastern half of

Annas Bay (Figs. 1, 2). Tilting, probably associated with the earthquake uplift, resulted in the



river channels consistently on the eastern side of the delta for the last 1,000 years. To the
east, large (~150 m tall) bluffs of glacial sediment slow river migration, with the result that
all sediment is discharged to the eastern side of the delta. Thus, the bight on the western side
of the delta is interpreted to be an area of non- or low deposition. Interpretation of the shore-
parallel berm (herein termed the Ridge) remains unresolved, but the geomorphology cannot
be explained by south-dipping thrust fault with a back thrust as proposed by Polenz et al.
(2010). An alternative interpretation is that the Ridge is an uplifted and tilted former beach

berm, with additional alluvial/fluvial modifications.

1.1 Tectonics and fluvial systems

The effects of tectonic deformation on rivers and deltas depend on the characteristics
of the fluvial system, the type of faulting, and the orientation of the fault or faults to the river
system (Miall, 1981). The effects can include offset stream channels, beheaded channels,
changes in sinuosity, abandoned channels, ponding, steering, and variation in erosion rates
(Keller et al., 1982; Rockwell et al., 1984, Schumm, 1986; Johnston and Schweig, 1996;
Leeder et al., 1996; Peakall, 1998; Kim et al., 2010). For tectonic deformation to steer a river,
the tilting rate must be great enough to outweigh the influence of sedimentation, erosion, and
river slope (Holbrook and Schumm, 1999; Kim et al., 2010). On a delta, tectonic uplift
effectively lowers base level. In response, the grade of the river steepens and, the channel
can incise, or sinuosity may increase to maintain river gradient (Schumm, 1993).

Tectonic, climate, and anthropogenic effects can produce similar effects on river
systems including increased sedimentation, changes in grade, and downcutting (Schumm,

1986; Gouw, 2007; Attal et al., 2008) but these processes have changed little over the time



scale of this study. River channels typically respond more quickly to perturbations than other
geomorphic features such as hillslopes and catchments (Fernandes and Dietrich, 1997,
Whipple and Tucker, 1999). Climatic changes that influence the stream power such as
increased precipitation or landsliding that adds sediment load can drive changes in a river’s
grade, deposition, or incision (Skylar and Dietrich, 2001; Zaprowski et al., 2005). Increased
deposition in the channel can lead to channel migration and avulsion and delta lobe switching
(Bryant et al., 1995; Gouw, 2007) During the time period this study covers, the last 2,000
years, climate in the Puget Lowland has remained relatively stable, and until widespread
logging there was only variation in vegetation in the most sensitive environments
(McLachlan and Brubaker, 1995; Gavin and Brubaker, 1999). A stable climate history
indicates it is unlikely the study area has experienced changes in sediment budget and stream
power due to climate. Few changes to the coastline and river path since the first maps (Fig.
2C) indicated anthropogenic influences including logging and damming of one of the river

forks, have not created large-scale changes in the geomorphic features in this study.

1.2 Regional Setting:

The Skokomish delta lies at the nexus of the Cascadia accretionary wedge and forearc
basin--the Olympic Peninsula and Puget Lowland (Fig. 1). Progressive accretion and
exhumation of mostly marine sedimentary and volcanic rocks along the subduction zone
formed the Olympic Mountains along east verging thrust faults (Cady, 1975; Tabor and
Cady, 1978a; 1978b; Brandon et al., 1998; Fig. 1). In contrast, faults in the Puget Lowland
are typically east-west trending to accommodate shortening provoked by oblique subduction

and by a rotating and northward-moving Oregon forearc (Wells et al., 1998; Mazzotti et al.,



2002; McCaffrey et al., 2007). The difference in these regimes generates long-term
emergence in the Olympic Mountains and subsidence in the Puget Lowland, with the
boundary between this uplift and subsidence falling near the Skokomish delta. Due to
different placements of the hinge zone, estimated rates of land-level change for the delta
region range from -1 to +1 mm/yr (Reilinger and Adams, 1982; Holdahl et al., 1989;
Mitchell et al., 1994; Hyndman and Wang, 1995; Long and Shennan, 1998).

1.2.1 Active faults

Strain in the Puget Lowland and differential movement between the lowland and the
Olympic Mountains generate shallow crustal faulting. The Puget Lowland contains a series
of basins and uplifts mapped based on regional gravity anomalies, and in some locations on
offset units and thickened sedimentary strata (Johnson et al., 1994; Blakely et al., 2009; Fig.
1). Some of the boundaries between basins and uplifted areas are active faults (e.g. Seattle
fault zone; Bucknam et al., 1992; Johnson et al., 1994); in other locations, the existence of
active faults at the geophysical boundary is proposed or disputed (e.g. Hood Canal fault;
Johnson et al., 1994; Haug, 1998; Blakely et al., 2009).

Multiple fault zones in the vicinity of the Skokomish delta have experienced
Holocene ruptures. Several kilometers to the northwest of the Skokomish delta, the Saddle
Mountain fault zone trends along the southeastern edge of the Olympic Mountains (Fig. 1C).
This fault zone accommodates the north-south contraction of the Puget Lowland as it moves
along the Olympic Mountains, and includes west side-up, north-east trending thrust faults
and also contains normal faults indicating potential step-over (Witter et al., 2008; Blakely et
al., 2009). Holocene activity on the Saddle Mountain fault zone includes rupture around AD

650-1050 (Hughes, 2005), which created an east-side-up scarp and dammed streams (Carson,



1973; Wilson et al., 1979). Also in the region, the lesser-understood east-west-trending
Olympia fault zone (Sherrod, 2001) bends northward toward the Skokomish delta;
geophysical anomalies in conjunction with marsh submergence between AD 800-940 locate
the fault (Fig. 1C; Sherrod, 2001; Blakely, et al., 2009). Additionally, two other faults zones
in the Puget Lowland, the Seattle and Tacoma fault zones, exhibit evidence of earthquakes
about 1,000 years ago (Bucknam et al., 1992; Sherrod et al., 2004). The trace of the Tacoma
fault zone in the western Puget Lowland is not known (Fig. 1). The Seattle fault zone is
proposed to cross Hood Canal about 30 km north of the Skokomish delta (Blakely et al.,
2009).
1.2.2 Late Pleistocene Puget ice lobe

Pleistocene glaciation modified much of the Puget Lowland. The last advance of the
Puget lobe, locally the Fraser glaciation, reached its peak in the VVashon stade about 15,000
years ago (Booth, 1994; Porter and Swanson, 1998). Till, outwash deposits, and lake deposits
are associated with the Fraser glaciation. These unconsolidated deposits and those of prior
glaciations blanket much of the Puget Lowland, including the plains flanking the Skokomish
delta (Fig. 2). In other locations in the lowland, linear offset of glacial features is evidence of
Holocene fault activity (Nelson et al., 2003; Sherrod et al., 2004; Sherrod et al., 2008). The
walls of the Skokomish Valley consist of older glacial deposits capped with Fraser deposits
(Carson, 1976; Polenz et al., 2010). Since the last glacial retreat, the general region of the
Skokomish Valley has experienced approximately 50 m of post-glacial isostatic rebound,
which completed about 8,000 years ago (Thorson, 1989).

