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ABSTRACT

Large magnitude earthquakes and climatic events in mountainous settings commonly trigger
thousands of landslides, and these slope failures typically constitute a significant proportion of the
damage associated with these events. Large, dormant deep-seated landslides are ubiquitous in the
Oregon Coast Range (OCR), USA, yet a method for calculating landslide ages with accuracy required to
diagnose a specific triggering event, including the 1700 AD Cascadia earthquake, has remained elusive.
Establishing a compelling connection between pre-historic slope instability and specific triggers
requires landslides ages with accuracy greater than that provided by '4C dating of detrital materials.
Tree ring analysis is the only known method capable of determining landslide age with this accuracy.
Dozens of landslide-dammed lakes in western Oregon present an opportunity to use tree rings from
drowned snags, or ‘ghost forests,’ to establish the year of death, and thus landsliding. We crossdate
tree ring indices from drowned Douglas-fir trees with existing live tree ring records from the OCR that
exhibit synchronous, time-specific patterns due to regional climate variations. Our analyses determine
that the landslides responsible for creating Wasson and Klickitat Lakes occurred in 1819 and 1751 AD,
respectively. 1*C dates from selected tree rings and landslide deposit detritus are consistent with our
tree ring analysis, although the ages exhibit high variability, revealing the limitations of using 14C dating
alone. Because dendrochronology provides annual accuracy of landsliding, sampling tree rings at
additional landslide-dammed lakes throughout the OCR can be used to constrain the potential effects
of ground motion and major climatic events on Cascadia landscapes.

REPORT
INTRODUCTION

Despite improved resolution of the recurrence interval of large magnitude subduction zone
earthquakes in Cascadia (Goldfinger et al., 2012), prediction of ground motion and landscape response
remains highly uncertain (Allstadt et al., 2013). The Cascadia subduction zone has produced numerous



large (>M 9.0) earthquakes, with an average recurrence interval of 300-500 years (Goldfinger et al.,
2012). The timing of the most recent earthquake, which occurred on the evening of January 26, 1700,
was constrained in part by a combination of offshore turbidite records (Goldfinger et al., 2012); the
dendrochronology of ‘ghost forests’ that were drowned by coseismic subsidence and the resultant
tsunami (Atwater and Yamaguchi, 1991; Yamaguchi et al., 1997); and the arrival of the tsunami in
Japan (Atwater et al., 2005). During future subduction zone earthquakes, the magnitude of shaking is
locally uncertain (Allstadt et al., 2013), although shaking is expected to be high along the coast, with
peak ground acceleration (PGA) values Of 0.4 g (percent of gravity) and higher. Shaking will attenuate
inland towards the Willamette Valley and the Cascades, though PGA will remain high throughout the
Oregon Coast Range, in excess of 0.2 g (Figure 1; Madin and Burns, 2013; Olsen et al., 2015). High
intensity and long duration shaking may affect landslide reactivation differently than expected for
shallow, crustal earthquakes (Meunier et al., 2008, 2007).

Historically, earthquakes produce 10% to 10° landslides (Keefer, 2002, 1984). In many
landscapes, a significant proportion of total erosion occurs due to coseismic landslides (Dadson et al.,
2004; Densmore and Hovius, 2000; Hovius et al., 2011; Li et al., 2014; Marc et al., 2016a), the
distribution of which is often spatially variable and complicated. In many cases, the spatial density of
earthquake-induced landsliding varies systematically with ground motion (Meunier et al., 2007),
whereas distance to fault rupture provides a more robust relationship for other seismic events (Massey
et al., 2018). Over 15,000 landslides were triggered in the 2008 Wenchuan earthquake (Li et al., 2014),
and in the 2015 Gorkha, Nepal earthquake, landslides increased in density over 100 km away from the
epicenter (Roback et al., 2017). In addition, low rock strength often determines the pattern of
coseismic slope instability (Newmark, 1965), as made apparent in the 2011 Tohoku earthquake where
>80 percent of the >3,400 landslides occurred in Quaternary sediments and weak Neogene rock units
(Wartman et al., 2013).

Probabilistic models are useful for predicting where landsliding will be most pervasive during
earthquakes and the volume of coseismic landslides (Jibson et al., 2000; Keefer, 1984). Keefer (1984)
noted a power law scaling relationship between seismic moment and total landslide volume. The
volume of landslides associated with subduction zone earthquakes, however, is often significantly less
than that predicted by the power law scaling relationship (Marc et al., 2016b), although the number of
subduction zone earthquake inventories is very limited (Tanyas et al., 2017, 2018). By contrast, at least
one subduction zone earthquake deviates markedly from this trend. The 1960 Chilean earthquake
caused approximately 250 square kilometers of the proximal terrain to experience landsliding (Veblen
and Ashton, 1978), which when applied to the area-volume relationship of Larsen et al. (2010),
produces a resultant landslide volume much larger than subduction zone earthquakes of a similar
magnitude. Hence, the apparent paucity of landslides during some subduction zone earthquakes may
partially be accounted for by the limited number of subduction zone earthquakes that have been
addressed with landslide inventories relative to shallow crustal earthquakes (Marc et al., 2016b). If the
recent datasets are representative, the low rates of landslides during subduction zone events may
additionally be due to seismic attenuation, great depth of the hypocenter, and the directivity of seismic
waves away from shore (Gallen et al., 2016; Gorum et al., 2014; Kargel et al., 2016; Meunier et al.,
2008, 2007). Regardless, the observed variability in slope failure during subduction zone earthquakes
warrants investigation of past slope failures in Cascadia.

The coastal and forearc regions of Cascadia exhibit a long history of widespread slope instability
(Roering et al., 2005; Schulz et al., 2012). In the OCR, the geologic and topographic signature of



landsliding is pervasive; steep topography and weak lithologic units combine to promote slope
instability over a range of timescales (Burns et al., 2012; Roering et al., 2005; Schmidt and
Montgomery, 1995). Here, thousands of shallow, colluvial landslides and debris flows associated with
intense rainfall have been historically observed (Montgomery et al., 2000; Robison et al., 1999).
However, all of the >40,000 known deep-seated landslides (Burns and Watzig, 2014) appear to have
formed prior to European settlement, which suggests that the conditions promoting pervasive deep-
seated instability have not been realized in recent decades or longer. Elsewhere, deep-seated
landslides are common during large magnitude earthquakes, particularly in areas of high relief (e.g.,
Gallen et al., 2016; Kargel et al., 2016; Keefer, 1984; Marc et al., 2016; Roback et al., 2017; Valagussa et
al., 2019). Yet, no subaerial landslide in Cascadia has been definitively linked to a subduction zone
earthquake, including the January 26, 1700 AD earthquake (Atwater et al., 2005; Goldfinger et al.,
2012; Karlin et al., 2004; Leithold et al., 2018; Schulz et al., 2012; Schuster et al., 1992). Here, we use
dendrochronological methods to date two landslides in the OCR with sub-annual accuracy with
particular interest in links to the 1700 AD subduction zone earthquake. However, as this approach is
more broadly applied, it holds the potential to identify synchrony among landslide events and infer
mechanisms of slope failure, whether from earthquake-induced ground motion or extreme climatic
events.

