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ABSTRACT: Sediment cores retrieved from landslide-dammed Loon Lake recorded events back to the 5th century AD in a forested,
mountainous catchment, thereby providing an opportunity to compare the impacts of known recent perturbations, including floods
and timber harvesting with those of an early period in the cores, floods, fires, and earthquakes. High-resolution multi-parameter
(grain size, %TC, %TN, and magnetic susceptibility) data allowed the core stratigraphy to be classified as background sedimentation
and events. 137Cs and radiocarbon dating, as well as a varved record in the last 75 years provided age control. Mean mass accumu-
lation rate from 1939 to 1978AD, the time of peak timber harvest and a cool wet phase of the Pacific Decadal Oscillation, was 0.79
(0.74–0.92, 95% C.L.) g cm-2 y-1, significantly higher than mean rates of both the more recent contemporary period (coincident with
the passing of the legislation that regulated harvesting practices in the region), 1979–2012AD, at 0.58 (0.48-0.70) and the entire
early period, 0.44 (0.41–0.46). Several event deposits are coeval with independently estimated ages of eight Cascadia subduction
zone earthquakes in the early period, including the 1700AD Mw 9.0 event. These deposits are predominantly formed by
hyperpycnal flows, as are the known event deposits in the contemporary period. The high mass accumulation rate and greater fre-
quency of thick event deposits during the early contemporary period point to the extraordinary role of timber harvesting in priming
the landscape for subsequent sedimentary delivery during floods. Copyright © 2017 John Wiley & Sons, Ltd.
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Introduction

Floods, earthquakes, and denudation of vegetation on the
landscape by fire and anthropogenic land clearance (i.e. timber
harvesting) act to mobilize and transport sediment from moun-
tainous watersheds. Within mountains on tectonically active
margins denudation rates can be high, where climate physi-
cally and chemically weathers regolith and bedrock (e.g. 0.05
to 0.3mm y-1 in Oregon Coast Range; Reneau and Dietrich,
1990; Heimsath et al., 2001). Therefore, lakes in these environ-
ments have the potential to capture an integrated record of
processes affecting the sediment routing system and its
response to human activities and other extreme events. Devel-
oping such a sedimentary record and being able to decipher its
meaning contributes to an understanding of Earth system
processes over a broad range of timescales, including the
human timescale (Allen, 2008).

Research globally has shown that for years to decades
following earthquakes, landslides may persist due to the weak-
ening of the substrate and lowering the threshold for failure,
thereby leading to elevated sediment fluxes from hillslopes
(Crozier, 1986; Hovius et al., 2011; Howarth et al., 2012).
Landslides and other erosional processes increase immediately
post-fire and may persist for years (Swanson, 1981), and may
account for a significant fraction (10–25%) of the long-term
erosion in the Oregon Coast Range (Roering and Gerber,
2005; Jackson and Roering, 2009). Elevated erosion rates
post-wildfire, and presumably post-earthquake, are controlled
by hydroclimate (Warrick et al., 2012). However, the long-term
impact of this interaction of climate with fires and earthquakes
on sediment dynamics is less well-known.

Forestry operations, such as road building, timber harvesting,
and site preparation, can expose mineral soils, decrease infiltra-
tion capacities of soils, and increase erosion and peak flows
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(Beschta, 1978; Jones and Grant, 1996; Swanson and Jones,
2002; Litschert and MacDonald, 2009; Hatten et al., 2018).
After forest management activities on steep hillslopes, mass
movements can result in substantial increases in suspended
sediment transport to stream channels (Beschta, 1978).
Historical practices conducted without riparian buffers or other
protection measures increased the potential for delivery of sed-
iment to streams (Beschta, 1978; Swanson and Jones, 2002).
Timber harvest regulations and best management practices
have been developed and implemented to reduce nonpoint
source pollution associated with forest management activities
(Ice, 2004). However, there have been many contradictory
results from different studies of improved timber operations
(Aust and Blinn, 2004; Anderson and Lockaby, 2011; Cristan
et al., 2016). Therefore, there is a need to understand the
impact of historical and contemporary practices on sediment
dynamics in catchments dominated by intensive forest
management.
The purpose of this research was to investigate changes in

sedimentation in Loon Lake (LL), a small lake in the Oregon
Coast Range whose catchment has been heavily impacted by
timber harvesting and road building since the early 20th cen-
tury. For several reasons, lakes can provide a high-fidelity re-
cord of events in a catchment. As an inland sink, lakes have
accommodation space to trap a high proportion of inflowing
particulates from the catchment (Owens and Slaymaker,
1993) and it is hydrodynamically unfavorable to remobilize
material out of most lakes (Dearing, 1991; Wetzel, 2001). Addi-
tionally, anoxic bottom waters that are often present preclude
bioturbation, thereby facilitating preservation of stratigraphy
(Edmondson, 1991; Page et al., 1994, 2010). The relatively
small source-to-sink area ratio of a lake allows for a rapid re-
sponse to environmental changes and forcing variables (Cohen,
2003). Lastly, lake sediment accumulation rates can be rapid
(0.1–4 cm y-1), resulting in high-resolution records that are of-
ten seasonal to decadal (Cohen, 2003; Orpin et al., 2010).
By obtaining sediment records spanning the past

~1500 years from LL, we compared the relative contributions
of sediment production and delivery by the four major pertur-
bations within this catchment: earthquakes, forest fire, flood,

and timber harvesting. Herein we address the following ques-
tions and hypotheses: How are these forcings recorded in the
lake sediment, i.e. what is the structure of the recorded beds,
and what is their frequency? What role do large hydrologic
events have in the sedimentation of the lake? We hypothesize
that earthquakes would be recorded since this work is
conducted within the Cascadia subduction zone (CSZ), but
asked the question: how are they manifested? Also, how does
sediment accumulation rate (SAR) change in response to events
and background sedimentation through time? Lastly, can the
effects of timber harvesting and changes in forestry practices
after 1971 be detected within the sediment column? We
hypothesize that timber harvesting would increase sediment
accumulation rates, and that improvements in forest harvest
practices would result in lower SAR. An annually-resolved
record in the last 75 y allows a narrative of the interaction of
hydrologic and anthropogenic forcings in the contemporary
period, and a window into understanding past forcings, repre-
sented by the stratigraphy of the early period.

Methods

Study area

Loon Lake is a 4-km-long landslide-dammed lake located
30 km east of the Pacific Ocean within the Oregon Coast Range
(OCR) (43.585° N, 123.839° W; Figure 1). With an elevation of
128m, LL has a surface area of 1.2 km2 and a catchment area of
230 km2. It lies within the western hemlock (Tsuga
heterophylla) vegetation zone (Franklin and Dyrness, 1988)
and is underlain by the Eocene-aged Tyee and Elkton Forma-
tions (Baldwin, 1974), which contain rhythmic, thickly bedded
sandstone and interbedded carbonaceous siltstone. Within
these steep and deeply dissected mountains (total relief of
680m), deep-seated landslides, shallow landslides, and debris
flows dominate hillslope geomorphic processes and sediment
transport out of unchanneled valleys on low-order tributaries
(Dietrich and Dunne, 1978; Heimsath et al., 2001; Roering
et al., 2005).

Figure 1. Lower Umpqua River Basin and precipitation. LL catchment is shown in red on the regional map of a portion of Cascadia (left), and
outlined in black on the Umpqua basin and precipitation map. LL is at the north end of the catchment, south of the gaging station at Mill Creek (USGS
#14323000). Elkton gaging station (USGS# 14321000) is ~20 km east of LL catchment. Sources: PRISM Climate Group (2004), National Hydrology
Data set (NHD), Environmental Systems Research Institute (ESRI), 1998. [Colour figure can be viewed at wileyonlinelibrary.com]
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In Cascadia, natural forcings such as extreme floods,
megathrust earthquakes, and wildfires that may be recorded
in sedimentary sinks are numerous. Average annual precipita-
tion in the LL catchment is 1700–2400mm (Figure 1), falling
mostly as rain in November – April, with summertime drought.
Occasionally, high intensity, long-duration rainfall events from
so-called ‘atmospheric rivers’ (Ralph and Dettinger, 2012)
punctuate the usual wintertime low-intensity precipitation and
result in regional flooding. Recent extreme precipitation events
in the area occurred in water years (WY) 1965, 1982, 1996,
and 1997 (a summary of historical events can be found in the
Supplementary materials section and Table S1). The Pacific
Decadal Oscillation (PDO; Mantua et al., 1997) has been
shown to influence inter-annual stream flow and the magnitude
of peak flows in the Umpqua River basin (Wheatcroft et al.,
2013), of which the LL catchment is a part.
Lying within the Cascadia subduction zone (CSZ), LL has

experienced several earthquakes during its approximately 1.6
ky existence (Leonard et al., 2010; USGS, 2012). These
megathrust earthquakes periodically shake the regolith (Nelson
et al., 2006) at a recurrence interval of between 260 and 600 y,
depending on along-margin location (Witter et al., 2012), and
have estimated moment magnitudes of 8 to 9 (Goldfinger
et al., 2012). While fire in the OCR prior to anthropogenic
suppression recurred every 230 ± 30 y (Long et al., 2007).
Landslides and other erosional processes increase immediately
post-fire and persist for years (Swanson, 1981), and may
account for a significant fraction (10–25%) of the long-term
erosion in the OCR (Roering and Gerber, 2005; Jackson and
Roering, 2009). Based on historical accounts and inferences
from dendrochronology, the only large fires in the LL catchment
occurred at about 1765 and 1868AD. Given that the last large
fire occurred in 1868AD, and that the last CSZ earthquake
occurred in 1700AD (Table S1), the catchment has been free
of these two perturbations for ~150 y.
Human actions, especially timber harvesting and associated

