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Abstract in the Pacific Northwest, over half of all catastrophic mass wasting events occur on volcanic
slopes, making volcanic edifices significant contributors of sediment to downstream channels. The grain size
distribution (GSD) and clast abrasion rates of mass wasting deposit sediment can strongly control the down-
stream fate of these large sediment pulses, mediating the magnitude and timing of the fluvial hazard cascade.
Here, we build on prior research from Glacier Peak, quantifying the GSD, clast strength, and simulated down-
stream sediment abrasion of four additional volcanic mass wasting deposits: one on Mt. Meager and Mt. Adams,
and two on Mt. Rainier. Deposits vary substantially in GSD (Ds4/ Dso = 3.8-8.0) and include diverse volcanic rock
types. We find that vesicularity and hydrothermal alteration, which weaken volcanic rocks, strongly influence
downstream abrasion. Individual clast abrasion rates span four orders of magnitude, with simulated volumet-
ric losses up to 86% over 100 km for the weakest deposit. Comparison to a global dataset indicates these rocks
are of typical volcanic strength. Importantly, sedimentary rocks tend to be substantially weaker, suggesting
sedimentary pulses could experience even greater attenuation. Our findings highlight the role of bed material
abrasion in coarse sediment budgets, with implications for source-to-sink hazards in volcanic and other river
systems.

Non-technical summary Large landslides are common on the volcanoes of the Pacific Northwest.
These events can dump enormous volumes of sediment (ranging from silt to boulders) into rivers. That sedi-
ment has the potential to travel downstream and exacerbate flooding. This study examines five large landslide
deposits at four volcanoes to understand what happens to these rocks as they travel downstream. We measured
rock size, strength, and type in the field, then used computer models to simulate how the material would change
after 100 km of river transport. Our results show that these volcanic landslide sediments vary substantially in
strength and size, both within and between sites. The weakest rocks break apart rapidly during river transport:
at the weakest deposit, ca. 86% of the original rock volume would be ground into fine particles within 100 km.
Only the strongest rocks survive long downstream journeys. This research has implications for flood risk man-
agement. Communities may overestimate how much sediment will reach populated areas, since much of it may
wear away during transport. As climate change increases volcanic landslide frequency through melting glaciers
and intense rainfall, understanding this natural “filtering” process helps us better predict downstream hazards
and improve emergency planning.

1 Introduction
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Rickenmann et al., 2006; Schraml et al., 2015), and cre-

With more than half of all catastrophic mass wasting
events in the Pacific Northwest of North America occur-
ring on slopes of volcanic rocks and regolith, these vol-
canic landscapes disproportionately supply large vol-
umes of sediment to river valleys (Geertsema et al.,
2006; Sterling and Slaymaker, 2007). Efforts to study
and understand mass wasting vary from studying de-
posits in the field and using remote sensing techniques
such as LiDAR and InSAR (e.g. Sohn et al., 1999; Major
et al., 2005; Roberti et al., 2017; LaHusen et al., 2020;
Handwerger et al., 2022) to modeling (Hutter et al., 1994,

*Corresponding author: pfeiffa@wwu.edu

ating scaled flume experiments (Iverson, 1997). These
studies largely focus on initiation, runout, and, impor-
tantly, direct hazards caused by a given event (Davies
et al., 2013). Comparatively few studies consider what
happens to these large mass wasting deposits after de-
position into river valleys; for example, how the initial
characteristics of mass wasting sediment affect how it
subsequently evolves as it is transported through the flu-
vial system (Sutherland et al., 2002; Roda-Boluda et al.,
2018).

