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Figure M1. Plate tectonic setting of the Cascadia subduction zone. Plate convergence rate and direction (black arrow) between the
North American plate and Juan de Fuca plate is derived from DeMets and others (2010). The box labeled 'M2' shows the area that
is included in Figure M2.

Figure M2. Geologic map of northwestern Washington, United States and southern Vancouver Island, Canada. Bedrock and
geologic units are simplified from Dragovich and others (2002). Quaternary active faults in Washington are from the U.S. Geological
Survey Quaternary Fault and Fold Database for Washington (Angster and others, 2020). Quaternary active faults within Vancouver
Island are from the British Columbia Geological Survey (2018). Abbreviations: (CRF) Canyon River fault; (CLF) Cowichan Lake
fault; (DDMFZ) Darrington Devils Mountain fault zone; (LCBCF) Lake Creek—Boundary Creek fault; (LRF) Leach River fault; (SMF2Z)
Saddle Mountain fault zone; (SCF) Sadie Creek fault; (SJF) San Juan fault; (SF) Seattle Fault Zone; (SWIFZ) South Whidbey Island
fault zone; (TF) Tacoma fault. The box labeled 'M3' shows the area that is included in Figure M3.

Figure M3. Map showing the Sadie Creek fault (this study) and the Lake Creek—Boundary Creek fault (Nelson and others, 2017).
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INTRODUCTION

Active deformation in the Olympic Peninsula of Washington
State is driven by the complex interactions of crustal blocks
within the Cascadia forearc and from stresses produced by the
Cascadia subduction zone (Wells and Simpson, 2001; Wells
and others, 1998; Wells and others, 2014; McCaffrey and
others, 2007, 2013; Delano and others, 2017). Shortening and
translation from these processes manifests in a series of roughly
trench-perpendicular crustal or upper-plate faults that bound the
northern and southern edges of the Olympic Mountains
(Schasse and Wegmann, 2000; Schasse and Polenz, 2002;
Polenz and others, 2004; Nelson and others, 2017). The Lake
Creek—Boundary Creek fault (LCBCF) and an associated
structure—the Sadie Creek fault (SCF)—are located on the
northern flank of the Olympic Peninsula (Fig. M1) and
preserve a geologic archive of surface-rupturing earthquakes
(Leithold and others, 2019; Nelson and others, 2017). Previous
studies based on paleoseismic trenching (Nelson and others,
2017) and stratigraphic analyses of earthquake-induced
lacustrine turbidites (Leithold and others, 2019) on the LCBCF
provide evidence for several large (Mw >7) Holocene
surface-rupturing earthquakes, suggesting that similar events
have occurred along the SCF.

This mapping focuses on the northwest-striking SCF
where lidar reveals distinct, laterally continuous fault traces and
dextrally offset geomorphic markers that record a history of
late Quaternary faulting (Nelson and others, 2017). The SCF,
originally identified in gravity anomalies (MacLeod and
others, 1977) and later named by Joyner (2016), was first
mapped by Nelson and others (2017) after the release of a
high-resolution lidar dataset in 2015 (Puget Sound Lidar
Consortium, 2015). Our new mapping helps constrain the
post-glacial geomorphic development of the area modified by
the SCF. Further study of the geomorphic history of the map
area, including radiocarbon and Optically Stimulated
Luminescence (OSL) dating, are documented in Duckworth
and others (2021). The results of the mapping aid
understanding of how deformation along upper-plate faults
contributes to the evolution of the Cascadia forearc. Our
mapping can also inform communities in the northern Olympic
Peninsula and adjacent Puget Lowland who may be at risk from
the seismic hazards posed by these crustal faults.

