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2. Physiographic context

Interpretation of on-site deposits requires reference to local and
regional geomorphic processes in order to recognize cultural versus
natural deposition, changes in the local environment, and the hallmarks
of catastrophic events. Natural depositional processes at Čḯxwicən are
the local manifestation of physiographic processes at multiple scales.
Large-scale factors, such as Pacific Ocean climatic cycles, active plate
boundary and shallow surface tectonism, and the aftereffects of the late
Wisconsin glaciation intersect in unique ways at this specific latitude on
the continental margin. Čḯxwicən is near the eastern end of the Western
Strait of Juan de Fuca, which trends east-west between the two
mountainous regions, the Olympic Peninsula of Washington State to the
south and Vancouver Island, British Columbia (Canada) to the north
(Fig. 1). McMillan and McKechnie (2015) make a distinction between
the outer coast and the inner waters of the Salish Sea as human habitats;
they include the SJDF within the latter, yet the SJDF is better con-
sidered transitional between the two. The deep, narrow, glacially
carved channel connects the Pacific Ocean and the Juan de Fuca sub-
marine canyon with the inland Salish Sea. This distinctive oceano-
graphic feature influences currents and tides, nearshore deposition, and
landform development. The recurvate spit, Ediz Hook, is a consequence
of oceanographic processes within the SJDF. Tsunami generated by
near field and far field megathrust earthquakes can propagate along this
channel into the inland sea. A deep layer of nutrient rich deep oceanic
waters flow eastward along the channel, propelled by both Pacific tides
and hydraulically controlled, wind-driven movement up the Juan de
Fuca Canyon (Alford and MacCready, 2014); a less saline surface layer,
approximately 100m deep, flows westward. Tidal currents are asym-
metrical and amplified by the restriction of the channel, with a range of
2.5 m. Orographically controlled winds shift from predominantly east-
erly in winter to westerly in the summer (Cannon, 1978). Relative to

inner waters of the Salish Sea, the SJDF, particularly the Western Strait,
is characterized by conditions that are more influenced by the open
ocean. Colder, more saline water and greater wave energy from winds
and tides supports biota associated with open rocky shorelines of the
Pacific coast (Butler et al., this issue b).

Coastal sedimentary processes in the SJDF differ from those of
coastlines exposed to the open ocean (Eidam et al., 2016; Frey and
Dashtgard, 2011). On strait-margin coastlines, the strong tidal ex-
change, current parallel to the long axis, surprise ocean swells and wave
variability due to local winds are important factors affecting beach-
shorefaces (Frey and Dashtgard, 2011). Tidal currents, amplified by
channeling through gulfs and straits, are much greater than those in the
open ocean. The southern shoreline of the SJDF is characterized by
longer drift cells than are found within Puget Sound, carrying sediments
derived from erosion of bluffs, including mass wasting and landslides,
and from rivers entering the SJDF, of which the Elwha and the Dun-
geness are the largest, predominantly eastward (Fig. 1). Studies in-
itiated in connection with the recent removal of two dams on the Elwha
River (Fig. 2) provide detailed analysis of beach morphodynamics, se-
diment budgets, littoral transport, currents, and wave energy (Eidam
et al., 2016; Gelfenbaum et al., 2009; Warrick et al., 2009, 2011); much
of this relates or extends to Ediz Hook.

Coastal processes in the SJDF are also constrained by the legacy of
Pleistocene glaciation. The areal extent of the nearshore zone is limited
and sheltered environments, such as bays and extensive tide flats, are
rare due to the steep submarine profile (Fig. 1), and steep bluffs forming
much of the shoreline margin. These were cut into glacial drift de-
posited as the Juan de Fuca Lobe of the Cordilleran Ice Sheet withdrew
in the Late Pleistocene (Downing, 1983; Schasse et al., 2004). Between
17,000–6000 years ago relative sea level fluctuated significantly with
an initial rapid fall in the Late Pleistocene due to ice unloading, fol-
lowed by rapid rise in the early Holocene (Engelhart et al., 2015). Sea