The influx of sediment from these catastrophic mass
wasting events can propagate downstream as cascad-
ing hazards (Yanites et al., 2025), potentially aggrad-
ing channels and thereby exacerbating flood hazards
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(Slater et al., 2015) and posing risks to life and property.
Given that mass wasting events are expected to occur
more frequently in the future due to climate change,
e.g., via increased rates of glacial melt/retreat, accel-
erated freeze-thaw cycles, and increased rainfall inten-
sity (Guzzetti et al., 2007; Stoffel and Huggel, 2012), un-
derstanding the variable strength of mass wasting de-
posit sediment and resultant downstream evolution of
these sediment pulses is important. Past research on
sediment pulse morphodynamics has largely relied on
hydraulic flume studies (Cui et al., 2003; Sklar et al.,
2009; Humphries et al., 2012) or simple numerical mod-
els that emphasize pulse volume and grain size distribu-
tion (GSD), but has lacked constraints tied to the under-
lying source material characteristics (An et al., 2017).
The GSD is a major control on the downstream response
(Sklar et al., 2009; Ahammad et al., 2021): finer grains
will pass through the system quickly, while coarser
grains will move more slowly, and mixed grain size
distributions will have different impacts on river bed
mobility than uniform distributions (Ahammad et al.,
2021). Furthermore, the GSD of sediment in a river up-
stream can impact the rate of river incision and the river
slope downstream (Sklar, 2024). This highlights a key
question: what is the GSD of these volcanic mass wast-
ing deposits that are both large in magnitude and com-
mon in the Pacific Northwest?

The initial grain size of sediment supplied from hill-
slopes depends on a range of physical and chemi-
cal mechanisms. Previous work demonstrates that at
higher elevations, physical weathering is dominant,
leading to coarser clasts, and atlower elevations, chemi-
cal weathering is dominant, leading to finer clasts (Sklar
et al., 2017; Roda-Boluda et al., 2018). In addition to cli-
mate, lithology is a key factor in controlling sediment
size (Sklar et al., 2017; Roda-Boluda et al., 2018). Gen-
erally, the stronger the intact bedrock is, the larger the
resultant grains are due to fewer fractures and greater
spacing of discontinuities. Grains with higher intact
rock strength are less likely to break down through
physical weathering. In crystalline rocks, the type and
size of mineral grains influence the resulting particle
sizes produced by chemical weathering, with coarser
minerals generating coarser particles (Sklar et al., 2017;
Roda-Boluda et al., 2018). Using a rock Schmidt Ham-
mer as a proxy for strength, Roda-Boluda et al. (2018)
demonstrated that fresher and less fractured bedrock
is typically stronger and that these stronger rocks tend
to weather to coarser clasts, though there may be a
large range of grain sizes derived from one lithologic
group. These previous studies suggest that, in the case
of mass wasting deposits, fresh rock at high altitude
would potentially weather into larger clasts due to phys-
ical weathering dominance. However, unique to vol-
canic terrain, hydrothermal alteration generally physi-
cally and chemically weakens rock (Watters et al., 2000;
del Potro and Hiirlimann, 2009; Schaefer et al., 2023). As
aresult, volcanic mass wasting material sourced at high
altitude could potentially provide smaller grains to the
landscape than otherwise expected. Further, the weak-
ening of rock mass associated with hydrothermal al-
teration can systemically weaken volcanic slopes, mak-
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ing volcanic edifices particularly prone to mass wast-
ing (Watters et al., 2000; John et al., 2008; Finn et al.,
2001) and thus readily delivering sediment down valley.
There is a lack of research on sediment grain size de-
livered specifically from volcanic mass wasting events.
This is important because grain size and the implicit
factors that control it also play key roles in the evolution
of clast size after the sediment enters the river channel.