activities such as road building have impacted the LL catch-
ment for the past ~120 y. Although timber was harvested
around LL early in the 20th century (USDI, 2005), it did not
begin in earnest until the 1940s in the Elliott State Forest and
BLM lands (Figure 1; USDI, 2005) as well as in the upper
catchment. During the 1950s the lake was used as a log dump
(USDI, 2005). In the 1960s, timber harvest sharply increased by
the largest landowner, a private company (Figures 2(a), S1), so
that by 1971 about 20% of the catchment had been harvested.
From 1972 to 2012, ~50% more of the LL catchment was
harvested (Figure 2(c)), reaching peak harvest in the 1970s.
During the period of peak logging, the 1971 Oregon Forest
Practices Act was passed (Oregon, 2001). As a result, rules on
timber harvest best management practices began to be imple-
mented (Hairston-Strang et al., 2008). Recent work has shown
that contemporary harvesting practices in western Oregon have
little impact on suspended sediment concentrations and fluxes
(Hatten et al., 2018). We hypothesize that the passing of the
Oregon Forest Practices Act would be associated with a
reduction in sedimentation in LL, however the magnitude of
any change is uncertain.
Physicochemical properties of LL itself play important roles in

its sedimentation. The lake has an average and maximum depth
of 16 and 32m, respectively, and flows out over the sandstone
landslide-debris dam as Mill Creek (Figure 2(a)–(d)). It develops
a strong thermocline in the summer and becomes isothermal in
the winter (Curtiss et al., 1984). During and following high-
magnitude rainfalls, the lake level was observed to rise and
water became turbid for days to months. Beyond episodic storm
turbidity, water quality has changed in the 20th century. While
the lake was used as a log dump, the water was said to be brown

(Phillips, pers. com., 2015). The likely effect of rapid extinction
of light at shallow depths may have inhibited photosynthesis by
phytoplankton (Schuytema and Shankland, 1976). Additionally,
bacterial decomposition of organic matter in the water column
may have increased dissolved oxygen demand (Ho and
Ching-Yan, 1987), possibly leading to anoxic conditions in the
lake bottom. In November 1977, the USGS measured dissolved
oxygen profiles and found the water at the bottom of the lake to
be anoxic (Rinella, 1979). In the 1980s it was noted that algae
populations in the water column increased in the summer and
that bottom water dissolved oxygen was again depleted (Curtiss
et al., 1984). Finally, the lake was shown to be somewhat
productive (mesotrophic) in the 1990s (Oregon DEQ, 1992).

Coring

Three sampling expeditions in 2013 yielded 20 cores of which
three were chosen for detailed analysis in this study (Table I).
Information on the other cores collected in this project can be
found in Richardson (2017). A Nesje corer (Nesje, 1992) and
a custom-built pontoon boat were used to recover the two
longest cores (02aN and 02bN), which were taken in the
deepest basin approximately 5m apart. These act as replicate
cores, and most of the sediment analyses were done with these
and a large-diameter gravity core also from the deep basin
(02N, Figure 2(b)). The Nesje cores were cut on the pontoon
boat into ~1.5m sections, but at slightly different lengths to
preserve all stratigraphy. Cores were placed in an upright
position until split, and were refrigerated at 3°C at the field site
and while in storage at the OSU Marine and Geology Reposi-
tory (OSU-MGR).

Sediment core analyses

Whole cores were scanned by X-ray computed tomography
(CT) at OSU’s Veterinary Hospital within 8 d of coring,
producing X-radiographs that allow visual inspection and
measurement of core stratigraphy and assessment of relative
density based on gray scale value. They were then run
through a Multi-Sensor Core Logger (MSCL) for measurement
of wet bulk density by gamma-ray attenuation. Dry bulk
density (g cm-3) was calculated by standard techniques from
wet bulk density (Dadey et al., 1992), and then was used
to calculate dry sediment mass. Using mass instead of length
in sedimentation rate calculations allows comparison of rates
throughout the core by accounting for in situ compaction of
sediment (Besonen et al., 2008), as was observed in Loon
Lake cores.

Cores were split and described according to standard
techniques within weeks to months of collection. For grain size
and elemental analysis, bulk sediment samples were removed
in 1-cm increments the entire length of core 02aN, and in some
sections in cores 02bN and 02N after the cores were
stratigraphically correlated. A roughly 6 g sub-sample from
each depth interval was heated to 70°C in a hot water bath
and treated to one to several treatments of hydrogen peroxide
(30% H2O2) to remove organic material so that only the
mineralogic fraction remained for grain size analysis (Gray
et al., 2010). Grain size was then measured on a Malvern
Mastersizer 2000 following methods described in Sperazza
et al. (2004). The output is grain size in 100 bins as a percent-
age of the total volume of sample.

For elemental analysis, 10–20mg aliquots were combusted
at high-temperature in a Flash EA1112 Elemental Analyzer that
yielded weight-percent total carbon (%TC) and total nitrogen
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(%TN). In a separate analysis, 30 representative samples
throughout the core were vapor acidified to determine the per-
centage inorganic C (Hedges and Stern, 1984). This analysis
showed that <5% of samples have inorganic C, likely from

bedrock. Because of the possibility of inorganic carbon (IC)
being present, albeit small, the %TC will continue to be
referred to as such, while recognizing the predominance of
organic carbon.

Table I. Metadata for cores used in this study. Coring devices used were Nesje percussion piston corer (PC) and large-diameter gravity corer (GC)

Core name Date
taken

Inner core
diameter (cm)

Original
length (m)

Latitude
(°N)

Longitude
(°W)

Depth of
water (m)

Coring
device

02aN 9/12/2013 7.3 7.03 43.59166 123.83901 31 PC
02bN 9/12/2013 7.3 6.26 43.59165 123.83907 31 PC
02N 9/13/2013 10.1 1.67 43.59139 123.83894 31 GC

Figure 2. LL catchment: land ownership, lake bathymetry, harvest, slope. (A) Land ownership and Mill Creek gaging station location. (B) LL bathym-
etry and core locations of key cores (map adapted from Rinella, 1979 and Curtiss et al., 1984). C) Harvest area 1972–2012AD detected by remote
sensing (Cohen et al., 2002; Kennedy et al., 2012). D) Slope of terrain; flat valley south and above lake (shown as white) is probably the old lake
bed. [Colour figure can be viewed at wileyonlinelibrary.com]
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Core chronology and mass accumulation rates

To date the recent past, 137Cs and 210Pb activitiesweremeasured
by γ-ray spectroscopy (Wheatcroft and Sommerfield, 2005).
Samples were taken from core 02N in 0.5- and 1-cm-thick
increments, freeze-dried, ground with a mortar and pestle, and
stored in polystyrene counting jars. Samples were counted for
>24h on two Canberra Low Energy Germanium (LEGe)
detectors and the 46.5, 352 and 661.6 keV photopeaks used to
quantify activities of 210Pb, 214Pb (to estimated supported levels
of 210Pb) and 137Cs, respectively (Wheatcroft and Sommerfield,
2005). Activities of 210Pb and 214Pb were consistently near or
below detection limits and sowere not considered further. Once
the depths of the 1963 peak of atmospheric 137Cs deposition and
1953 date of onset were identified, these locations were
correlated with the smaller diameter Nesje cores, 02aN and
02bN, using the CT scans.
Linear and dry mass accumulation rates (SAR, MAR; cm y-1,

g cm-2 y-1) in the recent past (hereafter, ‘contemporary period’)
were calculated as both a simple ratio of sediment mass
accumulated by time as well as a by the slope of a regression
line of accumulated sediment over time. To address how mass
accumulation rates have changed in response to various
forcings in the contemporary period, two different periods
about a single breakpoint were compared. To test for signifi-
cance of difference in the two periods’MARs, a multiple regres-
sion separate lines model with a climate covariate from
correlated instrumental data was used (Ramsey and Schafer,
2013). The covariate in the model was discharge (Q) from the
nearby gaging station on the Umpqua River at Elkton
(Figure 1) because there is a strong correlation between this
gage and the gagge at Mill Creek, outflow of LL (Figures 2(a),
S4). The regression model to compare contemporary period
MAR was accomplished by generalized least squares with R
statistical software (R Development Core Team, 2016), and
accounted for lack of independence and homogeneity in the
residuals (Table S2; Zuur et al., 2009). When comparing MAR
between the contemporary periods and earlier periods, mean
MAR was estimated without the Q covariate in the regression
model because of the absence of instrumental data in the
earlier periods.
The breakpoint was determined by considering the period of

recovery following timber harvest. In studies of timber harvest-
ing practices employed prior to the Oregon Forest Practice Act
of 1971, road building, harvesting, and site-preparation
resulted in elevated suspended sediment for 2–10 y in paired
watershed studies in this region (Swanson and Jones, 2002;
Beschta and Jackson, 2008; Keppeler, 2012). In a watershed
most comparable to LL (same physiographic region and
geologic formation) suspended sediment yields returned to
pre-harvest fluxes after 7 y in the Alsea Watershed Study
(1959–1973; Beschta and Jackson, 2008; Hatten et al., 2018.
Therefore, many roads and harvest units within the LL
watershed are likely to produce elevated suspended sediment
for several years after harvesting rules were passed. To account
for this lag we implemented a 7-y lag in our analysis
(breakpoint at 1978-1979).
To obtain macrofossils for radiocarbon dating of the ‘early

period’ (i.e. pre-1880), 1-cm-thick core slices were wet-
sieved in search of minimally degraded material of sufficient
mass (~1mg) that typically consisted of leaves, needles, and
cone-bracts. After physical cleaning, samples were chemi-
cally treated with an acid-alkali-acid wash (Björck and
Wohlfarth, 2001), dried, and sent to the National Ocean Sci-
ences Accelerator Mass Spectrometry (NOSAMS) Laboratory
for analysis. The resulting 14C dates were calibrated with
Oxcal program v4.2.4 (Bronk Ramsey, 2009a) with the