Fig. 2. Čḯxwicən in relationship to Ediz Hook, Port Angeles Harbor, and the Elwha River. Inset shows the site excavation area in relationship to industrialized
shoreline. Bluff erosion and age of formation of paleospits, including the inner spit marked by red arrows, are from Galster and Schwartz (1990). The higher
resolution bathymetry this map is based on shows an additional earlier spit.
(Figure drafted by Adrienne Cobb).
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level stabilized just over 6000 years ago at near-modern levels (Mosher
and Hewitt, 2004), after which bluff erosion slowed and coastal land-
forms became more persistent (Wegmann et al., 2012). On the northern
coast of Washington, relative sea level was within 1m of its current
position for the last 2400 years, with a likely rising trend, based on a
small sample of data points (Engelhart et al., 2015). Throughout the
Holocene, wave action continued to undercut the bluffs, creating ter-
raced beaches consisting of glacial drift (Downing, 1983). Glacial drift
underlies the sands that formed the first beaches along the developing
Port Angeles Harbor shoreline.

Two of the most prominent features on the southern shoreline of the
SJDF are Dungeness Spit and Ediz Hook, long spits, landforms that form
in areas with strongly directional sediment transport and adequate se-
diment supply (Fig. 1). Spits are dynamic landforms, and Ediz Hook has
changed in location, configuration, and length over the Holocene,
driven by changes in sea level, climatic regimes, and sediment avail-
ability. There are only two long spits along the 100 km southern
shoreline of the Western SJDF, indicating that the shoreline is non-
uniform and local conditions are influential. Ediz Hook depends on
sediment from erosion of glaciomarine bluffs to the west, and more
importantly from the Elwha River, an enduring connection revealed by
a series of drowned paleospits that have formed at the eastern margin of
the Elwha River delta throughout the Holocene (Fig. 2).

Landscapes in the Northern Olympic Peninsula and adjacent areas
have been affected in dramatic and abrupt ways by seismic activity
along shallow surface faults, deep intraplate faults, and at the con-
tinental plate boundary. The best documented are the Cascadia
Subduction Zone (CSZ) megathrust earthquakes, which caused co-
seismic subsidence along the outer coasts of Oregon, Washington, and
British Columbia as well as generating tsunami that left extensive sand
sheets in coastal lowlands (Peters et al., 2007; Atwater et al., 2004). To
examine cultural response, our research focused on these well-dated
events, which have also been extensively modeled for hazard assess-
ment.

Tsunami run-up of several km along coastal rivers and estuaries
greatly exceeds the 1 km extent for the coastal plain (Peters et al., 2007)
yet there was initial uncertainty about how far a CSZ-generated tsunami
would propagate along the SJDF. Documentation of tsunamigenic sands
that temporally correlated with known CSZ events at Swantown,
Whidbey Island (Williams and Hutchinson, 2000), on the far eastern
shoreline of the SJDF, and Discovery Bay, also in the Eastern SJDF
(Williams et al., 2005), suggested that they definitely could extend far
eastward into the SJDF (Table 1) (see locations in Fig. 1). However,

coseismic subsidence was not documented at either of these locations,
and other sand sheets at each location likely originated from tsunami
triggered by more local events, leaving some uncertainty as to their
origins. Later work at Salt Creek, further west in the SJDF (Hutchinson
et al., 2013) and in the Waatch Valley (Peterson et al., 2013), which
was the first record from the outer coast of northern Washington, cre-
ated an east-west transect along the SJDF and linked evidence of tsu-
nami inundation beyond the limit of effects of coseismic subsidence in
the SJDF to CSZ events (Peterson et al., 2013). Coseismic subsidence
accompanies each event at Neah Bay, is moderate to absent at Salt
Creek, and is absent at Discovery Bay and Swantown making it unlikely
that coseismic subsidence would have affected Čḯxwicən.

During the time span of Čḯxwicən occupation, five plate boundary
earthquakes are known to have generated tsunami that propagated
through the Strait (Table 1). Four of these, Events S, U, W, and Y were
full margin rupture events (Atwater, 1987; Atwater and Hemphill-
Haley, 1997) and the extent of the fifth, represented by the Bed 2 sand
at Discovery Bay (Garrison-Laney, 2017; Williams et al., 2005), is un-
certain (Sherrod and Gomberg, 2014; Garrison-Laney and Miller,
2017).