Once sediment is in the channel, downstream fin-
ing occurs via selective transport in which smaller and
lighter grains are carried farther, and via abrasion, as
clasts collide and break down to smaller grains (Sklar,
2024). Abrasion is the combination of attrition, the
gradual wear of the surface into fine particles, and frag-
mentation, the loss of larger particles (Attal and Lavé,
2009; Kuenen, 1956). Similar to its control over GSDs de-
livered from hillslopes, lithologic rock strength is an im-
portant factor controlling abrasion rates, with abrasion
rates varying by several orders of magnitude between
strong and weak lithologies (O’Connor et al., 2014; Pfeif-
fer et al., 2022). Experimental work has shown that at
low particle velocities, abrasion rates depend largely
on lithologic strength; however, at higher velocities,
abrasion rates can increase (Attal and Lavé, 2009). As
such, the strongest rock types supplied to the river bed
will largely dominate the bedload of the river (Attal
and Lavé, 2009). Lithologic strength is correlated with
density such that stronger rocks are typically denser
and weaker rocks are less dense (Pfeiffer et al., 2022).
In general, denser rocks will preferentially deposit up-
stream, while lighter rocks will transport farther down-
stream (Viparelli et al., 2015). Combining these ef-
fects, the downstream transport of mass wasting de-
posit sediments should be controlled by the source ma-
terial lithology via its control on grain size, strength,
and density distributions.

Despite decades of research on mass wasting event
mechanics and hazards, we lack a strong predictive
framework for how resultant sediment pulses trans-
port downstream. Here, we aim to improve source-to-
sink models of sediment fluxes by asking: what is the
variability in the sediment size, strength, and density
of volcanic mass wasting deposits, and how do those
variables translate to downstream coarse sediment im-
pacts? Pfeiffer et al. (2022) constrained the GSD, lithol-
ogy, and abrasion variability of a volcanic mass wast-
ing deposit along the Suiattle River at Glacier Peak, and
demonstrated that much of the coarse material abrades
to fines in the first 10-20 km of transport. We build
on this work by quantifying clast strength and grain
size distribution of four additional volcanic mass wast-
ing deposits in the Pacific Northwest: along the Lillooet
River at Mt. Meager, White River at Little Tahoma Peak
(Mt. Rainier), Kautz Creek at Mt. Rainier, and Salt
Creek at Mt. Adams, to test the hypothesis that sedi-
ment characteristics of volcanic deposits vary substan-
tially between sites, which in turn has significant impli-
cations for the downstream effects of those events. We
use the collected data, along with a downstream abra-
sion model to test the influence of rock strength on abra-
sion and transport and compare strengths to a global
compilation.
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2 Geologic and Geomorphic Setting

This study focuses on five field sites (Figs. 1 and 2, Ta-
ble 1) in the Pacific Northwest of Canada and the USA:
Lillooet River at Mt. Meager, Suiattle River at Glacier
Peak, White River at Little Tahoma (Mt. Rainier), Kautz
Creek at Mt. Rainier, and Salt Creek at Mt. Adams. The
Canadian Coast Range and North Cascade Range are
dominated by alpine environments and braided gravel-
bedded rivers. While the bedrock lithology of the re-
gion is highly varied (Schuster, 2005; Erdmer and Cui,
2009), volcanic terrain contributes a high percentage of
mass wasting sediment to the fluvial systems (Geert-
sema et al., 2006). Similarly, although the sediment
sources of these deposits are all stratovolcanoes, the
volcanoes vary in lithology, degree of hydrothermal al-
teration, and glacial erosional histories. The deposits
also result from a variety of mass wasting processes,
ranging from hydrothermally altered slope collapse to
debris flows triggered by glacial outbursts. These differ-
ences make the five selected sites well-suited for com-
paring, contrasting, and quantifying the degree of vari-
ability in mass wasting deposit characteristics with a
focus on fluvial processes and downstream transport.
Throughout the text, we refer to each deposit/event by
the name of the mountain, except for the two Rainier
deposits which we refer to by source zone (Kautz Creek
and Little Tahoma).