IntCal13 atmospheric curve data set (Reimer et al., 2013).
The output was likelihood probability distributions expressed
in 2∂ ranges. By applying prior knowledge about possible
non-steady sediment deposition (Bronk Ramsey, 2008) and
outliers (Bronk Ramsey, 2009b), Oxcal generated marginal
posterior densities (MPDs), and with those, calculated cali-
brated age ranges referred to as highest posterior densities
(hpd; Figures S6, S7).

Sediment and mass accumulation rates were calculated with
the marginal posterior densities (MPDs). Using a Monte Carlo
(MC) approach, by resampling with replacement (n=5000)
from these distributions, a representative sample of rates was
developed using R statistical software (R Development Core
Team, 2016; Blaauw, 2010; Richardson, 2017). Summary
statistics on the sampling distribution could then describe an
estimated sediment and mass accumulation rate. The MPDs
were used for this purpose instead of median or other single
central value because the single point does not accurately rep-
resent the range of years in which the calibrated year could ac-
tually be (Telford et al., 2004) and the densities are generally
multimodal (e.g. 14C sample LL2; Figures S6, S7). Specifically,
a single age within each of the MPDs was drawn, weighted
by its probability of ages within the distribution. With the draws
from the ages and their associated depths, a least squares
regression was constructed, and from this a MAR and SAR
was calculated. Resampling in this manner continued until
5000 stratigraphically-correct draws were obtained and the
resulting estimated rates were accrued. To examine changes
in MAR in shorter lengths of time in the past, the same method
of MC type resampling from the MPDs was used to build distri-
butions of MAR of core regions bound by 14C dated layers.

Between the early 14C-dated period and the contemporary
137Cs-dated period exists a ‘gap period’, where there is no
direct chronology. To estimate the MARs in this interval,
summary statistics were calculated from a distribution as was
done for the 14C-calibrated dates. MC type method resampled
between the MPD of the most recent 14C calibrated age
(excluding outliers) and the age of the bottom layer of the
contemporary period.

Results

Core stratigraphy

X-radiographs of cores 02aN and 02bN reveal a rich stratigra-
phy that is comprised of distinct layers, beds up to 23 cm thick,
and sections of quasi-homogeneous fabric (Figure 3). Based on
the CT, grain size, and elemental data in cores 02aN and 02bN,
seven stratigraphic units are identified: distinct layers, indistinct
layered sections, mottled units, graded beds, coarse homoge-
neous layers, clay drapes, and a unique fine sand bed topped
with weakly graded silt (Figure 4).

Viewed in the X-radiographs, distinct layers are comprised
of couplets that alternate between lighter layers (more X-ray
opaque), indicating denser material, and generally thinner,
less dense dark layers (Figures 3, 4(a) and Table II). Where
distinct layers are preserved throughout the core, their mass
distributions are remarkably similar, except for a section in
the upper part of the core at 26–67 cm where more massive
layers exist (Figure 5). It is also within this section, including
the layers above, i.e., the top 67 cm of the core, the upper
and lower contacts of layers are sharper than the rest of the
core. When light and dark layers are separated, the dark
layers are found to be carbon- and nitrogen-rich (medians
of 3.11% and 0.30%, respectively; Figure S3) and the light
layers, which are thicker and bias the average of the
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distinctly layered intervals, are less so (medians of 2.04% and
0.16%, respectively). Distinct layers comprise 16% of the
mass of the sediment column of core 02aN.
Indistinct layered and mottled units have similar grain size

and geochemistry to distinct layers (Table III). Layers exist in
the indistinct layered sections, but are rare and difficult to
quantify in their lateral extent and thickness (Figure 4(b)). In
mottled sections, clasts and specks with similar grey scale
values to light layers are surrounded by a homogeneous matrix,
and appear to be broken pieces of layers (Figure 4(c)). Distrib-
uted within and between the distinctly layered sections, indis-
tinct layered and mottled sections dominate the core,
occupying 68% of its mass. Because these layers have similar
grain size and geochemical parameters (Figure 6, Table III),
we suggest that the indistinct layered and mottled sections are
distinct layers in various stages of alteration due to post-
depositional reworking. Therefore, these three units are
combined into one association and will be referred to as ‘back-
ground sedimentation’.
Throughout the core there are layers that punctuate the back-

ground stratigraphy. Twenty-three were identified throughout
the core, ranging in thickness from 1.1–23.9 cm and consisting
of graded beds with clay drapes of at least 34% clay. They have
been correlated, numbered, and labeled (e.g. E1, E2; Figure 3,
Table IV). Although most of these layers contain two or three
subunits: a basal homogeneous layer (Figure 4f), a graded bed
(Figure 4(d)–(f) and part of Figure 4(a)), and a clay drape
(Figure 4(f)), the deposits manifest themselves in different ways.
Their internal structure suggests more rapid deposition than the

surrounding background sedimentation, and therefore are re-
ferred to as an association of ‘event beds’ hereafter. Several
event beds have a thin, coarse layer, bright in the X-
radiograph, with a sharp basal contact with the background
stratigraphy (e.g. Figure 4(f)) that often contains allochthonous
material such as relatively coarse (~1mm) fragments of
leaves, twigs, and charred and non-charred wood fragments.
Even if this coarse layer, referred to as the basal homoge-
neous layer, is not present, nearly all of the event beds have
a sharp basal contact. The main body of the event beds is a
graded bed, which in the CT scans shows as a gradation in
density, most often from dark to light to dark (e.g. Figure 4
(e)). These grey scale variations are reflected in the grain size
and the elemental data. In the grain size data, above the base
there is usually thin inverse grading, and then thicker normal
grading, first briefly coarsening from clayey silt to silt or
sandy silt and then fining upward to the clayey silt or silty
clay drape (Figures 4(e)–(f); Table III).

Although the 23 event beds are remarkably similar in their
grading sequence, there are a few exceptions. Beds E7 and E8
have unusual features – E7 has the largest sustained %TC
anomaly of the entire 02aN core (Figure S2), and both have a
4–6 cm massive fine sand-rich layer within. The thickest event
bed of the core, E21 (Figure 4(d)), has a thick fine sandy base
8.9 cm, thick and opaque in the x-radiograph, with a sharp,
possibly erosional contact with the background sediment
below. Although this sandy base is analyzed as a separate unit
because of unique characteristics (Tables II and III; Figures 3
and 4(d)) such as coarse woody debris, it is integrally part of

Figure 3. Stratigraphic correlation of Cores 02aN and 02bN. Depth is marked in centimeters from the X-radiographs. Event beds (e.g. E1) are labeled
at their bases, except E21, and are stratigraphically correlated between the two cores. The cores are broken into four sections, from top to bottom, l to
r. Locations of 14C sample extraction are indicated by the point of a bold triangle on the core(s) from which the material came. Above each sample
point are the calibrated median ages of 14C-dated material used in the age–depth model, labeled with their sample name (e.g. LL2), along with their
95% highest posterior density ranges (hpd). On the top part of the core (~0–170 cm), 2012AD marks the first full water year varve near the sediment–
water interface (SWI). 1950AD is found by varve counting. ~1900 and ~1800AD are approximate ages based on application of mass accumulation
rates. Core 02bN ends above the bottom of event bed E21, so this event is stratigraphically correlated at the top of the event bed.
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bed E21, as it transitions to a weakly graded silt layer, for a total
thickness of 23 cm.
Despite the variations within the graded beds, their grain size

distributions and geochemical characteristics are differentiated
from the background sedimentation (Tables II and III, Figures 6
and 7). When viewed over the entire core, the measured
characteristics for background sedimentation are relatively
uniform with depth, but are more variable for the event beds,
which are clearly outside the range of the background sedi-
mentation (Figure 7).
The distinguishing characteristics of event beds are that

%clay is lower, the mean D50 is an order of magnitude larger,
the %TN is lower, and C:N reaches 18 on the 75th percentile
of the boxplot (Figure 6), compared with 13 for the background
sediment. As expected, for all parameters, the interquartile
range is much wider for graded beds (Figure 6) than for other
stratigraphic units. Homogeneous layers are similar in most of
their characteristics with graded beds, but are so thin that their
measurements of parameters included sediment from both the
background sediment and graded bed above. Clay drapes
range in thickness from 0.13 cm to 1.34 cm. They have the
highest mean clay content of all stratigraphic units, the lowest
mean D50, and the lowest mean C/N.
The event bed association constitutes 16% of the mass of the

core. There are several other layers in the core which could
potentially be event deposits, but did not meet the criteria of
having a clay drape and their thicknesses were similar to

normal winter deposition in the contemporary period. Some
appear graded, and some may possibly be graded but the reso-
lution of sampling could not detect this. For consistency
throughout the analysis, these layers were not included in the
event bed association. As with the 23 event beds previously
identified, these are distributed fairly uniformly throughout the
core, except for the upper 67 cm of the core, where event beds
and thicker light layers are more frequent (Table IV). Therefore,
there will be a consistent error where background MAR is
slightly biased high.