GEOLOGIC SETTING

The Olympic Mountains of western Washington represent the
structural and topographic high of the Cascadia forearc and are
the only location where the Cascadia accretionary wedge is
exposed subaerially (Brandon and Vance, 1992; Brandon and
others, 1998). The accretionary complex consists of marine
sedimentary rocks underthrust beneath Eocene marine to
non-marine basalts of the Crescent Formation and Eocene—
Miocene marginal marine sedimentary rocks (Tabor and Cady,
1978a; Brandon and others, 1998; Brandon and Vance, 1992;
Dragovich and others, 2002). Subsequent uplift and broad-scale
doming of these rocks since 18 Ma resulted in a regional
east-plunging anticline across the Olympic Peninsula

123°55'0"W

Surficial Geologic Map of the Sadie Creek Fault,
Clallam County, Washington

William C. Duckworth!, Ysabel E. Perez!, Colin B. Amos', Elizabeth R. Schermer!, and Michael Polenz?

1 Western Washington University, 2 Washington Geological Survey

123°55'0"W

(Tabor and Cady, 1978b; Brandon and others, 1998). Within the
northern Olympic Peninsula, Eocene—Miocene marine
sedimentary rocks dip moderately north to northeast and are cut
by northeast-dipping reverse faults (Dragovich and others,
2002; Tabor and Cady, 1978a). Many recently studied active
faults, including the SCF and LCBCF on the northern Olympic
Peninsula (Nelson and others, 2017) and the Canyon River
fault and Saddle Mountain fault zone on the southern Olympic
Peninsula (Barnett and others, 2015; Walsh and Logan, 2007)
have geometries that are similar to mapped faults in nearby
bedrock.

In addition to reflecting structural geology, the landscape
and surficial geology of the northern Olympic Peninsula
strongly reflect the impacts of the Juan de Fuca lobe of the
Cordilleran Ice Sheet. The Juan de Fuca lobe split and a portion
flowed westward from the Puget lobe at ~48 degrees latitude.
The ice sheet covered many high ridges in the northern
Olympic Peninsula, reaching elevations of up to 1 km (Porter
and Swanson, 1998; Polenz and others, 2004; Thorson, 1980).
As such, the landscape and surficial geology of the northern
Olympic Peninsula strongly reflect the impacts of the Juan de
Fuca lobe (Mosher and Hewitt, 2004; Tabor and Cady, 1978a).
Alpine glaciers were extensive within the core of the Olympic
Mountains during the last glacial maximum. However, deposits
around the SCF and LCBCF were solely derived from the Juan
de Fuca lobe, except for possible input of alpine-derived glacial
outwash into the Elwha drainage (Dragovich and others, 2002;
Polenz and others, 2004; Schasse, 2003). Existing radiocarbon
ages suggest that the Juan de Fuca lobe of the Cordilleran ice
sheet advanced to its maximum extent after about 16 ka and
had retreated by about 14 ka. The timing of Juan de Fuca lobe
advance is supported by radiocarbon dating of wood samples
(13,010-13,380 14C yrs. BP; 15,300-16,200 Cal yrs. BP) from
Lake Ozette originally published by Heusser (1973) and later
reinterpreted as pre-glacial wood in lodgment till by Haugerud
and Hendy (2016). Radiocarbon dating of post-glacial wood
(12,380 £90 14C yrs. BP; 14,940-14,095 Cal yrs. BP) from
near Bellingham (Kovanen and Easterbrook, 2001) and bone
fragments (11,960 +17 14C yrs. BP; 13,010-13,380 Cal yrs.
BP) from the Manis Mastodon site in Sequim (Waters and
others, 2011) constrain the timing of Juan de Fuca lobe retreat.