Dating pre-Historic Landslides

Landslides have been dated using surface exposure dating and the dendrochronology of live
trees on deposits (Ballantyne and Stone, 2004; Fantucci and McCord, 1995; Ivy-Ochs et al., 2009; Lang
et al., 1999; Stefanini, 2004; and many others), although, radiocarbon (**C) dating is the most common
method (Benda, 1990; Booth et al., 2017; Clague, 2015; Lang et al., 1999; Reneau et al., 1986; Reneau
and Dietrich, 1991; and many others). *C dating of detrital materials in sediments is particularly
applicable in the OCR due to the abundance of datable organic material (e.g. Benda, 1990; Reneau et
al., 1986; Reneau and Dietrich, 1991) and has been used elsewhere to build comprehensive landslide
chronologies and calibrate other relative dating techniques. For example, surface roughness-age
calculations of landslides have been calibrated by '*C dating (e.g. Booth et al., 2017; LaHusen et al.,
2016; McKean and Roering, 2004) as have tephrochronologies that inform volcanic eruptive histories
(Braitseva et al., 1993) and reconstructions of paleolandscapes (Cerovski-Darriau et al., 2014; Danisik et
al., 2012).

While these techniques have provided useful datasets of landslide recurrence in various
landscapes, their accuracy is not adequate to date recent landslides or tie them to specific triggering
events. Surface exposure dating is limited when field relationships between sampled surfaces are not
clear (Ballantyne and Stone, 2004; Ivy-Ochs et al., 2009), and landslides must be sufficiently large to
expose fresh and shielded bedrock (Lang et al., 1999). Radiocarbon dating has inherent uncertainty due
to varying production rates of 1C in the atmosphere, made evident in the ‘wiggles’ of the radiocarbon
calibration curve. Some portions of this curve oscillate more than others, which complicates dating of
landslides that occurred during these episodes (Figure 8; Reimer et al., 2009). Further complicating
accuracy, *C dating usually neglects the residence time of detrital material, which may remain on the
landscape undisturbed for millennia prior to landslide emplacement (Clague, 2015; Gavin, 2003, 2001;
Trumbore, 2000). *C dating additionally does not consider reactivation of deep-seated landslides; a *4C
date for a reactivated landslide may provide the age of the initial failure, not the most recent. Finally,
14C dating often relies on dating charcoal, which is subject to high uncertainty due to high post-fire
residence times (Gavin, 2003, 2001; Reneau et al., 1986; Reneau and Dietrich, 1991; Trumbore, 2000).



Ultimately, **C dating cannot provide the annual accuracy necessary to connect landslide failures to a
specific event, or to identify clustering of landslides associated with a particular triggering event.
STUDY AREA

Oregon Coast Range

The Oregon Coast Range (OCR) is a steep and dissected mountain range subject to uplift along
the Cascadia subduction zone. The OCR has a Mediterranean climate with cool, wet winters when the
majority of the annual 1-2 m of precipitation falls, and dry, warm summers (PRISM Climate Group,
2016). The hillslopes are soil-mantled and support tree populations of Douglas-fir (Pseudotsuga
menziesii) and western Hemlock (Tsuga heterophylla). The dominant lithology in the OCR is a ~3 km
thick interbedded turbidite sequence of Eocene sandstones and siltstones known as the Tyee
Formation, which rest on accreted volcanic terranes (Heller and Dickinson, 1985; Wells et al., 1998).
Previous work has generally placed the provenance of the sediments within the Tyee Formation as
either the Idaho Batholith or the Klamath Mountains (Dumitru et al., 2013; Heller et al., 1985; Heller
and Dickinson, 1985). Since deposition in the Eocene and subsequent uplift in the Miocene, the Tyee
Formation has experienced 402 to 702 of clockwise rotation at 12/m.y., primarily due to oblique
subduction and extension in the Basin and Range Province and northward migration of the Sierra
Nevada block (Heller and Ryberg, 1983; McNeill et al., 2000; Wells et al., 1998; Wells and Heller, 1988;
Wells and McCaffrey, 2013). This rotation has resulted in the deeper marine facies of the Tyee
Formation, and hence a higher proportion of siltstone to sandstone, in the northern portion of the
OCR, with a higher proportion of sandstone remaining in the south (Roering et al., 2005). This rotation
also places the OCR in a compressive regime, resulting in minor deformation and folding, with dips
along fold limbs typically less than 152-202 (Baldwin, 1956).

On the steep ridge-valley terrain in the OCR, soils are produced from bedrock primarily through
tree throw and are thinnest (~0.5 m) on the ridges and adjacent hillslopes (Dietrich and Dunne, 1978).
Soils thicken (~1-2 m) in the unchanneled valleys, which are periodically evacuated by shallow
landslides that often mobilize into debris flows (Benda and Dunne, 1997; Dietrich and Dunne, 1978;
Stock and Dietrich, 2003). The OCR has often been described as an example of a steady state
landscape, where uplift is balanced by erosion (Montgomery, 2001; Reneau and Dietrich, 1991).
Studies of cosmogenic erosion rates have shown that the OCR is eroding approximately 0.05 —0.14 mm
yr1(Balco et al., 2013; Heimsath et al., 2001; Penserini et al., 2017), while marine terraces along the
coast further suggest uplift rates of 0.05 — 0.3 mm yr! (Kelsey et al., 1996, 1994; Kelsey and Bockheim,
1994), with strath terraces suggesting similar rates of 0.1 — 0.2 mm yr* (Personius, 1995). How far
inland these uplift rates extend is generally poorly constrained, although Penserini et al. (2017) found
morphologic evidence that erosion and uplift rates, assuming steady erosion, experience a modest
increase in the eastward (inland) direction.

Deep-seated landslides are most common on dip slopes of sandstone-siltstone turbidite
interbeds of the Tyee Formation (Roering et al., 2005). The density of deep-seated sliding varies with
latitude reflecting the dominance of sandstone and siltstone interbeds such that the southern portion
of the range, where sandstone is the more common component of the Tyee Formation, exhibits fewer
large landslides (Burns et al., 2012; Roering et al., 2005). Because the spatial distribution of landslides
correlates strongly with lithology and geologic structure rather than the inland attenuation of ground
motion from subduction zone earthquakes (Madin and Burn, 2013; Olsen et al., 2015), the application
of coseismic landslide model predictions is complex, especially given the broad range of landslide
triggering mechanisms (Allstadt et al., 2013).



The paucity of historic deep-seated landslide activity and the potentially broad range of
landslide ages complicates efforts to link landslides with specific seismic or climatic events. Specifically,
despite the existence of >40,000 deep-seated landslides in the OCR (Burns and Watzig, 2014), few to
none have been observed to fail catastrophically or form landslide dams, with the notable exception
being the Drift Creek landslide reactivation in 1975 that followed heavy and prolonged rain (Thrall et
al., 1980). Meanwhile, the landslide responsible for the formation of Triangle Lake occurred ~50 ka
(Marshall et al., 2017), and soil residence times suggest some of the largest deep-seated landslides are
on the order of 100 ka or older (Almond et al., 2007). Such an extensive history of landsliding may
reflect numerous individual triggering events (or episodes of activity) for each landslide. More
importantly, however, the tendency for landslides to experience reactivation enables us to test
whether earthquakes and storms act as potential triggers.