Core chronology and mass accumulation rates:
contemporary period

Once the stratum of the 1963AD 137Cs fallout peak had
been identified (Figure 8(d)–(f)), it became evident that the
light–dark couplets present in the top 67 cm of the core were
annually deposited, and are therefore varves (Edmondson,
1991; Dean and Bradbury, 1993). The top part of the two
Nesje cores and the gravity core show consistency in their
layer sequencing with 50 couplets, so it appears that the
2013 sediment–water interface was preserved. Two thick
event beds near the core top are coincident with large re-
gional floods in WYs 1982 and 1997, and additionally, an-
other thick layer follows two layers above the 1963 layer,

Figure 4. Seven stratigraphic units displayed by X-radiographs and parameter plots. The units in the top row (l to r) are distinct layers (DL), indistinct
layered sections (IDL), and mottled sections (Mo). On the bottom row are three examples of event beds (EB): (d) sand and woody debris event bed E21;
(e) graded bed; and (f) graded bed with clay drape (CD) as gradual upper contact and homogeneous layer (Ho) at sharp basal contact. Parameters for
each core piece are (l to r): %TC (total carbon), %TN (total nitrogen), C:N (atomic), and median grain size (D50). Scales are different for most param-
eters, so most have their own ordinate axis. Scale for %TC is common vertically for a-d, b-e, c-f, respectively, and also in D50 for b-e and c-f. The D50

parameter for EB(d) fills more than half of the bottom of the figure. Core pieces are from the following CT depths in core 02aN: a) 14–33 cm; (b) 367–
386 cm; (c) 489–508 cm; (d) 588–616 cm; (e) 663–675 cm; (f) 457–467 cm.
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which is coincident with a large regional flood during WY
1965, as shown at the nearby gaging station on the Umpqua
River at Elkton (Figure 1; Figure S5). Layers were counted
downward in the core from 1963 until 1939 (± 2 y), at which
point the sediment becomes mottled. Varve chronologies of-
ten have extra or missing layers (Zolitschka et al., 2015 and
references therein). By comparing layers across LL cores we
minimized varve counting error. We are confident in the ages
of thick event beds above 1963 and layers in between due to
the consistency in 137Cs marker and observation of large
floods at the lake during regional storm events. Below this
marker bed to 1939, we applied a ± 2 y counting error for
the gap and early period MAR analysis. The boundary at
1939 divides the contemporary period from the gap and early
periods of the core.
Once the varves had been identified, a MAR for the top

65.6 cm (51.4 g cm-2) of the core was found to be 0.69 g cm-2

y-1 by calculating a simple ratio (Table V). The MAR for before
and after the 1978 breakpoint of 1978 is 0.79 and 0.58 g cm-2

y-1, respectively. These can be expressed as SARs of 1 and
0.75 cm y-1, and an overall SAR of 0.89 cm y-1.

Using the regression model with the Q covariate, the re-
sult of the test of difference in rates between before and after
1978 shows that there is strong evidence that the estimated
mean difference in MAR of 0.24 (0.07–0.42) g cm-2 y-1 is
different from 0 (F1,69=7.26, P=0.0088; Table S2). The esti-
mated early contemporary period mean MAR of 0.83
(0.74–0.92) g cm-2 y-1 is greater than that of the late con-
temporary period MAR of 0.59 (0.48–0.70) g cm-2 y-1

(Figure 9 inset, Table S2).
By removing the event-bed layers, an event-bed-free strati-

graphic column of accumulating mass with depth – ‘event-
free depth’ or ‘EFD’ (Bronk Ramsey et al., 2012) is
established, and reflects the background sediment accumula-
tion rate (Brown et al., 2002; Page and Trustrum, 2010;
Howarth et al., 2013). In this way, an age-mass model is con-
structed in the contemporary period that allows interpretation
of age with mass unbiased by thick event beds (Figure 9). As

Figure 5. Distributions of light layer mass through the sedimentary column. These are represented by proportional histograms for sections through
the core. Sections are delineated by location in the core which captures groups of layers, and are conveniently bounded by the 14C sample intervals.
The sections of the core which have the highest concentrations of distinct layers are 0–26 cm, 26–67 cm, LL5–LL6, LL7–LL10, and LL10–end. See
Figure 3 for the locations on the CT scans of these intervals. The whole core is represented, except 68–190 cm (LL2) where there are only two pre-
served distinct layers. The vertical solid black line is the median of each distribution, and the dotted black line is the mean.
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in all-depths (Figure 9 inset), there is also strong evidence
that the estimated mean difference in background (EFD)
MAR of 0.28 (0.12–0.44) g cm-2 y-1 is different from 0
(F1,63=11.28, P=0.0013; Table S2), and that the early EFD
MAR is greater than that of the late contemporary period
EFD MAR (Table V).Ta
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Figure 6. Variation of grain size and geochemical parameters.
Boxplots display variation, median, and outliers of grain size and
geochemical parameters by the seven major depositional units in the
core: distinct layers, indistinct layered sections (IDL), mottled units, clay
drape, graded beds, homogeneous layers, and the sand-woody debris
bed (E21). Parameters shown are % clay by volume, log of median
grain size (D50), weight % total carbon and nitrogen, and carbon to
nitrogen atomic ratio. D50 is shown in log scale for visual clarity.
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Core chronology and mass accumulation rates:
early period

Terrestrial macrofossils throughout the core provided 11 dates
(Table VI). Eight were used, and three were identified as out-
liers and were not used in further analysis. Analyzing the like-
lihood distributions with a deposition model and an upper
boundary constraint at 1939AD ± 2 y in Oxcal resulted in
modeled posterior densities (MPDs) and age–mass and age–
depth models (Figures 10, S6, respectively). Monte Carlo re-
sampling of the eight distributions resulted in an estimated
mean MAR and a 95% confidence interval (CI) with the
2.5% and 97.5% quantiles of the MC distribution. The esti-
mated mean MAR (CI) for the entire 14C period is 0.44
(0.41–0.46) g cm-2 y-1. The estimated mean MAR between
shorter core regions in the early period are all similar to this
MAR except for a faster MAR between dated layers of LL7
and LL10 (Table V). The result for EFD MAR for the overall
early period is 0.38 (0.34–0.40) g cm-2 y-1. With this MAR, a
final age-mass model for the 14C period was constructed with
prediction intervals for age unbiased by instantaneous deposi-
tion (Figure A10 in Richardson, 2017). Estimated event bed
ages were calculated with this model (Table IV).

Core chronology and mass accumulation rates: gap
period

MC type method resampled the marginal posterior density
distribution of the LL2 sample (bimodal peaks of 1651–
1688,1733–1784AD) and 1937–41AD (1939 ± 2 y). The
result is an estimated mean MAR for the gap of 0.62 (0.53-

0.96) g cm-2 y-1, and an estimated mean EFD MAR of 0.54
(0.47–0.85) g cm-2 y-1 (Table V).

Discussion

Origin and preservation of the units

Examination of the distinctly layered couplets formed during
the contemporary period suggests they are varves. Dark layers
have higher %TN and %TC and lower C/N ratios than light
layers, strongly indicating algal productivity (cf. Edmondson,
1991). The lighter and generally thicker layers have lower
%TN and %TC, and slightly higher C/N, suggesting increased
allochthonous input. Fluvial input of sediment to OCR lakes
is minimal during the summer, whereas normal winter precipi-
tation delivers allochthonous materials to the lake by more
voluminous and energetic flows. These turbulent flows support
coarser grain sizes, and although grain size was not measured
on the light and dark layers separately, the light layers in the
X-radiograph indicate denser, minerogenic material. Therefore,
the couplet formation in the contemporary period is summer
dark layers alternating with lighter winter layers of normal
annual low- to moderate-discharge floods.