Recent work on the LCBCF, including paleoseismic
trenching (Nelson and others, 2017), coring, and seismic
imaging of lacustrine megaturbidites within Lake Crescent
(Leithold and others, 2019), provide constraints on earthquake
timing and fault slip rate. Nelson and others (2017) found
evidence for two large surface-rupturing earthquakes at
1.3 £0.8 and 2.9 £0.6 ka and possible evidence for two to three
earlier ruptures. Through seismic reflection and coring of large
(up to 2-m-thick) turbidite deposits in Lake Crescent,

Leithold and others (2019) identified and dated four Holocene
earthquakes at 7,165-7,005; 5,300-4,860; 4,100-3,840; and
3,225-2,960 Cal yrs. B.P. and also noted two other (undated)
turbidites deeper within the lake stratigraphy. The age of the
second-youngest earthquake dated by Nelson and others (2017;
2,900 £600 cal. yrs. B.P.) correlates with the age of the most
recent turbidite found by Leithold and others (2019;

3,100 £100 cal. yrs. B.P.). Discrepancies in the age of turbidite
emplacement and the timing of surface ruptures on the LCBCF
suggest that other seismic sources may have induced turbidite
emplacement and (or) that the LCBCF and SCF are segmented
and do not always rupture together.

Dextral slip and vertical separation on the LCBCF and
SCF were measured by Nelson and others (2017) as ~11-28 m
and 1-2 m, respectively, and, using deglaciation as a maximum
age, result in a slip rate estimate of ~1-2 mm/yr. Additionally,
Nelson and others (2017) used empirical relationships based on
slip per earthquake and maximum rupture length to yield
moment magnitude estimates of Mw 7.1-7.5. Nelson and
others (2017) included some analysis of channels offset by the
SCEF, although they did not perform detailed geologic mapping
or date landforms. The mapping presented here builds on their
analysis by providing the necessary geologic context for
understanding the cumulative displacement along the Sadie
Creek fault.

GEOLOGIC MAPPING

We created a 1:10,000-scale surficial geologic map along the
SCF using bare-earth lidar (Puget Sound Lidar Consortium,
2015) and derivative products (hillshade, slope, and contour
maps) along with field mapping. Lidar was crucial for
geomorphic interpretations and was processed and visualized
with Esri’s ArcMap and with Applied Imagery’s Quick Terrain
Modeler. Our mapping differentiate bedrock from glacial and
post-glacial deposits, and this serves to highlight the surface
expression of the SCF in several locations. Using field
observations from roadcuts, stream exposures, and test pits
along with observations of the shape, size, and texture of
deposits in lidar, our mapping identifies and describes
Quaternary deposits that include: glacial till (unit Qgt), glacial
outwash (unit Qgo), moraine crests (depicted on map as line
features), alluvial gravels (unit Qal) and terraces (unit Qt), fans
(unit Qf), colluvium (unit Qc), and landslides (unit Qls). We
primarily use relative dating techniques, such as inset
relationships, to determine age in the map area, and then
correlate these to established regional ages. We also confirm
and alter age interpretations in the map area based on absolute
dates from optically stimulated luminescence (OSL) provided
in Duckworth and others (2021). We mapped the contacts
between bedrock and Quaternary units based on field exposures
and bedding traces revealed in lidar imagery, but we did not
describe or distinguish between different bedrock units. All
descriptions of bedrock units that we present come from
1:100,000-scale mapping of the northern Olympic Peninsula
(Schasse, 2003). Mapped active faults reflect locations where
scarps laterally and (or) vertically offset deposits or landforms.
Surficial mapping allows for interpretation of the history of
the geomorphic and tectonic processes that have sculpted the
landscape around the SCF. Glacially scoured bedrock overlain
by glacial till, moraines, and outwash terraces reflect the
imprint of the continental ice sheets that flowed westward
across the area during the last glacial maximum. Glacial units
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are reworked by postglacial processes to form colluvial slopes
(unit Qc), alluvial fans (unit Qf), landslide deposits (unit QIs),
and alluvial gravel/terrace deposits (units Qal and Qt). The
surface trace of the SCF is roughly linear, cuts glacial and
post-glacial deposits and landforms, and is laterally continuous
for >14 km. We were unable to identify the western terminus of
the SCF in currently available lidar, but fault scarps are well
defined to the western edge of the data near East Twin River.
The scarp associated with the SCF changes facing direction
near the Lyre River: it faces south to the northwest of the river
and faces north to the southeast of the river. The fault
predominantly strikes northwest—southeast, except between
Sadie Creek and East Twin River where it strikes east-west.
Changes in scarp facing direction, along with a laterally
continuous fault trace and dextral offset of stream channels,
supports the interpretation of Nelson and others (2017) that the
SCF is a steeply dipping, right lateral-oblique strike-slip fault.
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DESCRIPTION OF MAP UNITS