Landslide-dammed Lakes

A causal relation between slope failure and triggering events such as subduction zone
earthquakes or large storms requires the acquisition of landslide ages with accuracy greater than that
provided by 4C dating of detrital materials, which typically has >10-yr standard error.
Dendrochronology is the only known method with the potential to estimate landslide age with annual
(or potentially sub-annual) accuracy. There exist dozens of landslide-dammed lakes in western Oregon
with standing Douglas-fir snags, or ‘ghost forests’ (Figure 1). Standing dead trees at landslide-dammed
lakes are, by themselves, unremarkable; their location and current submerged state, however, renders
their history intriguing. Tree rings from these standing Douglas-fir snags can be analyzed to date the
year of death of the trees, reminiscent of the paleoseismic work of Yamaguchi et al. (1997), who used
drowned trees on the coast of Cascadia to constrain the timing of the January 26, 1700 AD earthquake.
These ‘ghost forests’ died when large landslides clogged proximal valley bottoms, damming stream
channels. Rapid valley inundation followed landslide dam emplacement, resulting in the death of the
submerged trees. Landslide dam emplacement also initiated alluviation upstream of the dam, which is
additionally useful for estimating time since landslide emplacement. In the OCR, lidar analysis reveals a
multitude of such landslide-dammed lakes, with deposit morphology suggesting triggering within the
last several hundred years (Figures 2, 3). These landslide-dammed lakes afford a unique opportunity to
determine whether the timing of the landslides corresponds with major Cascadia earthquakes.
METHODS
Site Selection and Mapping

Using high-resolution airborne lidar-derived bare earth digital elevation models (DEMs;
DOGAMI, 2012, 2015), we located >200 sites with topographic evidence of landslide-dammed lakes
throughout the OCR. These sites were investigated further to clarify those that appear young enough
to be potentially associated with the 1700 AD earthquake (Atwater et al., 2005). We selected landslide-
dammed lake sites that display characteristics that are consistent with relatively recent (hundreds of
years) landslide movement, in particular fresh morphologic features such as sharp headscarps and
minimal channel incision of the deposit (Booth et al., 2017, 2009; Burns and Madin, 2009; LaHusen et
al., 2016). We examined each potential landslide dam for the presence of an existing lake or marsh
upstream of the deposit, and we used aerial imagery (USDA, 2000) to ascertain the existence of
standing snags. Lakes were prioritized according to land ownership and accessibility to trees, the
presence of delta progradation and marginal sedimentation aiding in access.

Once the sites were selected for field reconnaissance, we completed detailed mapping of the
landslide features, current and estimated high-lake extent, and alluvium retained upstream of the



landslide dam (Figure 4). Initial field data and sample acquisition included: confirming the presence of
landslide-dam, standing water, alluvium, and standing snags; verifying the survival of bark to confirm
existence of outer growth increment and noting accessibility of standing snags for future sampling; and
sampling standing snags’ outer rings, detrital organics from within the landslide deposit for *4C
analysis, and increment cores from old-growth living trees on the landslide surface.

Snag Sampling and Measurement

We collected samples from dead Douglas-fir trees at two sites in the OCR, specifically Klickitat
Lake (44.480, -123.659) and Wasson Lake (43.748, -123.795). Where Douglas-fir snags were readily
accessible from shore, we excavated the base of each tree to expose fresh bark, sampling just below
waterline for high preservation potential. Bark attached to the last growth increment is crucial for
determining an accurate year (and potentially season) of death, as the interface between the bark and
outermost growth ring demarcates the termination of the growth record. A lack of bark does not
preclude dating of the landslide, though the calculated age must be considered a maximum age. A
licensed sawyer extracted slabs or wedges at each tree; each slab ideally included >100 rings with bark
at the outer edge and was sufficiently wide (>20 cm) relative to tree diameter to account for any
variability in ring width around the tree. Care was taken to avoid sampling portions of trees with
abnormal growth patterns potentially from fire damage or limb growth. We reburied any excavated
portions of the trees to reduce visual impact. Slabs were promptly dried to reduce mold growth and
preserve the possibility of radiocarbon dating.

We used the dendrochronology technique of crossdating to establish the calendar year of death
from drowned snags, and thus the age of the landslide damming event. As trees grow, limiting factors
such as drought result in synchronous, time-specific growth patterns among individuals of a given
species and region (Bekker et al., 2018; Douglass, 1941; Yamaguchi et al., 1997). Black et al. (2015)
generated three >400 yr Douglas-fir chronologies for the OCR and four >800 yr chronologies in the
western Cascade Range that reveal strong regional correlation (Figure 1). We crossdated the ring
measurements from ‘ghost forest’ trees at landslide-dammed lakes against both locations to
determine the timing of death, which corresponds to the calendar year of the last growth increment.
We were often able to estimate the season of death by the extent to which the final increment
formed; termination of growth during formation of dark, late wood suggests death in the late summer
to winter, while the partial development of light, early wood implies a death in late winter to spring.

After collecting and drying each slab, we sanded the slab surfaces progressively finer, finishing
at 400 grit and adding a final polish with 12-micron lapping film. Samples within a given site were
visually crossdated using the list-year technique (Yamaguchi, 1991). Next, we used high-resolution
scans (>2400 dpi) of slab surfaces to measure rings with the dendrochronology software, CooRecorder
(Larsson, 2013). Each slab was measured twice along different transects to account for any growth
irregularities around the circumference of the tree. Using the tree ring software, CDendro (Larsson,
2013), high-frequency, year-to-year variability was isolated within each measurement time series.
These high-frequency patterns, which meet the statistical assumption of serial independence, were
first compared among measurement time series within each site. Correlation coefficients were
generated as were “T-tests” that compensate for differences in the number of overlapping years,
calculated as
n—2
1-c2’

(2)

T value = ¢



where c is the correlation coefficient and n is the number of overlapping years (Larsson, 2013).
Correlation and T-tests were lagged forwards and backwards over as many years as possible while
maintaining a minimum of 30 years of overlap. Correct dating was established if the correlation
coefficient was highly significant (p < 0.01), and it, along with the T-test value, were conspicuously
greater than that of any other lag.

Measurement time series could be dated relative to one another within each site, but that did
not provide information regarding the calendar years over which the trees lived. To generate dates tied
to calendar year, the high-frequency variability from each measurement timeseries (that had been
dated relative to one another) was averaged within the site. This floating mean chronology was then
compared to the high-frequency variability from living trees at Marys Peak in the OCR (Black et al.,
2015) using lagged correlations and T-test values. A lake was considered dated if there was a
conspicuously prominent, highly significant (p < 0.01) correlation coefficient and T-test value between
the dead ‘ghost forest’ chronology and the chronology generated from live-collected trees (Figures 5,
6, and 7). An exact year of tree death could be established if the wood immediately under the bark was
well preserved, and confidence in the date of the landslide event was increased if multiple trees at a
site died in the same year.