It is reasonable to assume that the process of varve formation
has remained essentially the same over time within the sedi-
ment column, given that the climate of the Pacific Northwest
has not markedly changed during the past two millennia
(Minckley and Whitlock, 2000). However, in the early period
of the core there are few distinct varves, rather the stratigraphy
is dominated by mottled or indistinct layered units suggestive of
post-depositional reworking, such as bioturbation or gas migra-
tion. A specific mechanism for the preservation of the varves in

Table IV. List of 23 event beds. These were defined by a minimum %clay in the drape over the preserved graded bed. These beds were removed to
calculate a background sedimentation rate (EFD). Estimated year is derived by varve counting for event beds 1–6, and an estimation by applying the
resulting background sedimentation rate of 0.38 g cm-2 y-1 for event beds 9–23, and a background sedimentation rate of 0.54 g cm-2 y-1 for the ‘gap’
period in between (event beds 7 and 8), then rounded to the nearest 10 y. Prediction intervals are shown graphically in Richardson (2017; Figure A10).
Event bed depth measured according to the Multi-Sensor Core Logger (MSCL) is the scale for sampling and parameter measurements. Thickness and
calculated mass measurements are derived from the X-radiographs (‘depth CT’). Possible forcing includes those factors other than climate, storms, and
floods that could have contributed to the event and include TH: timber harvest, LC: land clearing, F: fire, EQ: earthquake. Each listing of possible force
is labeled if there is evidence of occurrence

Event bed
number

Estimated water
year (AD)

Event depth
MSCL (cm)

Event depth
CT (cm)

% clay cap Layer
thickness (cm)

Dry mass
(g cm-2)

Possible
forcing

1 1997 11 14 46.7 4.7 5.1 TH, LC
2 1982 22 24.8 37.6 3.9 4.2 TH, LC
3 1971 33 36.8 43.1 2.3 2.3 TH, LC
4 1965 39 43.4 35.3 2.3 2.8 TH, LC
5 1964 41 45.5 50.8 1.7 1.4 TH, LC
6 1946 59 63.3 39.8 2.0 2.3 TH, LC
7 1890 91 96.8 34.4 9.6 7.7 F, LC
8 1770 152 157.8 37.5 10.9 10.6 F
9 1690 185 190.0 44.1 3.4 3.1 EQ
10 1470 259 265.7 56.0 4.8 5.5 EQ
11 1370 298 304.7 42.7 3.7 4.3 EQ
12 1350 308 313.9 41.5 2.2 2.3 EQ
13 1150 383 389.4 38.9 3.0 3.8 EQ
14 1030 425 431.6 41.2 2.7 3.0
15 940 456 462.3 53.7 2.7 2.2 EQ
16 920 466 472.8 44.8 2.9 2.2 EQ
17 920 478 484.5 48.2 10.2 9.2 EQ
18 760 528 534.9 43.2 1.2 0.9 EQ
19 740 538 544.6 60.1 1.6 1.2 EQ
20 710 552 557.2 39.7 1.5 1.1 EQ
21 630 610 613.7 22.0 23.9 30.3 EQ
22 550 646 653.4 53.0 3.2 2.8 EQ
23 510 667 673.5 77.8 8.1 9.8 EQ
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the contemporary period is the eutrophication of the lake,
starting when logs were rafted on the lake at the beginning of
major timber harvest in the catchment. Others have noted pre-
served varves and layers following eutrophication (Karlin and
Abella, 1992; Page et al., 1994).
Scattered throughout the core there are units formed by

events that are better preserved due to higher mass and thick-
ness compared to other deposits. The preservation of event
beds increases as SAR increases, as the thickness of the bed in-
creases, and as bioturbation intensity and depth decrease
(Wheatcroft, 1990). The smooth fabric and lack of gas bubbles
visible in the CT scans indicate that bioturbation was not as
extensive in the thick event beds.

The grain size sequence within most of the contemporary
period event beds consists of a thin zone of inverse then nor-
mal grading, which is interpreted to reflect the waxing and
waning of flows associated with high-magnitude floods
(Mulder and Alexander, 2001). The resulting deposit is termed
a ‘hyperpycnites’ (Hofmann and Hendrix, 2010), and its
structure can vary due to flood hydrograph differences,
sediment flux, and distance from inlet. Hyperpycnal flows
support suspension of larger grains to the deep basin, often
traveling great distances through a lake. This would account
for the coarse homogeneous layer at the base of several of
the event beds. Since the lake is not thermally stratified during
flooding in the winter but rather is mixed, it is expected that

Figure 7. Select parameters of event beds and background sediment. Parameters included are % clay, D50, %TC, %TN, C:N. Each pair consists of an
event bed boxplot on the right (red) and a boxplot for the succeeding background sedimentation on the left (yellow), up to the next event. All 23 event
beds in the core are represented, although E4 and E5 are adjacent in the core, so were combined in this figure. Distributions consist only of values
from samples whose sediment comprised approximately 100% of the two associations (events and background sedimentation). Because of small sam-
ple sizes, in three cases no values were available to report within regions/event beds 17–19, and in several cases for event beds, only one sample
result was available to report (event beds 3, 6, 12, and 20), which shows as a flat bar in the figure. The bottom of event bed distribution E21 is cut
off for visual clarity; it has 0.5% TC. E1–6 (blue font) represent industrial timber harvest era. E7 and E8 (red font) are during time of known wildfire.
[Colour figure can be viewed at wileyonlinelibrary.com]
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fine particles would remain in the water column for some
time. It has been observed that for days and months following
floods the LL water is still turbid and the particles continue to
settle out of suspension. This is the condition by which the
clay drape is deposited, composed of the finest sediment.
Hyperpycnites, and therefore these event layers, are supported
by large sediment fluxes which might be more common after
disturbances such as fire, earthquakes, land clearance, and
timber harvesting.
The grain size and geochemical signatures of the contempo-

rary event beds also support an allochthonous origin with
high-energy delivery, and are outside the range of background
sedimentation. The contrast between background sedimenta-
tion and event beds is consistent with the trend that with
higher discharge, grain size and C/N increase as found in the
Coast Range Alsea River north of LL (Hatten et al., 2012).
The range of values presented, varied between low flows with
fine grain size (C/N = 10–16), and higher flows (C/N 14–25),
parallel the contrast between LL background sedimentation

(C/N 12–14) and graded beds (C/N 13–19) (Figure 7). Further,
as the event bed grain size fines upward, the %TC and C/N
decreased. The clay cap atop the graded bed was below back-
ground sedimentation levels of C/N, which is consistent with
erosion of deep soil horizons with low %TC and C/N.

Additional geochemical evidence of the LL event beds being
of an allochthonous source is the spike in %TC and especially
C/N at the bottom of the bed. This is an expected result because
of an increase in coarse organic matter, which is high in non-
degraded (i.e. recently fixed) carbon indicated by elevated
%OC and C/N, being delivered at the beginning of flood events
from the catchment. This is consistent with other lake research:
the initial increase in %OC at the onset at the base of the bed in
a lake in Spain (Moreno et al., 2008), and high C/N at the base
of turbidites attributed to fluvial delivery in Lake Paringa, New
Zealand (Howarth et al., 2012). Other lake studies also show an
agreement with the geochemical description of event beds
described here (Brown et al., 2002). Sub-aqueous landslides
from the steep walls of the lake or from resuspension of lake-

Figure 8. 137Cs profile of Core 1N and stratigraphic units of Core 02aN. Upper 82 cm of Core 02aN (a-d) and stratigraphic equivalent of Core 1N
(e-f), showing: (a) vertical stacked area plot of %clay, silt, and sand, respectively, measured at 1-cm increments (legend below plot); (b) color photo; (c)
cartoon representation of the five stratigraphic units (legend below plot); and (d) X-radiograph of the center slice of the core. The stacked area plot is
stratigraphically paired with the photograph and the cartoon is stratigraphically paired with the CT scan, demonstrating the disparity in length between
the two pairs. This can be explained by the dewatering and consolidation of the sediment that occurred between the time of coring and immediate CT
scanning, and delayed splitting, photographing, and destructive measurements of this core. Core 1 N is shown on the right by (e) X-radiograph and (f)
137Cs profile of this core. Event beds 1–6 are labeled and their stratigraphic position on both cores are indicated by lines at the base of the bed. The
137Cs 1963AD peak can be traced across the cores immediately below E5. SWI = sediment water interface. [Colour figure can be viewed at
wileyonlinelibrary.com]
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bottom sediments (Karlin et al., 2004; Orpin et al., 2010) are
not likely the mechanism of event bed deposition at LL in the
contemporary period, because the event beds on average have
different characteristics from the background sedimentation
(Figure 7 and Tables II and III).
All of the event beds earlier than E7 except E14, occur within

the estimated age range of a Cascadia subduction zone (CSZ)
earthquake (Table VII), so it is possible that some of these beds
were deposited either co- or post-seismically. In Lake Paringa,
for example, deposits indicating hyperpycnal turbidity currents
were recorded on top of co-seismic deposits of reworked
lacustrine sediment, indicating delivery by catchment landslid-
ing and post-seismic sediment-laden fluvial discharge after di-
rect co-seismic deposits of reworked sediment (Howarth
et al., 2012). In a survey of lakes in the Pacific Northwest,
Morey et al. (2013) also found synchroneity between the
offshore earthquake record and lake deposits. At LL, most of
the deposits have the characteristics of delivery by hyperpycnal
flow, not by direct co-seismic deposition, so would have been a
result of increased sediment supply within the fluvial system,
regardless of the mechanism for production of sediment. One
exception was E21, which has very high sand content that
probably could not have been supported by a hyperpycnal
flow and therefore delivered directly to the lake. LiDAR derived
DEM show evidence of a landslide that occurred on LL’s
surface on the west side, possibly co-seismically to support this
assertion. However, for most of the post-seismic events,
earthquakes produce sediment delivered to the lake as a post-
seismic contribution, but neither the exact mass accumulation
rate can be distinguished from that produced by other perturba-
tions (Howarth et al., 2012), nor can the length of time
sediment is contributed by this source be defined (Hovius
et al., 2011), partly because of lack of sufficient age control
early in the core.
Event beds 7 and 8 in particular were likely created by high

rainfall events acting on hillslopes destabilized by fire and
transported to the depositional center within the lake by
hyperconcentrated density flows (Mulder and Alexander,
2001). Like timber harvest, fire leaves the thick soil mantle sus-
ceptible to landsliding, and plays an important role in the

delivery of sediment to fluvial systems in the OCR. After event
bed E9, during 1765 and 1868AD, there are two known fires
of large spatial extent in the catchment that are temporally near
E7 and E8.