1.2.3 Holocene sea level



Prior sea-level studies in the Puget Lowland indicate rapid sea-level rise in the early
Holocene followed by slow rise. With the retreat of the continental ice sheets, sea level rose
quickly, and then about 5,000 years ago the rate of sea-level rise slowed in the Puget
Lowland (Dragovich et al., 1994; James et al., 2009). In the western Puget Lowland, a peat
record from northern Hood Canal shows a gradual sea-level rise from about 6 m lower than
present sea level 6,000 years ago, with less than 1 m of sea-level rise in the last 1,000 years
(Eronen et al., 1987). Other peat records from six marshes also show <1 m sea-level rise in
the last thousand years (Beale, 1990). Locally, the sea-level record is complicated by active
tectonics.

1.2.4 Skokomish River and delta

The Skokomish River forms a delta at the elbow of Hood Canal where the fjord bends
145° from a north-south direction to a northeast—southwest direction (Fig. 1). To reach Hood
Canal, the Skokomish River flows through a 16 km-long, glacially-carved, alluvium-
blanketed valley. The north fork of the river has been dammed since the 1920’s. The modern
delta (Fig. 2) consists of salt- and freshwater marshes and swamps that are pristine in some
areas, while in other portions are diked and drained for farming. Currently, the modern inter-
to sub-tidal delta is out-building seaward on the eastern side of the valley (Fig. 2), whereas
the shoreline is retreating on the western side. A lack of Holocene river terraces indicates the
valley has been mostly aggradational since the stabilization of sea level (Bountry et al.,
2009).

Of the rivers flowing into in the Puget Lowland, the Skokomish has the seventh
highest mean annual discharge and the fifth highest annual sediment load (Czuba et al.,

2011). For the Skokomish River, the annual sediment load is 144,000 mt/yr (Downing, 1983)



and the mean annual discharge is 37 m®s (Embrey and Frans, 2003). Channel sediment in the
delta consists mostly of sand and pebbles (Bountry et al., 2009). A short fetch in Hood Canal
reduces storm wave potential. Hood Canal has some of the lowest rates of net longshore
transport in Puget Sound, measured in the order of 80-200 m*/yr (Wallace, 1988), and the
region around the Skokomish delta has no appreciable net drift alongshore (Schwartz, 1991).
Evidence for lateral migration of the Skokomish River diminishes downstream. In
alluvium like the Skokomish River valley, lateral river migration typically ranges from 1.2-6
m/yr (Kukal, 1990). Upstream of the Highway 101 bridge (Fig. 2), the river channel has
migrated as much as 170 meters since 1938 (Bountry et al., 2009; comparison with aerial
photos in the Puget Sound River History Project), and the entire valley bottom is crossed by
abandoned meander channels (Fig. 2). Downstream of the Highway 101 bridge, by contrast,
no more than 20 m of natural channel migration has taken place in historical time, and
abandoned meanders are limited to the eastern side of the delta. Furthermore, based on river
slope relative to delta slope, upstream of the Highway 101 bridge, the Skokomish River has a
high avulsion potential, while downstream of the bridge the river has low avulsion potential
(GeoEngineers, 2006). The river channel has been in approximately the same position since

at least the first maps in the 1880°s (Gilbert, 1884; Fig. 2).

2 MATERIALS AND METHODS
2.1 Fieldwork

This study compares landforms, modern vegetation, and late Holocene stratigraphy
along four transects perpendicular to the modern shoreline (Figs. 2, 4). On transects 1 and 2,

species cover abundance is used to identify vegetation zones, as in Sherrod (1999). On other



transects, vegetation types and species for each core location were noted, but percent cover
was not counted. Vegetation summaries for each area are in supplement S1. For transects 1
and 2 on the Marsh (Fig. 2), distance and elevation were surveyed using a transit level (error
+2 c¢cm), and the surveyed tide level was compared to the tide gauge record at Union (Fig. 2).
For transects 3 and 4 tall vegetation and wet, unstable ground made leveling impractical, so
elevations were taken from Light Ranging and Distance (LiDAR) data from the Puget Sound
LiDAR Consortium (error £30 cm). Fieldwork took place in the summers of 2008-2010. A
hand-held GPS was used to locate each site (location where stratigraphy was investigated).
This study used outcrops, gouge cores, and soil-augers to examine stratigraphy at

over 100 sites (Fig. 2). Wherever possible the stratigraphy from cleaned banks of tidal creeks
and streams was used. Gouge cores were pushed down to refusal in gravel, sand, or stiff mud,
or to the 5 m depth extent of the extensions carried. This study also examined samples taken

by the Washington State Department of Natural Resources (DNR).

2.2 Laboratory work

Digital elevation models from LiDAR data from the Puget Sound LIDAR Consortium
were used to compare elevation transects and delta morphology. The LIiDAR data were also
used to look for potential fault scarps in the glacially fluted uplands along the Skokomish
River valley.

Plant material for radiometric dating was cleaned in the laboratory and sent to Beta
Analytic. All ages in this study were AMS ages. Calendar age was calibrated using IntCal 09
(Reimer et al., 2009). When possible, the species of material for dating was identified using

the reference collection of the University of Washington herbarium.



This study used plant macrofossils and diatoms to help infer environments of
deposition, particularly relative to tide levels. Plant macrofossils were identified with a
binocular microscope and the reference collection of the University of Washington
herbarium. Diatom slide preparation followed the procedures of Patrick and Reimer (1966).
Counts of between 400 and 1,200 diatom valves allowed for the diversity of the fossil
assemblage, with more diatoms counted on slides that had high concentrations of one
species. For samples 4a and 8a and all samples from the DNR core (Fig. 2), low diatom
density in samples prevented the counting of 400 valves. Percentages of diatom species are
based on the total count per sample.