Live Tree Coring

Some of the landslide deposits at landslide-dammed lakes in the OCR host live old-growth
Douglas-fir trees. These trees denote the minimum age of the landslide, as old growth stands are
unlikely to survive large, deep-seated landslide failures (Clague, 2015). Live old growth is particularly
useful at some landslide-dammed lakes where drowned snags are poorly preserved and have no visible
bark to demarcate the outer growth ring. No statistical correlation with existing tree ring chronologies
is required with this method, as the age of the trees simply provides the minimum age of the landslide.
The ecesis interval, or time between landslide occurrence and tree establishment, separates the age of
the trees and the timing of the landslide and can span from a couple years to a century depending on
the landscape (Clague, 2015). We used increment borers to collect 18 cores from 10 live Douglas-fir at
Klickitat Lake and 4 cores from 4 western Hemlock at Wasson Lake to compare to the
dendrochronology-derived age of the standing snags (Figures 9, 10). While this method is limited by
the availability of old growth stands, which currently exist as a minor component of the harvest
patchwork in the OCR, it remains a useful tool when used in concert with dendrochronology and
radiocarbon dating.
14C Dating: Tree Rings

We collected wood samples from slabs extracted from standing snags for *4C analysis in order
to corroborate the age of the landslide derived from dendrochronological techniques (Pringle, 2014;
Schuster et al., 1992). As a tree grows, each progressive growth ring consumes and stores the relative
concentration of 1#C present in the atmosphere. As such, tree rings record annual variations in
atmospheric isotopic composition and can serve as a means to tune the radiocarbon calibration curve
(Reimer et al., 2013). Because each ring precisely denotes a single year of growth in the tree, derived
radiocarbon ages can be constrained by the calendar year of growth of each ring, a process known as
‘wiggle matching’ (Reimer et al., 2009). This process is particularly useful for improved **C dating of
materials that are relatively young (<500 yr), as the radiocarbon calibration curve oscillates significantly
throughout this time period (Figure 8).

We collected three wood samples from a slab from Wasson Lake, and two samples from a
buried log in the landslide deposit at Klickitat Lake, for 1C analysis. Each of the slabs from Wasson Lake



internally crossdate, so we are confident that collecting wood samples from only one tree is
representative of the other slabs. For the Wasson Lake slab, we sampled wood from the outermost
ring and rings 99 and 180 counted from the outside edge, rings sufficiently separated to effectively
utilize Bayesian statistical methods. We used OxCal, a Bayesian statistical tool, to convert **C years to
calendar years and constrain the age using wiggle matching (Ramsey, 1995). Wiggle matching utilizes
the sequential order of the rings to constrain the calendar year probability distribution function (PDF)
for each sample (Ramsey, 1995, 2009). For example, if the PDFs of rings 99 and 180 overlap, OxCal
constrains the range of possible ages by recognizing that ring 99 is known to be exactly 81 years older
than ring 180, thus shrinking the range of possible calendar year ages. We followed a similar approach
for the buried log at Klickitat Lake. We collected the outermost preserved ring and wood from a ring
approximately 52 rings inward. Given the decayed state of the wood, it was unclear how many rings
may be missing from the outer edge of the tree, so the wiggle-matching derived age must be
considered a maximum age of the landslide deposit. The 1C ages from standing snags at Wasson Lake
and the buried log at Klickitat Lake are also useful for interpreting the ages of the multitude of
landslides in the OCR that lack dams and for which only deposits can be identified.
14C Dating: Landslide Deposit Detritus

To test for radiocarbon inheritance and constrain how residence time of variable detritus-types
biases calculated landslide ages, we preferentially selected small organic debris including charcoal,
wood, and twigs. Traditional methods for dating landslides require collecting organic material from the
landslide deposit, which is then dated using *C dating. We followed this approach at Klickitat and
Wasson Lakes, and collected five pieces of detrital carbon from each deposit for dating. Where large
pieces of wood or stumps were found, we sampled the outermost rings in order to derive the youngest
and most accurate date possible. The various materials we sampled, including pieces of wood, twigs,
leaves, and charcoal, were intended to constrain and demonstrate the types of materials that are
considered preferable for dating landslides. Alternative materials such as wood or charcoal bias the
calculated age relative to the dendrochronologically-derived date, which should be the most
contemporaneous with landslide occurrence.
Sedimentation Rate Age

To estimate the number of years required to retain the volume of sediment ehind the landslide
dams, we utilized the existing lidar-derived, bare earth, 1-meter DEMs and existing data on erosion
rates for the OCR (Butterfield et al., 2015). Many previous studies have investigated the magnitude of
erosion in the OCR, finding erosion rate values from cosmogenic nuclides spanning a range from 0.05
mm yr!to 0.2 mm yr?! (Bierman et al., 2001; Heimsath et al., 2001 Marshall et al., 2015; Penserini et
al., 2017; Reneau and Dietrich, 1991); Brown and Krygier (1971) and Beschta (1978) measured
sediment yield rates between 0.05 and 0.08 mm yr’. Hence, based on these previously published
erosion rates, we selected a range of erosion rate values from 0.05 to 0.2 mm yr to use in our

analysis.

We used the following equation:
14

T=-—7 (1)
at Wasson and Klickitat Lakes, to calculate the time, T, required for deposition of the observed
sediment volume, V, given the upstream drainage area, A, and erosion rate, E. We calculated the
drainage area above the landslide dam using 1-meter DEMs in ArcMap. In order to calculate the
sediment volume that has been deposited in the lakes since landslide emplacement, we estimated the

pre-sediment infill topography. We drew surface elevation drainage and cross-section profiles above



and below the alluvium extent, which we used to estimate the pre-landslide drainage centerline
elevation. We assumed all valleys to be v-shaped prior to sediment infilling. While we observe that the
valley bottoms are not v-shaped, catchment area at both Klickitat and Wasson Lake is small enough
that any variability in valley width is minor and will not greatly affect our calculations (May et al.,
2013). The outer edge of the alluvium elevation was extracted as points from the current surface DEM,
which were then combined and interpreted as a pre-landslide dam DEM. We subtracted this pre-
landslide dam DEM from the modern DEM (Figure 4), which resulted in the total depth of lake water
and sediment. We estimated an average lake depth from field observations, which along with lake
surface area provided a total lake volume. We removed the lake volume from the total volume of the
lake and sediment to yield the total sediment volume.

RESULTS

Klickitat Lake

We measured the rings from seven slabs and crossdated the slabs against each other to ensure
that the trees at Klickitat Lake lived contemporaneously. After comparing the mean, undated Klickitat
chronology against the Marys Peak chronology (Black et al., 2015), we determined the year of death to
be in the winter of 1751/52 AD. The correlation coefficient for the floating chronology at Klickitat Lake
and the Douglas-fir chronology from Marys Peak was 0.51 with a T-value of 8.1, values which are
conspicuously high relative to other lagged dates (Figure 6). Using the cores that we collected from live
trees on the surface of the landslide, we observed that the oldest trees began growing between 1760
and 1770 AD, approximately a decade after the landslide occurred (Figure 9). We are confident that
the trees measured here accurately reflect the age of the landslide, as the trees on the landslide
surface cannot be older than the lake.