Tsunami hazard modeling uses parameters estimated from past
events to estimate arrival times, currents, wave amplitude and in-
undation areas for a specific region; modeling continues to evolve be-
cause of the application of different rupture models and other refine-
ments. Simulation models of tsunami generated by a CSZ plate-
boundary earthquake suggest high likelihood of a devastating impact
on Čḯxwicən (see review by Hutchinson et al., this issue and Gao et al.,
2018). The first of multiple waves would reach the Port Angeles Harbor
starting about 70min after the earthquake, and less than an hour after
that, the largest wave arrives, with - if it coincided with high tide - an
estimated amplitude of almost 3m. Wave amplitude estimates range
from 2.5 to 6m (AECOM, 2013; Cherniawsky et al., 2007; Gao et al.,
2018; Walsh et al., 2002); any wave over 2m in amplitude would likely
overwash the spit at the base of Ediz Hook and then flow across the site
area. The behavior of a tsunami wave after overtopping the neck of Ediz
Hook and entering the harbor is beyond the resolution of the models.

3. Methods and materials

Excavation at the Čḯxwicən site was conducted in 2004 by Larson
Anthropological Archaeological Services with members of the Lower
Elwha Klallam Tribe (LEKT) as part of a large-scale mitigation for a
proposed development. A modified isolated block technique was used

Table 1
Summary of CSZ events represented in SJDF during Čḯxwicən's occupation. See Fig. 1 for study site (geological) locations.

Waatch/Neah Bay
Peterson et al. (2013)

Salt Creek
Hutchinson et al. (2013)

Discovery Bay
Garrison-Laney (2017); Williams
et al. (2005)

Swantown
Williams and Hutchinson
(2000)

Location Outer coast; western-most
SJDF

SJDF, west of Čḯxwicən SJDF east of Čḯxwicən Western shore of Whidbey
Island

Co-seismic subsidence Yes, 0.05–1.0m Possibly for Events S and Y No No
Event Estimated date
S 1660–1530 cal BP No Yes

Run-up: 1 km upstream, 2–3m height, did
not top 4m barrier

No Yes

U 1260–1230 cal BP Yes (1.3 ka event)
Run-up: 4.6 km
Height: 11.5 m

Yes No Yes

W 910–790 cal BP Yes (1.1 ka event)
Run-up: 4.0 km
Height: 9.6 m

No Yes No

Bed 2 sands 650–560 cal BP No No Yes No
Y 1700 CE/250 BP Yes

Run-up: 3.2 km
Height: 8.5 m

? possible subsidence, no deposit Yes No, possibly obscured by
land use
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to provide horizontal exposures and horizontal and vertical control
(Butler et al., this issue a; Reetz et al., 2006). Excavation was accom-
plished using fine stratigraphic divisions with sublevels if they ex-
ceeded 5 cm in thickness. The high-resolution facies approach to the
stratigraphic excavation and recording followed Stein (1992). Excava-
tion units totaled 518m2 in area, and 261m3 of sediment were ex-
cavated (Fig. 3). Matrix was excavated from each uniquely defined
deposit into 10 L buckets, which were water-screened through graded
mesh 1″ (25.6mm), 1/2″ (12.8 mm), and 1/4″ (6.4mm) or in some
cases to 1/8″ (3.2mm) mesh (Kaehler and Lewarch, 2006). Charcoal
samples for radiocarbon dating, soil samples, and in situ faunal and
artifact samples were collected with point provenience.

The geoarchaeological component of the project was critical for
providing sufficient control over site formation and chronology to iso-
late intracommunity social units (households) at different times and
relate them to demonstrable sequences of environmental change. To
achieve this goal, we defined site-wide chronostratigraphic zones
(hereafter CZs) that could be related to tectonic and climatic events,
and identified distinctive depositional contexts including house
boundaries and house floors, which could be used in defining faunal
assemblages for comparison through time and between households. We
also refined the sequence of beach/spit development and sought to
identify site-specific evidence of tectonic activity. Because earthquake
and tsunami hazard varies with location and event, we cannot assume
that a known event had an impact on a coastal village such as Čḯxwicən.
The development of explicit criteria for identifying tsunamigenic traces
within anthropogenic deposits is discussed in Section 4.2.