Mass accumulation rates

To address how mass accumulation rates have changed in
response to various forcings, different time periods were
compared. First, two periods within the contemporary period
were compared: 1939–1978AD (early contemporary) when
the PDO was wet and cool and when timber harvest was
at its peak, and 1979–2012AD (late contemporary) when
improved forest harvest practices were assumed to be in
place, harvest rates were lower, and the climate was drier
(Figures S1, S5). Second, the early and late contemporary
periods were compared with both the radiocarbon-dated pe-
riod (early period) of the core, and the gap period (Table V).

The significant result of the test of difference in rates in the
contemporary period between before and after 1978 (Table V
and S2) suggests that the sediment accumulation rate was
associated with a change in forcings such as hydroclimate
and/or harvesting. The choice of 1978 as our breakpoint was
justified by many studies examining suspended sediments in
regional paired watershed studies. To examine this choice we
ran the same statistical analysis with 1972 as the breakpoint
(the year after the Oregon Forest Practice Act was passed). With
this stricter breakpoint, the trends were the same as the 1978
analysis, but the statistical tests fell outside our chosen alpha
(a=0.05). While the analyses that included all depths and the
event-free data-set resulted in no significant difference between
before and after 1972 (P= 0.064 and 0.057, respectively), the
confidence intervals generated using this stricter break point
do not change any of the conclusions when comparing the
contemporary periods with the gap and pre-settlement periods
of the core.

The early contemporary period MAR of 0.83 (0.74–0.92) g
cm-2 y-1 was entirely within the range of the gap period (0.62
(0.53–0.96) g cm-2 y-1), and is almost twice the rate of the early

Figure 9. Age–mass model of the contemporary period of Core 02aN. Depth is represented on the y-axis by cumulative dry mass down the core
with event beds E1–6 removed (EFD). Within the inset graph, the y-axis is also cumulative dry mass, but with all depths represented. The six most
massive beds in the contemporary period are labeled by the years in which they occurred, and with an arrow pointing to the missing value, or in
the case of the inset graph, to the occurrences of relatively instantaneously deposited sediment, represented by a gap. For both EFD, and all-depths
(inset), the climate covariate is included in the model and the difference in estimated mean mass accumulation rates between the periods 1939–1978
and 1979–2012 is significant, with a difference (confidence interval) of 0.28 (0.12–0.44) g cm-2 y-1 and 0.24 (0.07–0.42) g cm-2 y-1, EDF and all-
depths respectively (Table S2).

1510 K. N. D. RICHARDSON ET AL.

Copyright © 2017 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms, Vol. 43, 1496–1517 (2018)



period (0.44 (0.41–0.46) g cm-2 y-1). Even the late contempo-
rary period MAR (0.59 (0.48–0.70) g cm-2 y-1),) cannot be said
to be different from the MAR of the gap period because of over-
lapping CI, and is only slightly faster than the MAR of the early
period. If the CI of either the post-1978 contemporary period or
the early period were collectively 0.02 g cm-2 y-1 wider, the
rates would overlap. In other words, after 1978, the estimated
mean MAR has nearly returned to rates before 1700, but cannot
be said to be significantly different from the gap.

Comparison of rates between the gap and other periods is
problematic because the gap is not dated directly and also be-
cause the CI is large. However, these two issues can be ad-
dressed. The CI of the gap period is quite large because
resampling is from the whole of the modeled posterior density
(MPD) within the LL2 sample, which has a bi-modal distribu-
tion with peaks at 1651–1688AD and 1733–1784AD (Figures
S7 and S8). The lower range is more probable, given prior
knowledge of an event that occurred at that time, the
1700AD earthquake. If only the lower interval of the MPD
were used and not the higher interval, event bed E9 would be
dated to near 1700AD, the last known earthquake (Mw 9.00)
to have occurred in the region. Furthermore, the event beds
E7 and E8 land near 1890AD and 1770AD respectively
(Figure 3), after large fires, and for E7, after and near known
large regional flood events. Using this lower portion of the dis-
tribution to calculate the MAR of the gap period we find that
the mode of the distribution would have an estimated mean
range of 0.53–0.62 g cm-2 y-1 (Figure S8). This is the expected
result, because this is closer to the simple ratio calculation be-
tween the two periods, forcing LL2 to 1700AD, in which the
MAR is 0.63 g cm-2 y-1 (not shown), if the background sediment
accumulation rate was uniform. The period comparison result
would then be that the MAR of the early contemporary period
is significantly higher than the gap period, in that the CI of ei-
ther period do not overlap.

It would seem then that the estimated mean MAR of the early
contemporary period is higher than the whole of the early pe-
riod, as described above. This is true when comparing with
an overall, average MAR of the whole early period. However,
the CI is narrow and it cannot be ruled out that sediment accu-
mulation rates varied in the past within shorter periods of time,
which we were unable to discern due to lack of material to date
and the rarity of varves throughout the early period. By compar-
ing estimated mean MAR between regions bound by 14C dated
layers with MC type resampling, it is evident that the MARTa
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Figure 10. Age–mass model of Core 02aN. Depth is represented on
the y-axis by cumulative dry mass down the core. Calibrated ages for
eight radiocarbon samples are shown, with the median indicated by a
point, and approximate 95% highest posterior density (hpd) ranges as
error bars. The contemporary period is shown in the upper right corner.
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during the early contemporary period was still higher than
all MAR, except between 879 and 676AD, which largely
follows event bed E21 (Table V). However, when event beds
are removed (EFD), the estimated mean MAR and CI of
879–676AD are nearly identical to the MAR and CI of the
early contemporary period and similar to that of the gap period.
The increased MARs in the early contemporary period and

the gap period can be interpreted that during periods when
multiple regolith-destabilizing forcings, such as harvest-floods
or fires-floods-earthquakes-land clearance are simultaneously
acting on the landscape, the threshold for mobilization and
delivery of sediment is lowered. Similarly, the elevated MAR
in the period following the large E21 event bed indicates that
the regolith had been destabilized by the event, sediment
supply was therefore high, and subsequent floods mobilized
sediment to the fluvial system and the lake.
Loon Lake’s MAR and SAR are much higher than those of

most other lakes studied in Oregon, regardless of the time pe-
riod considered in the stratigraphic column. Compare LL’s
overall contemporary and early periods’ MARs of 0.69,
0.44 g cm-2 y-1 and SAR 0.89, 0.40 cm y-1, respectively (rates
abbreviated here from Table V for ease of comparison), with
others measured in Oregon for various time periods. In the
OCR, Lost Lake’s SAR was ~0.1 cm y-1 in the last ~1000 y
(Long et al., 2007) and Little Lake’s MAR was ~0.14 cm y-1

in the last ~1100 y (Long et al., 1998). Adjacent Triangle
Lake increased from 0.09 cm y-1 (6.0–3.5 k y BP) to 0.17 cm
y-1 (3.5 k y BP to 1900AD) to 0.21 cm y-1 in the last century
(Kusler, 2012). Researchers at Triangle Lake attributed the in-
crease in SAR and MAR to anthropogenic activities in the
20th century. However, two researched lakes had much
higher rates. Researchers at Upper Squaw Lake in southern
Oregon reported an increase in SAR to ~4 cm y-1 from a
background of 0.3 cm y-1, attributed to land use (Colombaroli
and Gavin, 2010). Dorena Lake, a reservoir in the Cascade
Range, was found to have an average rate of 0.55–1.24 cm
y-1, with the peak in 1954–1964AD of 2.1 and 2.7 cm y-1

for two cores (Ambers, 2001). Both of these lakes had been
highly impacted by land use, and were within different litho-
logic units. Compared with the other lakes in the OCR or on
the coast, LL has both high rates of land use, as well as high
elevation relief (Figure 2), which partly explain the difference.
A further look at catchment to lake area ratio, precipitation,
intensity and magnitude of timber harvest, and other factors
would elucidate the differences in accumulation rates.

Hydrologic event correlation

A few studies have demonstrated a correlation between the
magnitude of event precipitation (or discharge) and bed
thickness (Page et al., 1994, 2010; Brown et al., 2000;
Schiefer et al., 2011). For example, at Lake Tutira, New
Zealand, which has a daily precipitation record from 1894
to 1988, thicknesses of storm layers were scaled to threshold
precipitation amounts, and human impacts on the landscape
were shown to lower the threshold of landsliding. Instrumen-
tation does not exist within the LL catchment as in Lake
Tutira and a few other sites (Schiefer et al., 2011). However,
there is a strong correlation between Elkton Q and layer mass
on a log–log scale (rs = 0.62, p < 0.0001). The six event
beds in the contemporary period (highest mass layers) are
correlated with some of the highest peak flows at Elkton gage
(Figure 11). However, it is evident in the varved region at the
top of the sedimentary column, not all layer masses scale
with flood magnitude, as recorded by the Elkton record. For
example, the 1965 WY peak Q on the Umpqua at Elkton
was the largest on record at that station. The LL layer mass
for that year is only 2.8 g cm-2, third from highest in the con-
temporary sediment record.