To analyze the impact of radiocarbon inheritance on organic material in landslides, we collected
and analyzed organic detrital material found within the landslide deposit including charcoal and woody
debris ranging from twigs to pieces of entire trees. We found that collected detrital material at Klickitat
Lake provides a wide range of ages. Specifically, two detrital charcoal samples provide ages of
approximately 4400 — 4200 BC and 800 — 1000 AD, while woody material provides an age spanning
from the early 1600s AD to near-present. We also collected two samples from two tree rings
approximately 52 rings apart in a log buried in the landslide deposit, and using wiggle matching, these
samples suggest a maximum landslide occurrence during the mid- to late-1600s AD (Figure 9). Thus,
detrital carbon from the landslide deposit suggests a landslide age with high uncertainty, spanning over
6,000 years.

Using the sediment accumulation analysis above the dam, we determined an age range
spanning from 82 to 330 years BP. The range of potential ages results from applying multiple sediment
accumulation rates. Thus, the time required for the estimated volume of sediment to accumulate
behind the landslide dam translates to landslide dam emplacement between 1688 and 1936 AD, which
brackets our calculated dendrochronology age of 1751 AD.

Wasson Lake

We utilized multiple techniques to accurately constrain the age of the slide that created
Wasson Lake. Following the same technique as Klickitat Lake, we measured and crossdated tree rings
from three slabs at Wasson Lake and found the year of death for the trees to be the winter of 1819/20
AD. The correlation coefficient for the floating chronology from three samples at Wasson Lake and the
Douglas-fir chronology from Marys Peak was 0.38 corresponding to a T-value of 6.0, values that are
highly statistically significant (p < 0.01) and conspicuously greater than all other correlations (Figure 7).



Similar to Klickitat Lake, we are confident that rapid valley inundation following landslide emplacement
killed the trees prior to further growth increments being added. We also observe from increment cores
that live, old-growth western hemlock on the landslide surface began growing in the mid-1840s to
early 1850s, a similar ecesis interval to that observed at Klickitat Lake.

In addition to dendrochronological analysis of slabs and minimum ages derived from live trees
at Wasson Lake, we sampled three rings for radiocarbon analysis. We collected samples from a single
slab and are confident that the ages derived from one tree will closely match the others, as they
internally crossdate. The outermost ring yielded a modern 4C age, which was not unexpected since the
outer rings of all the slabs have undergone chemical alteration, made most apparent by discoloration
in the outer ~5 cm of wood. Rings 99 and 180, however, yield ages of 105 + 30 '4C years and 235 + 30
14C years, respectively. These *C ages correspond to two possible calendar year ages because each 14C
age crosses the radiocarbon calibration curve at multiple points. One scenario places the age of the
dead tree between 1920 and 1990 AD (Figure 10). However, the time of landslide occurrence at
Wasson Lake is not historically documented, and the trees on the landslide began growing in the 1840s
AD, much too early for landslide occurrence to be in the twentieth century. The second scenario,
spanning from 1810 to 1850 AD, is consistent with the year of death of 1819 AD derived from
dendrochronology methods as well as the trees on the landslide deposit that began growing in the
1840s to early 1850s (Figure 10). Hence, despite higher uncertainty in these ages relative to the
dendrochronology ages, these two radiocarbon samples from drowned snags help corroborate the
landslide age.

In addition to collecting radiocarbon samples from rings of standing snags, we also collected
detrital samples from the Wasson Lake landslide deposit. Two detrital charcoal samples date to
approximately 7100 — 6700 BC and 1900 — 1700 BC. Two additional pieces of wood from the deposit
date to approximately the late-1400s to mid-1600s AD and the mid-1600s AD to the near-present,
respectively (Figure 10). Bark from a standing snag in Wasson Lake also had an age ranging from the
early-1400s to early-1600s AD. In all, these **C dates alone would suggest a range of potential
landslide ages spanning potentially over 9,000 years.

Similar to Klickitat Lake, we estimated the age of Wasson Lake based on sediment accumulation
since landslide emplacement. Using several potential sedimentation rates, we determined a range of
138 to 553 years BP necessary to deposit the calculated total volume of sediment behind the landslide
dam, which translates to landslide emplacement between 1465 and 1880 AD, bracketing our calculated
age of 1819 AD.

Additional Landslide-dammed Lakes

We generated preliminary dates for several additional lakes using a combination of
dendrochronology and radiocarbon. Calculated ages of landslides in the OCR generally do not
correlate with known triggering events, including earthquakes and storms. An emerging number of
sites, however, do demonstrate some temporal clustering. For example, Burchard and Esmond Lakes
both date to the winter or early spring of 1890 AD. At both sites, the final correlated growth
increments correspond to 1889 AD; however, trees at both sites have clearly discernable early wood,
suggesting that the tree was still alive in the beginning of 1890 AD and died sometime in mid- to late-
winter, or perhaps early spring. An age of 1890 AD at Burchard Lake is further corroborated by a wiggle
matched tree branch found within the landslide deposit. We sampled wood from two rings separated
by 80 rings. The outer sampled ring was approximately 99 rings from the outer edge of the wood. 14C
ages for the branch include 245 * 35 14C years for the inner sampled ring and 115 + 30 14C years for
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the outer sampled ring. When wiggle matched, this places the inner ring forming sometime between
1680 and 1730 AD and the outer ring growing between 1765 and 1810 AD. Counting 99 rings outward
places tree death between 1864 and 1909 AD, bracketing the dendrochronology derived date of 1890
AD. Additional sites in the OCR do not exhibit similar temporal clustering, though the preliminary
maximum ages at some sites do not preclude the possibility of clustering.

Intercorrelation between
Site Age Number of trees? (Correlation
Trees Correlated .
coefficient)
Beaver Dam Max 1926 AD 2 Yes (0.582)
Burchard Winter 1889/1890 AD 3 Yes (0.468)
Carlto“lgskrz;u slide into Max 1785 AD 3 Yes (0.496)
Esmond Winter 1889/1890 AD 3 Yes (0.528)
Ham Max 1761 AD 2 Yes, moderate (0.369)
Hannah Creek Max 1924 AD 3 Yes (0.369)
Hemlock Indeterminate No (rot, different species?)
Kaupi Max 1869 AD 4 Yes (0.611)
Lobster Max 1747 AD 2 Yes (0.721)
Murphy Grade Road Max 1848 AD 3 Yes (0.713)
Parsons Creek Max 1853 AD 4 Yes, moderate (0.419)
Pearl Indeterminate No, weak
Soup Indeterminate (too old?) 3 Yes (0.518)
Spruce Run Indeterminate No
Sun Indeterminate No
Scoggins Valley Max 1875 AD 1 No
Yellow Indeterminate (too old?) 3 Yes (0.576)