To compare modern samples from different Puget Lowland locations with
paleosamples from the Skokomish delta, canonical correspondence analyses of diatom
assemblages were conducted using the software package CANOCO (Ter Braak, 1987-1992)
and the modern assemblage catalog of over 100 samples of Puget Lowland coastal
environments expanded from Sherrod (1999). The method relates species assemblage data to
environmental variables (elevation and salinity) to produce transfer functions for predicting
environment of assemblages of unknown origin. Modern diatom data were plotted against
salinity and a Standardized Water Level Index (SWLI; Horton et al., 1999). Because the
modern catalog was collected at sites with different tide ranges, the SWLI was used because

it uses a linear height normalization technique to assign samples a common datum.

3 RESULTS

3.1 Geomorphology and Stratigraphy



The delta downstream of the highway 101 bridge can be divided into four areas based
on modern landforms, vegetation and environment, as well as on stratigraphy. From north to
south they are the (delta) Marsh, Swamp, Ridge and Bog (Fig. 2). Following a description of
large-scale delta morphology, the stratigraphy and geomorphologic features of each of the

four areas will be summarized and discussed.

3.1.1 Delta morphology
Topography and Bathymetry

The intertidal zone in the eastern side of the bay extends 2 km further seaward than
the western side of the bay (Fig. 2C). At the western end of Annas Bay, the unvegetated
intertidal zone is ~150 m wide and on the eastern side it is ~2500 m wide (Figs. 2C, 3H).
Both sides of the bay have similarly steep slopes from the intertidal zone to 50-70 m depth.
Prior work linked the deeper bathymetry in the western bay to landslides removing delta
sediments (Polenz et al., 2010).

Profiles perpendicular to the river in the Marsh, Swamp, Bog and Ridge slope down
to the river, to the southeast, whereas a profile upstream of these areas slopes up to the river
(Fig. 3). The Marsh, Swamp, Ridge and Bog all have a cross-delta slope of 0.30-0.40 m per
km (slope of 0.0003 to 0.0004) down to the river and the Ridge slopes 2.10 m per km (slope
of 0.0021; Fig. 3). In contrast, the profile from farther upstream shows the river levees as the
highest part of the profile (Fig. 3G, upstream).

Berms
At the landward end of transects 1 and 2 (Fig. 4), about 500 m from the shoreline, a

narrow berm with a slight elevation increase over the salt marsh permits growth of trees and



woody vegetation. In the underlying stratigraphy, a woody peat unit on both sides of the
berm thins to 20 cm or less over a pebble-rich gravel at the berm. The gravel unit below the
peat has a similar morphology to the modern gravel berm at the front of the delta. Herein,
this feature is referred as the “ancient gravelly berm”.

A relatively broad ridge, herein referred to as the Ridge, crosses most of the
Skokomish delta about 2.5 km up valley from and approximately parallel to the modern
delta’s shore (Figs. 2, 3). It descends southeastward from 5 m above the adjoining delta to
level near the river. The slope of the Ridge is steeper to the south and more gradual to the
north. The Ridge is widest where active and inactive channels cut through. Much like the
modern beach berm and the “ancient gravelly berm”, the Ridge consists of pebble-rich
gravel.

Paleochannels

In the Swamp and cutting across the Ridge are several seaward-branching channels
(the “paleochannels” in Fig. 2c). The western channels drain very slowly, as they are blocked
by vegetation and peat. The western channels are of similar width to the modern Skokomish
channel and its distributaries. The eastern channel currently drains the Bog across the Ridge.
3.1.2 Marsh
Stratigraphy

Transects 1 and 2 in the Marsh have a similar stratigraphy to each other of muds and
gravels overlain by woody peat and then muddy peat (Figs. 4, 5). The basal pebble gravel
and mud deposit varies in grain size, but in general contains more pebbles toward the eastern

end of the delta. The woody peat becomes muddier upward and the muddy peat thins



landward. Between the seaward ends of transects 1 and 2, five seeds from the base of the
woody peat had a calibrated radiocarbon age of AD 780-990 (Table 1).

In transect 2, an in situ Pseudotsuga menziesii (Douglas fir) stump rooted into mud is
eroding out of the woody peat (Figs. 4, 5). Though wood is common in the peat, this stump
was the only location where enough wood was visible to determine the stump was in situ.
Thin roots (<2 cm in diameter at the distal end) extend from the trunk more than 3 m and are
horizontally rooted in the mud, indicating the stump is in growth position. The death of the
tree was assigned a calibrated age of AD 920-1180 (Polenz et al., 2010; Table 1). The stump
is currently eroding out into the intertidal zone 1.6 m below the lowest living conifer (Picea
sitchensis (Sitka spruce). No Pseudotsuga menziesii currently grows on this part of the delta.

Diatom analysis of the mud and woody peat at the location of the Pseudotsuga
menziesii stump indicates brackish conditions for the top of the mud and base of the peat
(Fig. 5, site 3; fig. 6 samples 3a and 3b); a seeming contradiction that is discussed in S1. In
addition, foraminifera tests in this unit indicate an intertidal marsh setting for the woody peat
in this location. Higher in the section, the peat becomes muddier and dominated by salt-
tolerant species including Triglochin maritimum (arrowgrass) leaf bases and Distichlis
spicata (saltgrass) rhizomes.

In two locations, a sand body more than 30 cm thick splits the peat-mud contact. In
both locations, the sand body thins to zero in less than 10 m horizontally from the sand’s
thickest point. In one location, the sand body is associated with an injected sand dike (Fig.
7a). These sand bodies are interpreted to be sand blows related to earthquake-induced
liquefaction (Martin and Bourgeois, 2012).

3.1.3 Swamp



Stratigraphy

Cores along transect 3 (Fig. 4) reveal a similar stratigraphy to the Marsh, that is, peat
overlying muddy deposits and sand. The transect starts on the berm at the end of transects 1
and 2. The peat thickens to the south off the berm, and the underlying gravel of the berm is
replaced by mud (Fig. 4). In the middle of the Swamp, cores revealed sand overlain by up to
150 cm of mud and 30-120 cm of peat. In some cases, the lowest 20-40 cm of the mud was
silty to sandy. The mud contains brackish to low-marsh diatom species.