Sediment exhaustion and storage within the system is one
explanation of why the layer mass does not scale with thick-
ness. Thicker winter layers from 1943 to 1978 indicate that
this was a stormy period, reflecting the cool-phase of the
PDO, which is reflected in the increase in average annual
precipitation and discharge (cf. Wheatcroft et al., 2013). So,
perhaps at one time the 1965 event would have been a very
large delivery of sediment to the lake, had been lessened be-
cause of a few large storms and many moderate storms prior
to this event, removing sediment from storage in the fluvial
system. The thick deposit in 1997 (E1) may be an example
of the corollary, where the PDO had entered a warm-dry
phase and less sediment had been transported to the lake
in previous years, and an event of lower magnitude than
the WY 1965 storm (by the Elkton record) resulted in a much
larger deposit because the fluvial system was less supply-
limited. There are examples in other research where the mag-
nitude of the event does not produce the expected resulting
sediment. At Lake Tutira, Cyclone Bola (1988) with a record
753mm rainfall produced only 70% of the sediment of a
692-mm precipitation storm (1938) (Page et al., 1994). Out-
side of lake settings, in Redwood Creek, northern California,

Table VII. Event beds within age ranges of past CSZ earthquakes. Event bed in bold print is closest to the estimated quake age. The LL 14C age is the
median (cal y AD) followed by the median-containing 95% hpd range

LL event beds in
stratigraphic proximity
of CSZ quake

LL 14C age in stratigraphic
proximity (cal y AD, range)

1Estimated mean
turbidite age (AD)

2σ (RMS) range
low, high

2Estimated mean
quake age by land
evidence (AD)

2 SD range
low, high

Estimated
magnitude of
quake (Mw)

9 1671 (1650-1687) 1685 1579-1811 17003 -- 9.00f

10 1469 (1444-1514) 1469 1377-1566 1474 1252-1696 8.70f

10,11,12 extrapolate 1402 1289-1524 -- -- 8.19p

13 1129 (1048-1164) 1154 1044-1271 1199 1104-1294 8.87f

15,16,17 879 (811-895) 884 774-1008 940 -- 8.34p

17,18,19,20,21 676 (655-711) 707 602-831 728 605-852 8.90f

21,22,23 514 (436-554) 528 404-664 510 -- 8.25p

22,23 514 (436-554) 397 220-567 376 274-478 8.80f

1Quake ages are estimated by mean turbidite ages and mean marsh calibrated ages of coastal subsidence. Root mean square error (RMS) and standard
deviations (SD) are listed for the ranges of the turbidite and land ages, respectively. With each estimated magnitude (Mw) is a symbol indicating
rupture extent, where f = full rupture of CSZ and p = partial rupture of CSZ.

2Dashes in land evidence dates and ranges indicate only one or no recorded event, or in the case of 1700AD, other definitive evidence. Data for all
but left two columns are taken from Goldfinger et al., 2012 (Appendix 01), which compile references within. CSZ = Cascadia subduction zone.

3Leonard et al., 2010; Nelson et al., 2006
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two similar storms in that catchment (1955, 1964) produced
much different amounts of sediment, the later one producing
much more (Kelsey, 1980). In New Zealand, soil was still re-
covering from the 1938 storm, so 1988 produced less. In Cal-
ifornia, the first storm may have primed the landscape for the
second. In both situations, the threshold of failure had appar-
ently been lowered by land use.

Role of forcings

Most (~84%) of the sedimentary column in LL was formed by
background sedimentation, which is largely mass influx from
the catchment during annual low- to moderate-discharges.
Event beds contribute to 16% of the mass of the core, but
within effectively instantaneous time periods. Of the 23 event

beds, it is likely that 20 were deposited by high discharge flu-
vial inflows that became hyperpycnal flows in the lake. These
comprise ~10% of the core by mass, but were deposited in a
small fraction of the time represented by the core (e.g., assum-
ing 1week to form each deposit, then 20 deposits = 0.38 y out
of 1500 y or 0.026% of the time). This simple (and conserva-
tive) calculation highlights the significant impact of extreme
storms in the history of LL.

To further evaluate the significance of event beds, a flood
frequency-type analysis was completed for core 02aN. The
early part of the core, well before large-scale timber harvesting,
was divided into twenty-nine 50-y-long bins (representing cali-
brated years AD 464–1912). All light layers and thick graded
layers were identified within each bin. Two bins did not have
visually identifiable light layers, containing only mottled beds
and indistinct layers, so these were dropped from the analysis
(USGS, 1982). Within each of the remaining 27 bins, the layer
with the greatest mass was labeled as the maximum (equivalent
to the peak discharge for flood analysis) and a flood frequency
analysis was performed (Colombaroli and Gavin, 2010). This
analysis yielded return intervals for each of the thickest layers,
and enabled a calculation of layer mass at the 2-, 5-, 10-, 25-,
50-, 100-, and 200-y return intervals. A line fitted to the magni-
tude of the mass of these return intervals describes the relation-
ship based on pre-1912 sedimentary deposits. Assuming
stationarity in the erosional and depositional system, the con-
temporary period can be interpreted within this historical con-
text (Figure 12).

For example, using the fitted line, which approximates a Log
Pearson Type III distribution, the thickest layers from the two
most recent 50-y bins were interpolated for their return inter-
vals, as were the other four events in the contemporary period
(Figure 12). Because the whole-core time period was broken
into 50-y bins, return periods were multiplied by 50. Event
bed E21 was excluded from the entire analysis because it has
very different sedimentary characteristics, implying a different
transport mechanism. The results of the ‘flood frequency’ anal-
ysis show all six event beds in the years 1939-2012AD appar-
ently have return intervals from 90 to 300 y, and the two largest
beds in the latest two 50-y bins, 2.3 g cm-2 and 5.1 g cm-2

Figure 11. Layer mass and annual peak discharge at Elkton. The re-
lationship is shown by a scatterplot (log–log) of layer mass in the
varved contemporary period and annual peak discharge (Q) at the
Umpqua R. at Elkton for the water years WY 1939–2012. Event beds
E1–6, with the most mass in the contemporary period, are indicated
by stars labeled by WY.

Figure 12. Flood frequency-type analysis for mass of event beds in Core 02aN. From the data analysis, the line (blue) with points on the line approx-
imate a Log Pearson Type III distribution. Floating points (red) represent the largest event beds by dry mass in 50-y bins of the core back to ~460 cal
year AD. The last 100 y are not part of the analysis, but are instead represented by two filled triangles at interpolated return periods on the distribution,
WY 1946 and 1997. The open triangles show the mass of the other event beds in the last 100 y, and their interpolated return periods on the distribu-
tion. E7 and E8 were part of the analysis, and are indicated by name. The analysis excluded E21 because this event has very different sedimentary
characteristics, implying a different mechanism. A loess smoothing method was applied to the blue distribution line with a span of 0.7 to control
the amount of smoothing. [Colour figure can be viewed at wileyonlinelibrary.com]
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during 1946 and 1997, respectively, had return periods of 115
and 300 y. Furthermore, during the last 74 y (contemporary pe-
riod), there have been more events per length of the core
(Table IV). There has been a higher incidence of events in the
contemporary period and the sediment fluxes associated with
these events as a whole has been unusually large. For example,
the percent increase of early contemporary period MAR and
overall contemporary MAR above the overall early period
MAR is 89% and 59%, respectively (Table V), although this is
far below the 13-fold increase calculated at Upper Squaw Lake
attributed to timber harvest (Colombaroli and Gavin, 2010).
Another way of illustrating the mass contribution of the event
beds in the LL contemporary period is by the ratio of all-depths
MAR to the background (EFD) MAR. The late contemporary
MAR is 2.1 times its EFD MAR, compared with 1.5, 1.6, and
1.2 of early contemporary, overall contemporary, and overall
early period EFD MARs, respectively.
During the contemporary period, two forcings – timber har-

vest and floods – acted synergistically upon the catchment to
produce elevated sedimentation in the lake. During the time
of the cool-phase of the PDO timber harvest was at its peak
in the catchment. Not only were there four graded beds indicat-
ing large storms with sustained sediment input during this pe-
riod, most of the other years had thick winter layers,
indicating moderate size storms, so the MAR was elevated. As
the PDO phase switched to warm and dry, average annual sed-
iment accumulation in the lake decreased immediately, even as
timber harvest continued. However, the two thick event beds in
1997 and 1982 in response to large storms contributed a large
portion of the sediment to the lake (Ambers, 2001). Indeed, an-
nualized sedimentation as a result of events was not apprecia-
bly different between the early- and late-contemporary
periods (0.23 and 0.27 g cm-2, respectively). These results indi-
cate that the catchment had stored sediment in the fluvial sys-
tem and/or hillslopes from previous perturbation (Reid and
Page, 2002; May and Gresswell, 2004), and it was then deliv-
ered at an elevated discharge, but by storms with a lower recur-
rence interval than would have been necessary without a prior
sediment-producing perturbation.
A second example of forces acting together to deliver sedi-