DISCUSSION

Using dendrochronology of drowned trees to date landslides in Cascadia with high accuracy is
novel, as it provides the only means to improve our ability to constrain the effects of past ground
motion and high-magnitude precipitation events on Cascadian landscapes (Pringle, 2014; Weaver and
Pringle, 2003). We are confident that the time of death we calculated for the ghost forests represents
the age of the landslides; valley inundation will rapidly follow landslide emplacement, as recently
observed for landslides triggered during the 2016 Kaikoura earthquake (Jibson et al., 2018). In addition,
submergence of Douglas-fir roots should quickly result in tree mortality within a matter of weeks to a
couple months (Gadgil, 1971), ending ring growth and preserving the ring sequence that we use here.
While none of the landslides we date here are contemporaneous with the 1700 AD Cascadia
subduction zone earthquake, it may be possible that the earthquake initially destabilized or
conditioned slopes in the OCR, including at Klickitat and Wasson Lakes, with catastrophic failure
occurring later (Schulz et al., 2012), a possibility that cannot currently be confirmed. Despite the lack of
convincing contemporaneity with the 1700 AD event, the landslides we have dated extend existing
western Oregon tree ring chronologies and may improve understanding of the climate-driven impacts
on slope stability in the OCR. Furthermore, given the considerable number of deep-seated landslides in
the OCR that remain undated — many of which impound lakes or marshes with standing snags — our
approach presented here provides the opportunity to develop an unprecedented landslide database in
Cascadia and beyond.
Advantages and Pitfalls of Radiocarbon

We utilized radiocarbon techniques to corroborate the ages of Klickitat and Wasson Lakes that
we derived from dendrochronology. While the corroboration of landslide age with 'C dating proves
useful, our results also demonstrate the limitations of 1*C methods for dating landslides with high
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accuracy. Our radiocarbon results provide an uncertainty of landslide age spanning >6,000 years at
Klickitat Lake and >8,000 years at Wasson Lake. The issue of inheritance of older carbon in landslide
deposits highlights the potential for long residence times to bias landslide age estimates based on
detrital samples collected from landslide deposits. Large or particularly resilient material that takes
longer to decay may exist on the Earth’s surface for decades and potentially much longer prior to
landslide emplacement (Figures 9, 10). Our data demonstrate that this is the case for detrital charcoal.
The general practice when collecting detrital organic material from a landslide deposit for radiocarbon
analysis often fails to account for factors that likely affect the calculated age; the assumption that the
age of detrital material in a landslide is the same as the landslide relies on several key assumptions,
many of which are not always valid. Specifically, sampling larger wood from a landslide must concede
that the wood may be much older than the landslide, as the interior wood of a tree must pre-date the
time of death by many years and perhaps even centuries (Gavin, 2001; Trumbore, 2000). This is
particularly true if the outer rings of the tree are missing or otherwise not available for sampling, which
is not always obvious at the time of sample collection (Clague, 2015). Further, if the tree died prior to
landslide failure, its residence time on the landscape remains unknown (Clague, 2015; Gavin 2003). In
addition, the residence time of organic material, including pine needles and cones and leaves, on
hillslopes may sometimes be remarkably long, spanning centuries for wood to millennia for charcoal
(Figures 9, 10). Long residence times may be increasingly likely for materials that are buried deeper in
the soil column (Trumbore, 2000). Hence, assuming no contamination of younger carbon in a landslide
deposit via bioturbation, for example, landslide ages derived from 4C dating of deposits should be
considered a maximum age.

The issue of residence time on the landscape becomes less relevant for dating very old
landslides because the proportion of the residence time to landslide age shrinks. In addition, for
landslide ages that correspond to linear portions of the radiocarbon calibration curve (few ‘wiggles’),
including >500 yrs. B.P., uncertainty will be lower. However, as landslide age decreases, the
importance of residence time increases because the residence time of datable detritus may be greater
than the age of the landslide. In addition, for landslides that occurred <500 yrs. B.P., the intense
oscillation in the radiocarbon calibration curve increases uncertainty of derived ages (Figure 8). If
analyses are exclusively derived from charcoal, landslide ages appear to be significantly older, as we
demonstrate at Klickitat and Wasson Lakes. Charcoal-derived ages suggest that Klickitat Lake formed
up to 6,300 years ago and Wasson Lake formed up to 9,100 years ago (Figures 9, 10), which contradicts
our dendrochronology ages by millennia. Radiocarbon dating charcoal provides the age of the wood
when the fire that burned the wood occurred (Gavin, 2003, 2001; Pessenda et al., 2001; Scharer et al.,
2011; Trumbore, 2000), and that charcoal can persist in the landscape for millennia.

In landslide-dam lakes where drowned, standing snags are absent or poorly preserved,
sampling buried trees in landslide deposits can be conducted to minimize systematic bias. For example,
collection of large wood fragments without context invites high uncertainty, as the inner rings of a tree
may be significantly older than the landslide event. Depending on the quality of the preserved wood,
dendrochronological analysis of buried trees in landslide deposits can provide highly accurate
estimates of landslide age (e.g., Bégin and Filion, 1988; Fillion et al., 1991). In addition, bark should be
avoided for 14C dating, as it grows slowly and incorporates organic material throughout the life of the
tree, often resulting in an older calculated age (Atwater, pers. comm., 2017; Gavin, pers. comm., 2018).
We encountered this problem when attempting to use bark for preliminary dating of snags at Wasson
and Klickitat Lakes; *4C ages from bark of the standing snags in Wasson Lake produced ages
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approximately 200 years too old (Figure 10). While bark from Klickitat Lake provided ages that bracket
the true age of 1751 AD, the location of the ages on the radiocarbon calibration curve provides an
ambiguous date, with 1751 AD being only one of many possible ages (Figure 9). Given these potential
complications when dating a landslide using radiocarbon, great care should be taken to sample
material that will derive the age most likely to be contemporaneous with landslide occurrence.
Calibration of Other Landslide Dating Techniques

Dendrochronology provides landslide ages with sub-annual accuracy, a capability currently
unmatched by other dating techniques. However, dating methods such as radiocarbon,
tephrochronology, landslide creep rates, and surface roughness dating are more widely used given the
limited settings in which dendrochronology is applicable (Booth et al., 2018, 2017; Cerovski-Darriau et
al., 2014; Clague, 2015; LaHusen et al., 2016; Leithold et al., 2018; Schulz et al., 2012). Calibration of
these methods with the landslide ages that we derived by dendrochronological means may facilitate
the use and testing of these techniques, particularly in forested landscapes subject to similar
geomorphic processes as the OCR.

Calibration of the surface roughness dating technique by dendrochronology could greatly
enhance its utility, especially if a large suite of landslide-ages from dendrochronology could be used to
refine a surface roughness calibration curve for western Oregon (Booth et al., 2017, 2009; LaHusen et
al., 2016). Surface roughness dating could then be applied to numerous landslides in western Oregon
of variable size and morphology. Clarification of the frequency and magnitude of recent landslides (<1
kyr) will improve assessments of modern landslide hazards, and dating of the oldest landslides from
soil residence times or exposure ages will be useful for studies of landscape evolution in the OCR (e.g.,
Almond et al., 2007).