In three cores taken closer to the river (Fig. 5, site 7), sand was overlain by more than
a meter of mud that in turn was overlain by a muddy peat with remains of Typha latifolia
(cattail) and foraminifera. The mud contains freshwater and brackish diatoms and the muddy
peat contains brackish diatoms (Fig. 6 samples 7a and 7b).
3.1.4 Ridge
Stratigraphy

Because the ridge consists of mostly coarse grains, no cores were collected on the
Ridge for this study, but samples from a core obtained by Washington State Department of
Natural Resources (Polenz et al., 2010, Fig. 2, DNR core) were examined. Most of the 25-m
core consisted of pebble gravel and yielded no diatoms or macrofossils with which to
determine depositional environment. Charcoal in this muddy sand had a calibrated
radiocarbon age corresponding to 6650-6470 BC (Polenz et al., 2010; Table 1).
Paleochannel stratigraphy

Two sets of cores taken in the paleochannels show evidence of modern and ancient
freshwater deposition. At site 8, cores reveal 20-30 cm of peat over a sand-rich gravel. Low

abundance prevented the counting of 400 diatom frustules in the sandy gravel, but those



counted indicate fresh to brackish deposition (Fig. 5, site 8, Fig. 6, sample 8a). Picea
sitchensis needles from the bottom 5 cm of the peat had a calibrated age of AD 1680-1940.

Seaward of site 8, in one of the channel branches (Fig. 5, sites 4 and 5), vegetation
covers most of the surface, but patches of open water exist. Large portions of the channel
where these cores were taken are floating marsh with pockets of water a meter or more deep.
Cores reveal sand or gravel overlain in some cases by 1-10 cm of mud, in turn overlain by a
meter or more of peat and water (Fig. 4). A Picea sitchensis seed from the basal 3 cm of peat
had a calibrated radiocarbon age of AD 1290-1410. The channel banks consist of a pebble-
rich gravel with freshwater diatoms (Fig. 5, sample 4a).

3.1.5 Bog
Stratigraphy

Cores along transect 4 (Fig. 4) revealed sand overlain by up to 2 m mud and up to 2 m
wet, loose peat. At the southern end of the transect, the 5 m extent of the corer used in this
study did not reach the base of the mud unit. Both the sand and mud layers thin toward the
north onto the Ridge. Diatoms from transect 4 (Fig. 6, samples 10a and 10b) indicate
freshwater deposition.

To the west of transect 4 the vegetation transitions to a Vaccinium oxycoccos
(cranberry) - sphagnum bog with scattered Salix spp. (willow). It is in this zone that Polenz et
al. (2010) collected a core and took plant material from the mud which gave a calibrated age
of AD 1200-1280 (Fig. 5, site 9). Diatom analysis from samples of this core show all units
are from a freshwater environment, with a slight saltwater influence in the mud (Fig. 6,

sample 9a). The mud unit in the Bog is different than the mud unit in the Swamp and Marsh.



The Bog mud is younger and is freshwater in contrast to the brackish mud to the north of the

Ridge.

3.2 Chronology

The Ridge is the oldest feature mapped in this study. The single age from the Ridge in
conjunction with an absence beneath the Ridge of units present below the Swamp and Bog
indicate that the Ridge is older than 1,000 years. Moreover, the units in the Bog thin onto the
Ridge indicating the Ridge was a topographic feature during deposition of the mud.

Radiocarbon ages from the Marsh, Swamp and Bog indicate that facies changes in all
areas may have occurred at the same time. Ages from seeds and the tree stump in the Marsh
indicate that the transition from brackish mud to peat occurred before AD 780-990 (Table 1).
Ages from channels that cut the Ridge and Swamp indicate that the channels were abandoned
before AD 1290-1410. The transition from sand to mud in the Bog occurred before AD 1200-

1280, and the overlying transition to peat occurred after this time.

4 Discussion

4.1 Tectonic Interpretations
4.1.1 Earthquake about 1,000 years ago
Shaking and uplift

Paleoecology and stratigraphic features in the Marsh and Swamp indicate coseismic
uplift on Skokomish delta about 1000 years ago (before AD 780-990; Table 1). There are
several indicators of this earthquake. 1) In the Marsh and Swamp, brackish deposits abruptly

change to freshwater deposits (Fig. 4), indicating uplift. In the modern environment the



elevation change from intertidal mud to an environment supporting conifers is 1.0-1.5 m asl.
2) The stratigraphy skips the marsh facies expected in normal facies migration or vertical
marsh accretion (Middleton, 1973). The expected transition would be brackish mud to salt-
marsh peat and then to high marsh to trees. 3) This abrupt facies change occurred at a time
when sea level in the Puget Lowland was relatively stable or slowly rising (Eronen et al.,
1987; Beale, 1990), therefore signals of relative sea-level fall (i.e., uplift) are unexpected. 4)
In the Marsh, the facies change is coupled with vented sands, an indicator of strong shaking
(Obermeier, 1996; Tuttle, 2001; Martin and Bourgeois, 2012).

Environmental changes discussed above and differences in heights of modern and
ancient geomorphic features indicate coseismic uplift of a minimum of 1 m in the Marsh. The
difference in height of the modern and ancient gravelly beach berms is approximately 2 m
(Fig. 3, longitudinal profile). Other factors such as wave height and sediment supply can
influence ridge height. Reduced sediment supply due to the dam on the north fork of the
Skokomish River, location of the berm relative to the sediment source (river mouth) and
variations in wave height due to differences in modern and ancient bathymetry could lead to
variations in berm height with out tectonics. Therefore, the conservative estimate of uplift is
more than 1 m.

The gravel berm that marks the boundary between the delta front and the Swamp
(Figs. 2, 4, the ancient gravelly berm) is interpreted to have been the active beach berm at the
time of uplift. The presence of brackish mud in the stratigraphy of the Swamp, landward of
the ancient berm, indicates that the berm acted as a protective barrier, as does the modern

berm, which protects large mudflats along the middle shoreline of the delta (Fig. 2). The



ancient berm ends to the east at a set of branching paleochannels that possibly represent a
distributary system at the time of uplift.