ment occurred before large-scale anthropogenic impact, during
the gap period. During the mid-1700s and mid-1800s large
fires and storms occurred in the catchment. Essentially, denuda-
tion of the landscape by fire may have acted in the same role
that timber harvest played later, which is to produce sediment
that the moderate and extreme storms will bring to the lake.
In a study of post-fire sediment fluxes in a coastal central Cali-
fornia catchment, Warrick et al. (2012) found that post-fire an-
nual sediment yield was an order-of-magnitude greater in wet
winters than those winters with minimal precipitation. Earth-
quakes and land clearance may have also primed the land-
scape during this period as well. At 1700AD, the CSZ Mw
9.0 earthquake, which although it does not appear to have left
a very large event bed (most likely E9), may have primed the
landscape for subsequent landsliding and increased hillslope
erosion. Additionally, this gap period includes early logging
which would have been impactful on soil and streambeds. This
time also included the beginning of land clearance in Ash Val-
ley above the lake, which resulted in loss of streambank vege-
tative root strength. It is about this time that the two unusual
deposits E7 and E8 were added to the lake, and have return pe-
riods greater than 300 y (Figure 12).
While earthquakes themselves can contribute sediment di-

rectly to LL by co-seismic failures (e.g. E21) or post-seismic fail-
ures, most earthquake-driven sedimentation must be through
the fluvial system. At Lake Paringa in New Zealand, it was
found that average sedimentation rate by aseismic deposition

was 0.21 ± 0.05 g cm-2 y-1, and post-seismic was 0.60 ±
0.21 g cm-2 y-1, and the least mass of the three mechanisms
by co-seismic deposition (Howarth et al., 2012). At LL, sedi-
ment produced and delivered strictly by earthquakes could
not be separated from that produced and delivered from other
perturbations, although many event beds are coeval in time
with estimated ages of earthquakes. Apparently, however, be-
sides during peak timber harvest, MAR was highest in the entire
sedimentary column following two earthquakes with the largest
estimations of magnitude in the lifetime of this core – 1700 and
~700AD (Tables IV and VI).

Throughout time in this core, regardless of which event oc-
curred in the catchment and the variability of the measured pa-
rameters of each event, the background sedimentation had
little variance (Figure 7), but the sediment flux in the contempo-
rary period increased. Earthquake and fires have acted through
most of the history of the core, providing sediment to the lake
by large storms, but also by extra sediment delivered by normal
winter precipitation. Timber harvest has acted in a short time,
but similar to earthquake and fire, has increased supply of sed-
iment to the fluvial system. Nearly all sediment has been driven
to the lake by floods of varying magnitude.

All of these forcings act on the landscape, and the landscape
recovers with time. Burned over areas regenerate vegetation,
harvested areas regrow, evacuated hollows from landslides re-
build soil and regenerate vegetation. However, as long as tim-
ber harvest and associated roads exist, they are acting as the
sediment-driving force that has replaced the catchment’s next
highest recurrence interval disturbance – pre-suppression forest
fire (Kennedy and Spies, 2004).

Conclusions

The fidelity of the sedimentary record is high in the eutrophic
contemporary period allowing for annual analysis of sedimen-
tary dynamics. During the early contemporary period of this
core, 1939–1978, which is the period of peak timber harvest
in the catchment and the cool-wet phase of the PDO, the mass
accumulation rate (MAR) was significantly higher than in
1979–2012. Even when event deposit mass is removed
(event-free depth), the difference in the rates between the two
periods is still significant. The two forcings at work during this
period – timber harvest activities and floods – cannot be
disentangled, and the possible moderating influence of better
forest harvest practices could not be confidently identified with
our techniques.

The first 1100 y of the sedimentary column (515–1671AD)
has a lower estimated mean MAR than the 75 y of the contem-
porary period and the 270-y-long period in between (1671–
1939AD). It appears that the estimated MAR during the early
contemporary period is higher than most of the rest of the core
and that timber harvesting and associated road building may be
associated with a lowering of the threshold by which extreme
hydrologic events mobilize and deliver sediment to the lake.

The consequence of multiple forcings acting together, such
as harvest activities and floods, is to increase MAR, as was also
the case during the gap period (between 1671 and 1939AD),
when large fires, extreme floods, and the possible destabiliza-
tion of hillslopes occurred following the 1700AD CSZ Mw
9.0 earthquake. Earthquakes are probably recorded in the
sediment by co-seismic landscape destabilization and post-
seismic sediment delivery to the lake by moderate and high-
magnitude flood events in the form of hyperpycnal flows, and
likely on at least one occasion by a debris flow delivered
directly to the lake.
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Table S1. List of catchment events since 1700AD. These may
have contributed sediment to Loon Lake, or contribute to an
understanding of sedimentation at Loon Lake. 1Leonard et al.,
2010; 2ODF, 2011; 3Phillips J, 2015; 4Biosystems, 2003;
5Douglas Co., 2009; 6Sims, 1998; 7USGS, 2013; 8Snyder
et al., 2006; 9USDI, 2005; 10USACE, 2000; 11Jones and Stearns,
1928
Figure S1. Total and partial percent of catchment harvested
from 1943 to 2014. Black line with filled circles is satellite-de-
rived total percent of catchment from 1985 to 2012. Grey line
with square hollow points is partial percent of the total catch-
ment which was harvested each y from 1943 to 2014 only by
the largest private landowner (70% ownership of the
catchment).
Figure S2.Whole-core grain size and geochemistry, photo, and
stratigraphic units. Parameters included are dry bulk density, C:
N (atomic), % total nitrogen, % total carbon, % clay, and me-
dian grain size (D50). The sedimentary column is split into
two halves: 0-340 cm and 340-694 cm in MSCL depth scale.

Below the six parameters is the length scale in cm according to
the MSCL depth, which is correlated with the photograph of the
core. The stratigraphic unit cartoon (legend below) is correlated
with the x-radiograph. D50 of event bed E21 spikes to 231μm,
and is shown rising above all other parameter plots. Buttons vis-
ible in the core photograph are misplaced below the top sec-
tion at 143 cm, therefore use the MSCL depth scale.
Figure S3. To characterize the %TC, %TN, and C:N of the thin
dark laminae and thicker light layers at the top 10 cm of a re-
connaissance core, 8 structural samples of the two layer types
were collected and analyzed as above (n=16). Geochemistry
results of structural sampling are represented by boxplots of
% total carbon, % total nitrogen and C/N.
Figure S4. Bivariate plots of water discharge at Elkton and Mill
Cr. Discharge is from 1908 to 1917 on Mill Creek and on Ump-
qua River near Elkton. Mill Creek gaging station (USGS
#14323000) is downstream of Loon Lake and was operational
for seven complete water years during this time. Elkton gaging
station (USGS #14321000) is ~20 km east of Loon Lake on
the Umpqua R. (Figure 1). a) Monthly peak discharge b) Annual
peak discharge.
Figure S5. Annual peak discharge on the Umpqua R. at Elkton.
For this station (USGS #14321000), this is the period of record,
WY 1906-2013. Cool-wet phase of the PDO is shaded gray.
Figure S6. Age-depth model output from Oxcal. 68%, 95%,
and 98% interpolated ranges are drawn between the marginal
posterior densities. At each calibrated sample, the light gray
distribution is the unmodeled likelihood probability distribu-
tion, and the darkened distribution is the posterior probability
distribution. Oxcal v4.2.4 (Bronk Ramsey, 2013), based on
the IntCal atmospheric curve (Reimer et al., 2013).
Figure S7.OxCal output of 14C sample LL2 probability distribu-
tions. Blue line is the calibration curve, red distribution is the
sample radiocarbon determination, light gray peaks are the
likelihood probability distributions (the intersection of the
unmodeled determination with the calibration curve), and dark
gray peaks are the marginal posterior densities (the intersection
of the OxCal modeled determination with the calibration
curve), and brackets mark the 95.4% highest posterior density
(hpd) range intervals. The far-right likelihood probability distri-
bution interval (light gray, 1925AD forward) was eliminated
from the Monte Carlo resampling method when calculating ac-
cumulation rates. Source is Oxcal (Bronk Ramsey, 2013), based
on the IntCal atmospheric curve (Reimer et al., 2013).
Figure S8. Distribution of mass accumulation rates between
LL2 and 1939. Method is by Monte Carlo resampling of mar-
ginal posterior densities of modeled calibrated dates of 14C
sample LL2 and 1939AD +/- 2y, with replacement, 5000 times.
Solid line is the median of the distribution. Dashed line is the
mean. The left mode of the distribution is the result of the draws
from the left range of the LL2 distribution.
Table S2. Results of tests of difference in MAR in contemporary
period. Dry mass accumulation rate (g cm-2y-1) for all depths
and event-free depth (EFD) with different regression models
are used. Each set includes the estimated mean rate (slope)
and difference in slopes, 95% confidence interval (CI), and F-
test results for difference in slopes with numbers of degrees of
freedom. The estimated mean difference is significant in both
cases for our chosen alpha (a=0.05). Models are shown with
normal coefficients and standardized coefficients. WY = water
year; AM = accumulated mass (g cm-2); Q = discharge (m3 s-1).
Test is a separate lines model of multiple linear regression,
where the regression is accomplished by generalized least
squares and an AR1 autocorrelation function and a variance
structure to account for residual autocorrelation and heteroge-
neity, respectively.
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