To preliminarily determine if surface roughness is a good indicator of landslide age in the OCR,
we calculated the surface roughness (standard deviation of slope) of the landslides at Klickitat and
Wasson Lakes. Using a 15-meter moving window, we found average surface roughness values of 4.4 at
Klickitat Lake and 7.3 at Wasson Lake. These values indicate lower roughness at Klickitat Lake and
higher roughness at Wasson Lake, which is consistent with the older age of Klickitat Lake. We
compared these surface roughness values to the roughness-age calibration curve of LaHusen et al.
(2016) and found that the roughness of the landslide at Wasson Lake is consistent with a landslide age
of 1819 AD. The low roughness of the landslide at Klickitat Lake, however, suggests a landslide age of
~7000 B.P., much older than the calculated age of 1751 AD. Therefore, calibration of the roughness-
age curve for the OCR is necessary, as our data thus far are not consistent with roughness-age curves
constructed in different lithologies (LaHusen et al., 2016). Further, the landslides that form Klickitat
and Wasson Lakes, while large, do not exhibit the same deep-seated morphology as the landslides that
often define entire hillslopes throughout the OCR (Cruden and Varnes, 1996; Roering et al., 2005). The
Klickitat and Wasson landslides are morphologically more consistent with large flow-like failures, as
their form is elongate and they appear to have had a more fluid and longer runout (Cruden and Varnes,
1996). The scale of these landslides also complicates measurement of surface roughness, as bare earth
lidar data resolution on heavily vegetated landslides in the OCR results in low point densities that
potentially artificially introduce erroneous surface roughness. If surface roughness dating is to be used
in the OCR to constrain forcing mechanisms and provide targeted sites for dendrochronology,
additional work is needed to constrain how lithology and landslide style influence morphology that
provides the basis for age-roughness curves. In addition, re-filtering of lidar data is necessary at some
sites to ensure sufficient ground coverage.
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The ages that we calculated from sediment infilling at Klickitat and Wasson Lakes bracket the
ages determined from dendrochronology. The volume of alluvial sediment that filled in the valleys
upstream from the landslide dams is useful beyond simply corroborating the dendrochronology-
derived landslide ages. Assuming prior knowledge of erosion rate and pre-landslide topography,
calculating landslide ages from sediment infilling could be applied rapidly to sites throughout Cascadia.
Initial calculation of ages with sediment infilling may pinpoint sites suitable for targeted
dendrochronological analysis, especially if searching for landscape response to a specific triggering
event, such as the 1700 AD earthquake. However, confirming that dams trap sediments is necessary
because infilled dams that do not store sediments are poor recorders of sedimentation. In addition,
the alluvial record preserved upstream of landslide dams is an effective tool for extracting
paleoclimate, biotic, and surface process records (e.g., Mackey et al., 2011; Marshall et al., 2017;
Morey et al., 2013; Richardson et al., 2018).

The complementary nature of radiocarbon, tephrochronology, creep rates, sediment infilling,
and surface roughness dating methods with dendrochronology is useful because dendrochronology,
while more accurate, is more time-intensive, and limited to sites with standing snags. The ability of
techniques, such as sediment infilling and surface roughness dating, to generate age estimates for
large portions of the landscape in Cascadia allows for targeted dendrochronology field work and
investigation of spatial patterns that may relate to seismic triggering or other forcing mechanisms.
Improved Dating of Existing Landslide Ages

Standing Douglas-fir snags at landslide-dammed lakes not only provide high accuracy ages for
landslides, but also extend existing tree ring chronologies for the region, which increases the temporal
reach of paleoclimate studies in Cascadia and improves the probability of dating older landslides. While
using dendrochronology to date landslides is not applicable in locations where trees are not available,
it may be a viable dating mechanism at some locations to constrain the age of landslides. For example,
Leithold et al. (2018) provide a single radiocarbon age for a sub-aerial landslide in the Olympic
Mountains, Washington, and posit that it may be connected to the 1700 AD Cascadia earthquake. For
their radiocarbon analysis, they collected wood from the outermost ring of a snag found in a terrace
deposit adjacent to the landslide. For sites such as these, it may be possible to crossdate the tree ring
timeseries from the snag and neighboring snags with existing chronologies in the region to better
constrain the age of that landslide (Leithold, pers. comm. 2018). Similarly, other large landslides with
established ages in the OCR may have heretofore unidentified standing snags that may help either
constrain the age of the landslide, or if too old for crossdating with existing chronologies, provide
important data on paleoclimate in the region. As more landslides, specifically in a single region, are
dated with high-accuracy dendrochronological methods, existing tree ring chronologies will continue to
be extended, improving the possibility of dating even older landslides.

CONCLUSIONS

We exploited the ubiquitous signature of deep-seated landslides in the OCR to investigate
seismic and climatic forcings on the Cascadia landscape. Using ‘ghost forests’ at landslide-dammed
lakes in the OCR, we calculated sub-annually accurate landslide ages including the winter of 1751/52
AD and the winter of 1819/20 AD at Klickitat and Wasson Lakes, respectively. Even though we have yet
to link the 1700 AD earthquake with landsliding, the high-accuracy ages that we have derived for
landslides in the OCR allows for in-depth investigation of slope-triggering mechanisms, including severe
climatic forcings as well as earthquake triggered landslide initiation followed by delayed catastrophic
failure. In addition, development of extended tree-ring chronologies from standing snags at landslide-
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dammed lakes, in conjunction with existing chronologies in western Oregon, will provide key
constraints on the regional climate in Cascadia throughout the last 600 or more years.

While dendrochronology provides high, often sub-annual, accuracy dating of landslides, ghost
forests are not common features. We have demonstrated that the variance of ages for detrital 14C
dating of landslides can be large, up to 6,000 years at Klickitat Lake and almost 9,000 years at Wasson
Lake; however, cautious and redundant sampling of landslide detritus for 4C analysis will increase the
probability of obtaining a representative age. In addition, sediment infilling calculations of landslide
age are useful for pinpointing sites for future targeted dendrochronological studies, as our results from
sediment infilling rates bracket dendrochronology-derived landslide ages. Hence, traditional methods,
such as 1%C dating, sediment infill dating, and surface roughness dating are key tools for determining
landslide ages. Calibration of these methods using dendrochronology will promote more accurate ages,
particularly in regions that are subject to similar surface processes as the OCR. These enhanced dating
techniques may then be used to construct a landslide age database for western Oregon, which will
allow for testing of both seismic and climatic triggering mechanisms on slope stability in Cascadia.
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PROJECT DATA:

The data will be made publicly available through the University of Arizona Dendro database and the
samples will be permanently archived at the Laboratory of Tree-Ring Research (LTRR) using established
protocols. Radiocarbon results will be archived via http://www.geochron.org/

ADDITIONAL PRODUCTS:

Lahusen, S., A.R. Duvall, A.M. Booth, A. Grant, J. Wartman, W. Struble, J. Roering, and D. Montgomery,
(2018), Megathrust Earthquakes and Coseismic Landslides in Cascadia: Insights from a New Inventory
of Thousands of Landslides Dated Using Calibrated Surface Roughness, AGU Fall Mtg, Washington, D.C.