Stratigraphic evidence for the earthquake about 1,000 years ago in the Bog is not as
clear as in the Marsh and Swamp stratigraphy. The facies change in the Bog from sand to
mud occurs at approximately the same time as uplift in the Marsh and Swamp (before AD
1200-1280). However, these changes are from one freshwater environment to another and
could represent a progression from higher-energy to lower-energy environment. The mud
facies in the Bog has no modern equivalent on the delta. The base of the mud in the Bog is
more than 2 m below the mud-peat contact that demarks the uplift in the Marsh and Swamp
and 4 m below the modern river surface (Fig. 3). The low elevation of the base of the mud
indicates there may have been a paleo-depression where water could pond and deposit fine-
grained sediment. Ponding could have been due to tectonic changes in drainage or to
earthquake-induced landslides increasing input of muddy sediment from Pleistocene lake

deposits upstream (Smith et al., 2007).

Tilting and faults

The uninterrupted stratigraphy across the Marsh, Swamp and Bog and the
morphology of the delta indicate that the river has not migrated or avulsed across the field
area since the time of uplift about 1,000 years ago. In all of these areas, fine-grained
sedimentary units and peat are traceable from the east to west (Fig. 3), and no abandoned
meander channels cut the landscape as they do farther upstream (Fig. 2). Furthermore, the
morphology of the intertidal and subtidal delta, with deep water off the western delta and

wide, shallow flats off of the eastern delta (Fig. 2), indicate the river mouth has remained on



the eastern side of the delta for at least 1,000 years, feeding sediment to that part of the
shoreline.

Shoreline-parallel profiles across the Skokomish delta do not have the typical
morphology of deltas in non-tectonic areas (Fig. 3). In most deltaic settings the areas that
receive flood sediment, i.e. areas close to the river, are higher than the surrounding delta. In
contrast, at the Skokomish delta, profiles perpendicular to the river through the Marsh,
Swamp, Ridge, and Bog all descend toward the river (Fig. 3). In addition, the stratigraphic
contacts across the delta show a similar trend of being lower in the east than in the west (Fig.
3). Other studies on the Skokomish have shown that the river channel is aggrading (Jay and
Simenstad, 1996; Stover and Montgomery, 2001), and has been doing so through most of the
late Holocene (Bountry et al., 2009). The combination of an aggrading channel and stable
channel position on the east side over the last 1,000 years should result in the east side
building up more than the west side of the subaerial delta. This should result in the east side
of the river valley and subaerial delta (Marsh, Swamp, and Bog) being higher than the west.
However, the opposite is true.

Tectonic uplift most likely generated the tilt of the Skokomish delta, and the fault that
generated the uplift/tilting was most likely the Saddle Mountain fault zone as the geometry
and location of other faults in the area are not as consistent with the pattern of uplift. The
uplift and tilt are consistent with an east-dipping thrust, like Saddle Mountain fault zone, and
there was an earthquake on that fault zone within the error of radiocarbon ages of the uplift
on the Skokomish delta. The Ridge as the geomorphic expression of a fault, as suggested by

Polenz et al. (2010), could not have caused the tilting because the slope angle is the same on



either side of the Ridge (Fig. 3). Moreover, the Ridge is perpendicular to the trend of tilting.
It is possible that an unknown fault generated the uplift.

Nearby and also with known ruptures within dating error of uplift on the Skokomish
delta are the Olympia, Tacoma and Seattle fault zones (Fig. 1). However, their trend toward
the west is not well understood. The trace of the Olympia fault zone (Blakely, et al., 2009) is
projected to be south of the delta, and is south side-up, making the Olympia fault zone an
unlikely candidate for delta uplift. The trace of the Tacoma fault zone is not known in the
vicinity of the delta. It is a north side-up thrust, so in order for the Tacoma fault zone to
induce uplift on the delta, it would need to be located south of the delta, for which there is
currently no evidence. The proposed trend of the Seattle fault zone in the area is more than
20 km away and therefore unlikely to cause deformation at the Skokomish delta (Blakely et
al., 2009). In the eastern Puget Lowland, deformation from a Seattle fault-zone earthquake
about 1,000 years ago is traced less than 15 km perpendicular to the axial surface of the fault

(Bucknam et al., 1992).

Co-incidence of uplift and tilting

The event that uplifted the Marsh and Swamp also most likely caused the delta tilting.
The tilting occurs in areas that were part of different depositional environments before the
earthquake. The Marsh and Swamp were intertidal flats, the Ridge was either alluvial or
forest and the Bog was fresh water. It is unlikely that these three depositional environments
all had similar slope directions with out tectonic land-level change. The origin of the tilt may
be due to differential uplift during the earthquake, which generated land-level change on the

delta. An alternative would be that differential subsidence has generated the tilt.



If the muddy-peat-to-mud contact at site 7 (Fig. 5) from the eastern part of the Swamp
represents the same time horizon as the mud-peat contact in the middle of the Swamp at site
6 (Fig. 4, transect 3; Fig. 5, site 6 and 7), then the tilt was probably generated at the time of
uplift. The uplift contact is lower in elevation at site 7 on the eastern side of the delta than at
site 6 in the middle of the delta - a trend that holds true in the Marsh as well (Fig. 3A, B). At
site 6, there is a transition between brackish mud and freshwater peat, whereas at site 7, the
transition is between two brackish facies. This difference could indicate that site 7 was
uplifted less than site 6. However, the continued brackish deposition at site 7 may also be due

to the proximity of this low-lying site to the Skokomish River, its floodwaters, and tides.

Tectonic origin of reduced channel migration and channel abandonment

The tilting of the delta trapped the river on the eastern side of the delta. The tectonic
tilt makes the preferred path of the river to the east and the valley wall blocks the river from
migrating farther east. Such low rates of channel migration are rare in non-bedrock settings
(Kukal, 1990). Even at the low end of river migration rates in alluvium (1 m/yr) the channel
would have migrated up to 1 km in the last 1,000 years. The Ridge may also play and have
played a role in blocking river migration, but the tilt and reduced river migration for 1.5 km
upstream of the Ridge indicate that tilt is the main factor discouraging lateral migration.
Further, the low channel migration rate in historical times and the eastern side of the delta
remaining the lowest part of the delta indicate the river will not likely avulse or migrate in
the near future.

The reduced channel mobility resulted in some regions of the delta receiving more

sediment for the last 1,000 years. Because the western side of the delta is eroding (Fig. 7¢)



and the eastern side is prograding, the intertidal zone of the bay is asymmetric. Also, the
regions along the river receive flood deposition. In general, peat overlying the earthquake
contact in the Marsh and Swamp becomes thicker closer to the river (Fig. 3). This indicates
the original tilt of the delta may have been greater and through time deposition may flatten
the delta surface.