Our research project focused on eight excavation blocks largely

within Area A (Fig. 3), selected because they included the remains of at
least two structures with overlapping ages and associated extramural
activity areas. The blocks comprise ~75 1×1munits, a substantial
sample, yet only 15% of the overall excavated area. It was beyond the
scope of the project to conduct detailed stratigraphic analysis for areas
other than those from which faunal remains were analyzed, but
geoarchaeological analysis of landforms made use of radiocarbon dates
from other parts of the site and prior understanding of site development
(Sterling et al., 2006a) as applicable. Further details on the methods
outlined below can be found in Campbell et al. (2018)

3.1. Profile and plan construction

There were few field-drawn profiles because of the horizontal block
excavation strategy, therefore, profiles across the interiors of blocks
were reconstructed from the level plan map measurements. This was
particularly critical for identifying house floor and fill sequences. The
level maps from 73 1×1munits were digitized and entered into a GIS
database, and joined plan maps from adjacent units were used to
document floor plans and highlight activity areas.

3.2. Radiocarbon dates

During the 2004 excavation, 52 radiocarbon samples were collected
from across the site and submitted to Beta Analytic (see Supplemental
File 1) for conventional radiocarbon dating. The samples comprise both
bulk charcoal and structural wood. Thirteen of these dates were from
excavation units in our selected areas. For our research project, we
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Fig. 3. Plan map of site showing overall project area (inset) and units, mainly in Area A, selected for research project. Red checks indicate location of profiles used to
construct site cross-section (see Fig. 4).
(Main figure drafted by Kristina Dick; inset drafted by Laura Syvertson).
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obtained an additional 50 high-precision AMS dates (Supplemental File
1), on samples of charcoal from short-lived species collected from
water-screened bulk samples. All dates were calibrated using the
Reimer et al. (2013) curve. Rounding conventions follow Stuiver and
Polach (1977).

3.3. Chronozone (CZ) definition

Seven CZs were defined for the project area (Fig. 4). Within ex-
cavation blocks, they represent grouped strata of observable strati-
graphic continuity or equivalence, and between blocks they are corre-
lated using radiocarbon dates. CZ boundaries were chosen to coincide
with what appeared to be hiatuses or depositional changes, and are
therefore not of equal length. We selected additional radiocarbon
samples from underrepresented areas and to resolve specific problems
such as apparent reversals, which smoothed some of the abrupt gaps in
the initial radiocarbon age distribution.

3.4. House reconstruction and depositional contexts

All excavated strata/samples were assigned to a depositional con-
text relative to large architectural features, i.e. extramural activity area
for all areas outside of house footprints, and floor or fill within the
footprint of a house. Interpretation of architecture was challenging,
despite relatively good preservation of floors and structural elements.
Some household studies take advantage of a surface visible house de-
pression that defines the orientation and size of the house prior to ex-
cavation (for example, Grier, 2006; Martindale, 2006). At Čḯxwicən,
surface expression of house platforms had been obscured by deposition
of up to 3m of fill (Kaehler and Trudel, 2006; Lenz, 2007), and ex-
cavation blocks encompassed portions of, rather than entire house
structures. Horizontal and vertical boundaries of construction trenches
and postholes were sometimes obscured because they had been set in
sand, as well as by maintenance, repair, and rebuilding in slightly dif-
ferent locations on the same general house platform.

We found schematic models of shed and gable roof forms, both of
which were present in Klallam villages in the historic era (Gunther,
1927) helpful in a heuristic, not prescriptive way, for interpreting
fragmentary arrangements of structural element. Descriptions of post
sizes, spacing, relationship between roof support posts and exterior
walls, trenches, bench width, entryway and hearth placement were
derived from ethnohistoric and archaeological information (Gunther,
1927; Matson, 2003). Overlaying the models on compiled feature maps
aided in determining which orientation and house style was the best fit,
i.e., which matched the greatest number of archaeological features
(e.g., hearths, large and small posts, trenches, or wall planks) at ex-
pected locations.

This process is illustrated for a house identified in block A1 (Fig. 5).
We checked multiple orientations of both roof support types, and found
that aligning two large postholes, Features 15 and 19, with expected
locations for large roof support poles on the shed roof schematic, re-
sulted in reasonable matches for smaller postholes on the eastern outer
wall (Feature 18 and one not designated as a feature), and southern
support wall (Feature 13). It also led to the recognition that a pre-
viously ambiguous pit feature (Feature 21) was a preserved remnant of
a foundation trench. A palimpsest of hearths with associated activity
areas, Features 5, 6, 8, and 12, falls into the general area expected.