along mostly colluvium-covered slopes that appear
potentially unstable; locally includes small exposures of
other units (including confidently identified landslide
deposits that were too small to show on the map); also
contains features that could be landslide deposits but which
we could not identify with confidence.

- Alluvial fan—Boulders, gravel, sand, silt, and clay
deposited in a fan shape at the edge of the mountain front

and onto the valley floor; unit includes generally coarser
sediments in upper reaches and finer sediments toward the
valley floor; clast or matrix supported, moderately to loosely
stratified, moderately to poorly sorted, and subrounded to
angular. In areas with multiple generations of fans, the
designation of subscript ‘y’ or ‘0’ is given to delineate
younger and older fans, respectively. Unit Qfg deposits have
been consistently dated through OSL and radiocarbon at
~14-17 ka. As such, we interpret unit Qfg to be deposited
following glacial retreat when the landscape was unstable
and sediment supply was high (Ballantyne, 2017). Deposits
from unit Qfy are inset into unit Qf, and are interpreted to
have formed after ~14 ka.

and forms a <2 m thick blanket on top of lodgment till.
Sublinear, evenly spaced ridges oriented orthogonal to the
ice flow direction are classified as “ribbed moraines” and
may have formed as push moraines, grounding line
moraines, or as till injection into ice fractures

(Lundqvist, 1997; Héttestrand and Kleman, 1999;
Boulton, 1986). Unit Qgt lies stratigraphically below units
Qgo and Qgoi. OSL dating of a sand lens within glacial till
produced an age of 21.79 £3.67 ka (Duckworth, 2019).
Deglaciation within the study area at ~14 ka provides a
minimum age for unit Qgt.

by age, determined by the relative height of the terrace
above the stream channel. Smaller numbers indicate older
(higher) terraces while larger numbers indicate younger
(lower) terraces. One optically stimulated luminescence
(OSL) date from unit Qt1 constrains the age of this terrace
to 8.75 £0.97 ka.

valley floor and thus represents the onset of deglaciation or
melting during a recessional period. The sample from unit
Qgo, which was collected on the valley floor, provides a
minimum age of deglaciation as the glacier must have
receded prior to deposition.

Peat—Organic-rich sediments deposited in closed
depressions; includes peat, silt, and clay in and near
wetlands.

Undivided Bedrock

afy

Bedrock—We mapped the contact between bedrock and
- surficial units throughout the map area, but did not
differentiate specific bedrock units. According to
Schasse (2003), bedrock in the map area consists of the
middle Eocene Aldwell Formation, the upper Eocene Lyre
Formation and Twin River Group, the Eocene to Oligocene
Makah Formation, and the Oligocene to Miocene Pysht
Formation. These are mostly marine sedimentary rocks with
lesser volcanic rocks that, outside of the map area, overlie
basalt of the Paleocene to Eocene Crescent Formation
(Schasse, 2003).

Colluvium—Boulders, gravel, sand, silt, and clay, all in
varied amounts; poorly sorted; loose; slope-parallel coarse Qfo
stratification; composition unique to upslope sediment
sources, typically derived from Olympic Peninsula bedrock
or Juan de Fuca lobe till; deposited by gradual and rapid
hillslope processes (such as soil creep, sheetwash,
slopewash, and rockfall) along relatively steep hillsides;
mapped where colluvium is interpreted as being greater than
2 m thick.
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