Similar to other studies of rivers, the tectonic deformation along the Skokomish delta
only affects several kilometers of the river. The extent to which an earthquake affects a river
depends on the amount of deformation, the fault characteristics (e.g., dip, style) the
characteristics of the river (e.g., slope, discharge, and channel substrate) and the frequency of
events (Burbank and Anderson, 2011). Skokomish river valley, tilting is only measurable for
the 5 km closest to the shore. More than 5 km upstream, abandoned meanders channels span
the entire valley and the river is not confined to one side of the valley. In other examples of
similar scales of deformation and alluvial channels, the earthquake affects are typically
observable for less than 10 km along the river. For example, at similar river in a glacially
carved valley with an alluvial channel, Collins and Montgomery (2011) concluded the 5.5 m
of uplift (ten Brink et al., 2006) on the Seattle fault zone affected landforms in the Duwamish
river valley in the Puget Lowland for less than 5 km from the delta. Broader and epeirogenic
deformation can lead to broader special effects of tectonics on rivers (Holbrook and
Schumm, 1999)

The paleochannels cutting perpendicular to the Ridge and Swamp may have become
relict during the event that tilted the delta. The seaward branching morphology of the
paleochannels indicates they were probably distributary channels flowing into tidal flats of

what are now the Marsh and Swamp. Based on dates from peat forming in the channel, they



were abandoned before AD 1290-1410. These channels may represent abandoned channels
of the Skokomish River, or an older drain for the Bog similar to the modern eastern channel.
In both hypotheses, the tilting of the delta may have caused abandonment of the channels by
making the preferred flow gradient toward the east. Alternatively, beavers, log jams, humans,

or other non-tectonic processes may have blocked the drainage.

4.1.2 Origin of post-earthquake submergence

Since the time of abrupt uplift, the front of the delta has been submerged at least 1.6
m. This number is based on the elevation difference between the current elevation of the
about 1,000 year old Pseudotsuga menziesii stump on transect 2 and the lowest elevation that
conifers currently are growing on the delta (Fig. 4). The presence of salt-tolerant diatoms in
the lower part of the peat above and near the Pseudotsuga menziesii stump indicates this area
returned to the intertidal zone soon after, possibly causing the tree to die. Submergence of the
delta may be part of the reason for currently dying trees and expanding wetlands noted by
Bountry et al. (2009). Submergence may be due to a combination of sea-level rise, slow
tectonic subsidence and compaction of delta sediments. Other sea-level studies found less
than 1 m relative sea-level rise in the last 1,000 years for the Puget Lowland (Eronen et al.,
1987; Beale, 1990). Therefore, 0.6 m or more of relative sea-level rise is due to compaction
and tectonics. Much of the stratigraphy of the Skokomish delta is sand and pebbles therefore;

the delta likely experiences less subsidence due to compaction than finer grained deltas.

4.1.3 Origin of the Ridge



A combination of depositional and tectonic processes formed the geomorphology of
the Ridge. The ridge is highest on its western end near the outlet of two drainages from the
uplands, indicating alluvial fan deposition at the base the drainages off the highlands may
augment the Ridge height and width near the valley wall. Also, the Ridge is widest and has
the most gradual slope near the paleochannels and eastern channel (Fig. 2). Similar to the
modern distributary channels depositing the modern delta lobe, deposition associated with
these paleo- and eastern channels widened the ridge structure and diminished the seaward
slope of the Ridge.

The delta has been affected by tectonics, but the location of the fault and the exact
role the fault plays in forming the Ridge geomorphology has not been resolved. The Ridge
may be the expression of a blind fault or may have formed due to a combination of tectonic
and beach processes (Fig. 8). Three lines of evidence support the Ridge being the surface
expression of a fault: 1) an aeromagnetic boundary crosses the delta (Blakely et al., 2009), 2)
the Ridge is an anomalously high, linear feature in an alluvial plain, and 3) pre-Fraser glacial
beds to the west of the Ridge dip to the south (Polenz et al., 2010).

Several factors, however, complicate the hypothesis that the Ridge is the surface
expression of a fault. 1) Though there is up to 5 m difference in elevation between the Ridge
and the Bog, less than 200 m west along the trend of the Ridge, there is no offset in the
glacially fluted uplands (Fig. 2a). In the fault hypothesis, it is a coincidence that the Holocene
fault deformation ends at an erosional boundary. 2) Aeromagnetic boundaries have non-
unique solutions (Saltus and Blakely, 2011). Boundaries can indicate active faults but they
can also indicate a variety of other boundaries including inactive faults, landslide scarps and

lithologic boundaries. 3) Similar slopes, parallel to the Ridge, in both the Bog and Swamp



indicate a source of uplift other than the Ridge. Therefore, if the Ridge is the geomorphic
expression of a fault, there is either differential subsidence on the delta (the eastern delta
subsiding more than the western side) or a fault not parallel to and underlying the Ridge
generating the tilt. 4) The current fault model (Polenz et al., 2010) contradicts the
stratigraphic evidence for an earthquake. Based on the south-dipping thrust fault model, the
Bog should have been uplifted and the Marsh should have dropped during fault rupture.
There is strong stratigraphic evidence for uplift in the Marsh. 5) This study uncovered no
stratigraphic evidence for multiple, large earthquakes in the last 1,000 years on the delta and
no evidence for two separate events, one generating the uplift in the Marsh and Swamp and
one tilting the delta. Therefore, the simple solution is the same event caused both.

If the Ridge is the geomorphic expression of a fault, a north-dipping fault better
explains the stratigraphic evidence for an earthquake than the south-dipping fault mapped
based on an aeromagnetic boundary (Polenz et al., 2010). Uplift in the Marsh and Swamp
indicates these areas are above the hanging wall. A topographically low sand-mud contact
and the thick mud deposits in the Bog could be evidence of earthquake-induced subsidence.
The morphology of the Ridge, with a steep southern edge and more gradual northern slope is
simpler to explain with a north-dipping fault than a south-dipping fault and anticline (Polenz
et al., 2010). A north-dipping fault would still require a separate fault or tectonic activity to
explain the tilt in the delta.