The portion of each house exposed by excavation varies; one mea-
sure that can be used to understand comparisons is the square floor
area. In A4, the total floor areas excavated are: Floors 1 and
2= 13.5m2, Floors 3 and 4= 20m2. In the A1 house, 10m2 of each
floor was exposed and excavated. Definition of inner compartments
within houses is left for future research. Successive occupations of
house platforms were indicated by vertically separated floors. Although
formed through use, not construction, the floors were the house feature
most consistently observed in the field because these compact, organic-

rich, horizontal layers contrasted with both beach sands and secondary
refuse deposits.1 Relating the successive floors to the house plan to trace
continuity of use is not simple. Maintenance and rebuilding itself can
obscure the surface of origin of posts and relationship to specific floors.
Further, the floors in traditional Coast Salish building styles may not
contact the walls because of an intervening ‘bench’ area, particularly in
the shed roof style. Specific floors are not likely to be traceable through
this area, characterized by massive bedding rather than stratification
(Smith, 2006).

3.5. Identification of basal sand deposits

During the 2004 excavation, archaeologists identified two distinct
sand sheets comprising the beach ridges underlying the archaeological
site (Sterling et al., 2006a: 12–16) and designated these Stratum 7.0
and Stratum 6.0. Stratum 7.0 is stratigraphically below 6.0 site-wide,
and the associated radiocarbon dates are older. It has a higher pro-
portion of coarse sand and is less well sorted than the overlying Stratum
6.0, consistent with a less protected shoreline, conditions resulting from
a shorter, less sheltering Ediz Hook. Excavators noted that these sand
sheets were often separated by intervening deposits of reworked oc-
cupation midden (Sterling et al., 2006a: 12–16), which may have re-
sulted from shoreline disruptions caused by tsunami (discussed in more
detail in Section 4.2.2).

4. Results

4.1. How did spit development affect the site and nearby intertidal habitats?

Although low in profile (maximum elevation 3.6 m NAVD88), the
5.6 km long Ediz Hook spit today redirects the waves and currents in
the Strait and influences circulation and sediment transport within the
harbor. Its position, although not its length, has been relatively sta-
tionary since sea level stabilized at near modern levels in the mid-
Holocene (Wegmann et al., 2012).

Galster (1989) and Galster and Schwartz (1990) suggest the spit
migrated to its current basal anchoring point around 5000 years ago
and elongated to its present length by 1000 years ago, with an inner spit
forming 1000–2000 years ago and creating a lagoon. Wegmann et al.
(2012) cite the same anchoring date but point out that progradation of
deltas and beaches around the shoreline of Port Angeles harbor began
slightly earlier, at 5500 years ago. Coastal bluff erosion also slowed as
the quasi-stable spit blocked the dominant wave energy from the west.
Sterling et al. (2006a) argue that the increased sheltering of Port An-
geles Harbor as Ediz Hook grew was reflected in seaward expansion of
beach berms, upward fining of sand grain size, and a decrease in erosive
events in beach deposits at the Čḯxwicən archaeological site.

Assuming most shellfish harvesting took place locally and soft
substrate in the harbor increased over time due to decreased wave
energy, we expected to see harvesting of burrowing clams increase and
a concomitant decrease in the frequency of rocky substrate taxa.
However, changes in invertebrate taxa did not support this expectation.
We found a more complex pattern of change overall, most significantly
that the greatest accumulation rates of soft sediment clams occurred
during the early occupation of the site (Butler et al., this issue b). The
abundance of invertebrate taxa preferring a rocky habitat increased

1 Coast Salish plankhouses typically did not have constructed floors, although
mats may have been spread on some surfaces. Gunther (1927: 187) specifically
mentions for Klallam houses that floors are not intentional, but result from
long-term trampling. In a typical Northwest Coast dirt-floored plankhouse, the
floor can be described as a ‘floor midden’ a palimpsest formed from gradual
accumulation of food wastes, fires, and workshop production (Grier, 2006;
Samuels, 2006). At Čḯxwicən, floor middens were described in some areas as
spongey and fibrous, suggesting mats and wooden planks were incorporated as
well as food waste.
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