Tuesday, 11 December 2018 13:55 - 14:10 Walter E Washington Convention Center - 147A

ABSTRACT: Coseismic landslides are major secondary hazards of large earthquakes, often responsible
for much of the total human and economic losses and significant alteration of the landscape. In the
Pacific Northwest U.S., large earthquakes up to magnitude 9 have been shown to occur, on average,
every ~300-600 years along the Cascadia Subduction Zone megathrust. The latest such event occurred
318 years before present, in AD 1700. Despite excellent constraints on the timing of this earthquake,
the effects of intense shaking on the landscape are poorly understood. Regression models from
historical coseismic landslide inventories predict thousands of landslides triggered by a magnitude 9
earthquake, but not a single landslide has yet been definitively linked to the AD 1700 quake. Here, we
interrogate spatial and temporal patterns in landsliding in the central Oregon Coast Range (OCR) using
a newly mapped inventory of 5,000 deep-seated landslides within Tyee Formation rocks. With this new
dataset, we will apply a landslide surface roughness dating technique first trained on deep-seated
slides near Oso, WA. This approach augments quantitative surface roughness analysis with a suite of
radiocarbon and dendrochronology ages for 14 landslides ranging in age from 200 — 40,000 ybp,
including 12 landslides not previously dated. Using roughness as a proxy for age, we develop an
extensive regional landslide chronology covering 4,000 square km of the OCR and assess clustering in
landslide timing and location (distance from the megathrust). Beyond looking for patterns in AD 1700
coseismic landslides, our inventory offers an unparalleled look at how landslides erode this tectonically
active landscape on longer timescales, acting to limit orogenic growth over hundreds of earthquake
cycles.
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Figure 1: Western Oregon and landslide-dammed lakes. Red triangles represent the two
landslide-dammed lakes we date in this study, Wasson Lake and Klickitat Lake. Maroon squares
are the sites of Douglas-fir chronologies constructed in Black et al. (2015). Scaled color contours
represent the expected peak ground acceleration during a My, 9 Cascadia subduction zone
earthquake (Madin and Burns, 2013).



Figure 2: A. Map of the Wasson Lake site, including the current and estimated high water levels,
with the landslide dam outlined in red. B. Aerial imagery of Wasson Lake. C. Standing Douglas-
fir snags in Wasson Lake.
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Figure 3: A. Map of the Klickitat Lake site, including the current and estimated high water
levels, with the landslide dam outlined in red. B. Sampling Douglas-fir snags in Klickitat Lake.
C. Example of slab extracted from standing snag.
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Figure 4: Maps of the estimated pre-sediment infill DEM (brown) and elevation points (black
dots) used to calculate landslide age from valley alluviation at Klickitat and Wasson Lakes.
Watershed extent above landslide dam highlighted in blue.
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Figure 5: Examples of the measurement time-series for Klickitat and Wasson Lakes lagged and
fit against the Marys Peak Chronology. The lagged correlation coefficient corresponding to these
two dates is conspicuously high relative to other potential years, thus showing the year of death
of the trees and accurate dating of the landslide.



Correlation Coefficient

T-value

05

04

02

-0.2

-0.4

10

Klickitat Lake Correlation with Marys Peak Chronology

1750

1700

1800

1900

Year (AD)

2000

2100

2200

1700

1750

|
1800

|
1900

Year (AD)

|
2000

|
2100

|
2200

Figure 6: Correlation plots for hanging chronology generated at Klickitat Lake lagged against chronology from Marys Peak, Oregon
(Black et al., 2015). Both the correlation coefficient and T-value (correlation coefficient normalized by the sample size) are
significantly and conspicuously high for the year 1750, relative to other years. Note that the year 1750 corresponds to the last
measured ring, while 1751 was the year of the last growth increment.
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Figure 7: Correlation plots for hanging chronology generated at Wasson Lake lagged against chronology from Marys Peak, Oregon
(Black et al., 2015). Both the correlation coefficient and T-value (correlation coefficient normalized by the sample size) are
significantly and conspicuously high for the year 1819, relative to other years.
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Figure 8: Radiocarbon calibration curve (blue) between 1600 AD and present (1950). Note the
oscillation of the curve, resulting in several potential calendar year (Calibrated date) ages for
each '*C sample (Radiocarbon determination). If searching for a specific event, such as the 1700
AD earthquake, multiple values *C ages could suggest, possibly erroneously, a calendar year of
1700 AD. Red PDF provides range of potential '“C ages that may suggest 1700 AD as a possible
calendar year age. Figure modified from Reimer et al. (2013).



Klickitat Lake

Landslide Age, Winter 1751/52

Sediment infilling age

I
1
C H Ecesis Interval (10 live trees)

Standing Snag Bark _ e A 0 a KL1

Standing Snag Bark —_ y . 1A - KL2

max. age

—
Deposit, Wiggle ) —“‘— R 1 KL3a
Matching e e 113,

Gap 52 years

Deposit, Wood Nl SRS . KL4

1751

= T T ]
1400 - 1600 1800 ZIUOD
Do Calendar Years AD .
TRy Landslide Age
- Winter 1751/52
Deposit, KL5 =
Charcoal "’ Deposit, Charcoal A KL ~ - "
I T T T T T T T T T T T T T T T ‘ T 1 | T 1 I 1
4600 4300 4000 3700 3400 3100 2800 2500 2200 1900 1600 1300 1000 700 400 100 200 500 800 1100 1400 1700  Present

0
Calendar Years BC Calendar Years AD

Final ring: age of tree at core collection
D 9: 29 * : Approximate center ring, year of growth initiation

T

LR ME LR R LA LTI 227 RPN Z

A R SNV ST T ) Ty /i s NS W 7

Ll T i TS TS 5SSO S e F oy e [
T I ik Z 7 o= =

Bark

Figure 9: A. Example of large log buried by landslide deposit. Samples from this tree were collected from the outermost exposed
wood. B. Collection of live cores from live old growth on the landslide deposit. C. Radiocarbon results from Klickitat Lake. Each
sample labeled according to the type of material (wood, bark, charcoal) and its relative location (lake, deposit). Each sample age is
displayed as a PDF, based on where its '*C age lies relative to the *C calibration curve. Multiple PDFs for a single sample represent a
part of the radiocarbon calibration curve that has multiple ‘wiggles.” Sample KL3 is a wiggle matched sample, where wood from two
rings separated by 52 rings produces two separate PDFs, which are then constrained given the inner ring must be 52 years older than
the outer ring. The sediment infilling ages are calculated from alluviated portions of the landslide-dammed lake and valley and span
over a range of potential erosion rates. Absolute landslide age from dendrochronology represented as a red line in the winter of 1751-
52. D. Example of cores collected from live old growth on the landslide surface, as seen in B.. These trees cannot be older than the
dendrochronology-derived age. The cores from these trees show that they began growing approximately a decade after landslide
emplacement, labeled the ecesis interval in C.
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Figure 10: A. Charcoal buried in the landslide deposit at Wasson Lake. B. Collection of live cores from live old growth on the
landslide deposit. C. Radiocarbon results from Wasson Lake. Each sample labeled according to the type of material (wood, bark,
charcoal) and its relative location (lake, deposit). Each sample age is displayed as a PDF, based on where its '“C age lies relative to the
14C calibration curve. Multiple PDFs for a single sample represent a part of the radiocarbon calibration curve that has multiple
‘wiggles.” Wiggle matched sample constrains the time of death PDF by using the 81-year gap between the inner ring and outer ring to
require the inner ring to be the older sample, and then counting out the final 99 years to the year the tree died. The sediment infilling
ages are calculated from alluviated portions of the landslide-dammed lake and valley and span over a range of potential erosion rates.
Absolute landslide age from dendrochronology represented as a red line in the winter of 1819/20. D. Example of cores collected from
live old growth on the landslide surface, as seen in B. These trees cannot be older than the dendrochronology-derived age. The cores
from these trees show that they began growing approximately a decade after landslide emplacement, labeled the ecesis interval in C
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