An alternative interpretation of the Ridge is that it formed as a shoreline berm (Fig.
8), just as a narrow gravel berm flanks the modern marsh (Fig. 2, modern gravelly berm).
Former stability of the shoreline location, higher sediment supply, higher wave heights, and

slow submergence such as that experienced by the delta in the last 1,000 years, could have



made the ridge wider and taller than the modern berm, as observed in the development of
gravel berms in other locations (Orford et al., 1996; Taylor and Stone, 1996; Wells, 1996).
Submergence can initiate or accelerate ridge formation by remobilizing sediment in the beach
(Meyers et al., 1996), and as long as sediment supply is high, the ridge will continue to grow
rather than to erode (Anthony, 1995). If the Ridge formed during a period of high
sedimentation, shoreline stability and/or rising sea level, subsequent coseismic uplift could
have lifted the Ridge out of the intertidal zone. Multiple earthquake events (uplift and tilting)
could account for the greater height of the western part of the Ridge relative to the modern
berm and also its greater tilt relative to the Marsh, Swamp and Bog. Also, the majority of the
Ridge has received little to no deposition but the Marsh, Swamp and Bog have. The initial
slope may have been flattened by deposition and the initial slope in the Marsh, Swamp and
Bog may have been greater.

The berm hypothesis is supported by several observations. 1) The Ridge is parallel
the modern and ancient beach berms. 2) The sediment forming the Ridge is gravel, similar to
that forming the modern and ancient beach berms. 3) The Ridge is cut by distributary
channels similar to the modern berm. 4) The morphology of the Ridge is present only in the
Skokomish River valley. Deposition features, like berms, typically end at topographic
boundaries like the walls of the Skokomish River valley.

Several observations do not support the Ridge originating as a beach berm. 1) The
Ridge is longer than the modern beach berm. This may be an issue of wave energy. The
extensive modern intertidal zone on the eastern side of the delta reduces wave energy and
transport of sediment by storms, reducing the potential for berm formation on the east side of

the delta. 2) The Ridge is taller and wider than the modern berms. This may be the result of



multiple uplift events, and widening by alluvial and fluvial processes. 3) The beach berm
hypothesis does not explain the dipping glacial beds to the west of the delta. 4) Similarly, the

beach berm hypothesis does not explain the aeromagnetic anomaly that cuts across the delta.

4.1.4 Delta asymmetry and channel migration

Modeled and experimental work on channel mobility in tectonically active areas
provides insights for the Skokomish delta.Channels tend to migrate away from greatest uplift
and toward greatest subsidence (Holbrook and Schumm, 1999). Most studies of the
interaction of fluvial deposition and tectonics study normal faulting and submergence (e.g.
Allen, 1978; Martin et al., 2009; Kim et al., 2010). While the Skokomish delta is submerging,
uplift has had the dominant role in shaping the delta geomorphology and depositional
environments. Nonetheless, many of the effects of submergence in fluvial systems also occur
in systems experiencing uplift. Based on other studies of fluvial systems influenced by
tectonics, for the Skokomish to be steered, the rate of tilting must be greater than river
migration (Holbrook and Schumm, 1999; Kim et al., 2010). In other experiments,
aggradation and submergence result in higher rates of channel mobility (Martin et al., 2009).
Though aggradation of channels and submergence are ongoing at the Skokomish delta, the
channel is not migrating. In part, this is due to the valley wall preventing the channel from
migrating farther east, resulting in a stable channel position. Low channel mobility indicates
the tilting of the delta currently is the largest influence on channel stability, outweighing the

aggradation and submergence.

4.1.5 Comparisons to other systems



The Skokomish delta is a case study of the effects of differential uplift on a fluvial-
deltaic system. Similar to the tectonic control of river channel migration in extensional
environments (Alexander and Leeder, 1987; Schumm, 1986; Peakall, 1998), the position of
the Skokomish River in the study area is controlled by tectonic tilting. With tectonically
controlled river channel mobility there are typically two cases, one where river migration is
increased and one migration is decreased when the river becomes trapped by a bounding
wall; the Skokomish River falls into the later category. Unlike cases where subsidence causes
the river to be trapped against a graben wall (e.g., Alexander and Leeder, 1987), differential
uplift, rather than subsidence, is forcing the stable location of the Skokomish channel. In
addition, the tilting is forcing the stable location active delta lobe as well as the river channel.

Delta systems dominated by waves or tides would not record delta tilting and reduced
channel mobility in the same manner as the Skokomish delta. Higher tidal currents, wave
activity, or longshore drift would result in redistribution of sediment within the bay and along
the coastline. In these settings, the geomorphic and sedimentary record of uplift and tilting
would not be as apparent as in the lobe of sediment in river-dominated Skokomish system.
Nonetheless, in the Skokomish delta both the Ridge and delta stratigraphy, do record tilting
and would likely do so in different types of deltaic settings. Modern and ancient river-
dominated delta systems in marine and lacustrine environments could show similar records in
tectonically active environments.

The preservation over longer timescales of tilting and reduced channel migration
would occur under two conditions: 1) if future tilting continued to steer the river to the
eastern side of the valley, or 2) if continued submergence and deposition protected the

stratigraphy from future erosion by the meandering river. Future tilting events could result in



the river eroding into the eastern wall of the valley and river migration to the east, similar to
tectonic river steering in other locations (Schumm, 1986; Alexander and Leeder, 1987,
Peakall, 1998). Continued submergence without tilting would result in the river filling in
sediment across the delta front and the preservation of tilting in the stratigraphy but not the

morphology of the delta.

5 CONCLUSIONS

A millennium after tectonic land-level change on the Skokomish delta, the effects of
the earthquake are still acting on the landforms, stratigraphy, and ecology of the delta system.
This earthquake, tentatively linked to a NE-SW striking thrust fault in the Saddle Mountain
fault zone, resulted in at least 1 m (and possibly more than 2.5 m) of uplift on the delta front
and in the triggering of sand blows. Postulated differential uplift during the earthquake
resulted in eastward tilt of the delta. This earthquake also may have caused the abandonment
of channels on the western side of the delta and trapped the mouth of the Skokomish River
on the eastern side of the delta. The river remaining on the eastern side of the delta for at
least 1,000 years has resulted in a 2 km-wider unvegetated intertidal zone in the eastern than
in the western bay.

This study presents two cases where features interpreted as geomorphic evidence of
catastrophic events instead may be depositional features. The asymmetric intertidal zone is
not a large landslide scarp but a product of the Skokomish River forced to one side of the
delta for at least 1,000 years. The Ridge too may be a depositional feature influenced by both

uplift and submergence.



This study also demonstrates some of the difficulties in making paleoseismic studies
in tectonically complex areas. First, uplift and submergence both play a role in shaping the
delta morphology. Though the geological record of the earthquake is of uplift, many areas of
the delta show net submergence. Uplift is evident in the tilt of the delta, the forcing of the
river to the east, and the morphology of the Ridge according to both hypotheses.
Submergence is evident on the erosional front of the western delta, and possibly the

aggradation of the river channel in the field area.
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Fig. 1 The tectonic setting of the Puget Lowland and crustal fault locations. a. Regional map.
b. Map of Cascadia subduction zone and coastline. c. Map of the Puget Lowland showing
active faults and locations of paleoseismic studies. Modified from Blakely et al., 20009.
Paleoseismic studies: Eronen et al., 1987; Beale, 1990; Bucknam et al., 1992; Bourgeois and
Johnson, 2001; Sherrod, 2001; Blakely et al., 2009; Brian Sherrod, personal communication;

Arcos, 2012.

Fig. 2 Maps of the Skokomish delta showing topography and field sites. a. Hillshade LiDAR
image of the Skokomish delta and surrounding uplands. Light source is from the southeast. b.
LiDAR image shaded from 1-11 m elevation detailing the geomorphology of the Skokomish
delta and valley. c. Interpreted map of the Skokomish delta including locations of
stratigraphic sections and transects. Historic shoreline taken from Gilbert (1884). Delta
zones drawn based on a combination of stratigraphy, geomorphology and modern vegetation.

LiDAR from a. and b. From the Puget Sound LiDAR consortium.

Fig. 3 Topographic profiles of the Skokomish delta taken from LiDAR data showing a
southeastern slope to all areas of the delta. In the profile from upstream the river levees are
the highest point of the profile while in the profiles from the study area the northwest end of
the profile is always the highest. Stratigraphic sections within 75 m of the profiles are plotted
on the profiles. MHHW is Mean Higher High Water at the Union tide gauge (Mofjeld et al.,

2002). Zero elevation is the NAVD88 datum. Dashed line in the Marsh and Swamp profiles



marks the surface uplifted about 1,000 years ago. a. Map of profile locations, b. Marsh, c.
Swamp, d. Ridge, e. Bog, f. Longitudinal, g. Upstream profile location on Fig. 2. h. Bay East

and Bay West profiles from the combined bathymetry and topography of Finlayson (2005).

Fig. 4 Vegetation and stratigraphic transects from the four delta zones. Stratigraphy indicates
uplift and later submergence in the Marsh and Swamp and peat and mud thinning onto the
Ridge from the Bog. Transect 3 does not follow a linear path, the profile was made by

projecting elevation and stratigraphy onto a straight path between the start and endpoint.

Fig. 5 Stratigraphic sections with location of radiocarbon ages and diatom samples. a. Map of
location of stratigraphic columns. b. Stratigraphic columns from the Marsh, paleochannels,

Swamp and Bog. Y. Sawai counted diatom sample 6a.

Fig. 6 Diatom analysis. Samples plotted against modern data, salinity and Standard Water
Level Index (SWLI). Stratigraphic depth and location of samples are in Fig. 5. Symbols and
colors show the salinity and elevation of modern samples. Paleosamples are plotted based on

diatom species overlap with modern samples.

Fig. 7 Photographs of the Marsh detailing key features indicating uplift and later
submergence. a. Photograph of an injected sand dike terminating at the brackish mud-woody
peat contact. Within 5 m of photograph there is vented sand at the brackish mud-woody peat

contact. b. Photograph of a Pseudotsuga menziesii stump eroding out of peat in the modern



intertidal zone. This stump is at the seaward end of Transect 2 from Fig. 2, site 3. c.

Photograph looking north of intertidal environment of the Marsh and eroding peat facies.

Fig. 8 Hypotheses for formation of the Ridge by either (a) Surface deformation by a blind
thrust fault. South-dipping fault model from Polenz et al. (2010) and north-dipping fault
alternative. Or (b) Formation by coastal processes and later uplift out of the intertidal zone

by an earthquake.

Fig. 9 Cartoon of delta history showing uplift and later submergence of the delta. a. Pre-
earthquake the Ridge was the approximate location of the shoreline. b. Post-earthquake
uplifted environments. c. Environments reflecting the return of the front of the delta to

intertidal conditions. d. Modern environment.
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delta tilt. The river is on
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delta.
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returned at least a
portion of the Marsh to
the intertidal zone.

The delta contines to
prograde across the
eastern side of the bay.
Through either slow
submergence or rapid
coseismic subsidence,
part of the Marsh returns
to the intertidal zone to
create the modern
environment.



Table 1: Radiocarbon ages from the Skokomish delta.

Site Measured Calibrated Material Layer Limiting Author Sample ID
14Cyr 2 sigma
BP range
1 1130440 AD 780- Seeds Basal 2cm  Minima for This Beta 263045
BP 990 peat uplift study
DNR 7,740 450 BC 6650- Charcoal School Maxima for Polenz et Beta 272798
core BP 6470 drill, 71 Ridge al., 2010
feet depth formation
9 (DNR 780 +40 AD 1200-  plant bog, 9'6"- Maxima for Polenzet Beta 273145
Bog BP 1280 material 9'8" depth peat al., 2010
core) (in mud) formation
3 1050 +60  AD 920- Submerged Rooted into  Minima for Polenzet Beta 273144
BP 1180 tree peat-mud uplift al., 2010
contact
8 90 +/-40  AD 1680-  Pseudotsuga Basal3cm  Minima for This Beta 282145
BP 1940 menziesii peat channel study
needles abandonment
5 600 +/- 40 AD 1290-  Picea Basal 5cm  Minima for This Beta 282144
BP 1410 sitchensis peat channel study
seed abandonment

All ages in this study were AMS ages. Calendar age was calibrated using IntCal 09 (Reimer et al., 2009) using
the online program OxCal (https://clarch.ox.ac.uk/oxcal/). Figure 5 plots stratigraphic locations of samples.



Highlights:

- Sedimentary and geomorphic evidence of reduced channel mobility by thrust
faulting

- Millennial-scale impacts an earthquake on delta morphology and river dynamics

- New evidence of an earthquake on a potentially unknown fault