2.1 Mt. Meager (Lillooet River)

Situated approximately 150 km north of Vancouver,
British Columbia, Canada, Mt. Meager (2,650 m) is gen-
erally considered the northernmost edge of the Cascade
volcanoes and lies within the Canadian Coast Range
(Figs. 1 and 2a). The flanks of the volcano are com-
posed of volcanic rocks that are Pleistocene through the
Holocene in age, with the oldest recorded eruption ap-
proximately 2.2 Ma ago and the youngest just 2,350 years
ago (Guthrie et al., 2012). Eruptive units consist of por-
phyritic rhyodacite and extrusive tuff, breccia of granite
and aphanitic inclusions, and dacitic flows (Read, 1990;
Roberti et al., 2017). Active hot springs and bedrock wa-
ter seeps around the mountain and have resulted in hy-
drothermally altered volcanic rock that is highly frac-
tured and weakened (Guthrie et al., 2012; Roberti et al.,
2017). Freeze-thaw cycles, along with glaciation and
snowmelt, result in changing bedrock and soil-water
pore pressure that contribute to mass wasting events
from the edifice, making Mt. Meager one of the most
landslide-prone regions in Canada (Guthrie et al., 2012).

The August 6, 2010, rockslide-debris flow occurred on
the south flank of Mt. Meager above a small glacier at
the head of Capricorn Creek valley, which feeds into the
Lillooet River (Fig. 2a). The slide was likely caused by
changes in groundwater pore pressure, resulting from
the end of summer snowmelt and high temperatures,
that triggered a series of initial rock falls, which sub-
sequently destabilized the surrounding rock (Guthrie
et al., 2012). The flow inundated the entire valley and
made its way into the mainstem Lillooet River Valley.
It stopped just short of the Lillooet River campground,
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Figure 1 Overview of the 5 study deposit locations in the Pacific North-
west of North America. The associated mainstem river for each deposit is
traced in blue.

roughly 2 km downstream of the Meager Creek-Lillooet
River confluence, for a total runout of 12.7 km (Roberti
et al., 2017). The initial failure was estimated to be
48.5 x 10% m® (Guthrie et al., 2012) and to have reached
an estimated average velocity of 48 m/s (Roberti et al.,
2017). The flow acted in two phases: a water-rich hyper-
concentrated flow that moved faster and extended fur-
ther, and a water-poor debris avalanche that moved
slower with discreet shear zones, forming hummocky
deposits (Fig. 2f) (Roberti et al., 2017). These two end
members exist on a rheological continuum that was
present throughout the event. We focused on charac-
terizing the distal and medial areas of the 2010 deposit
due to physical accessibility for sampling (Fig. 2f).

2.2 Glacier Peak (Suiattle River)

Glacier Peak (3,213 m) is a stratovolcano situated in the
Snoqualmie National Forest, 100 km northeast of Seat-
tle, Washington (Figs. 1 and 2b). Several episodes of
eruptions in the past 14,000 years have produced ex-
tensive volumes of lahars, pyroclastic flows, ash fall,
pumice lapilli fall, and rounded cobble and boulder
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Figure 2 Overviews of the five study deposits with exposure locations (a-e). Example deposit exposures for Mt. Meager (f), Little Tahoma (g), and Mt.
Adams (h).
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Table1l Key characteristics of the large volcanic mass wasting events included in this study

Mountain Mainstem Year Key citations Source zone Triggering event

(source area) River

Mt. Meager Lillooet R 2010 Guthrie et al. (2012); hydrothermally Rockfall onto glacier,

(Capricorn Roberti et al. (2017) altered rock face  channelized runout

Ck.)

Glacier Peak Suiattle R. ca. Slaughter (2004) proglacial glacial outburst(?),

(Chocolate 1938 entrained lahar and

Ck.) pyroclastic deposits

Glacier Peak White R. 1963 Crandell and Fahne- hydrothermally rockfall onto glacier,

(Chocolate stock (1965) altered rock face non-channelized

Ck.)

Mt. Rainier Nisqually R. 1948 Crandell (1971); Scott  proglacial cloudburst, glacial toe
et al. (1995) collapse/outburst

Mt. Adams White Salmon 1921 Vallance (1999) hydrothermally rockfall onto the glacier

R.

altered rock face

deposits across the landscape (Slaughter, 2004). Most
of its eruptive products are dacitic in composition. In
ca. 1938, a debris flow travelled 20 km down the Suiat-
tle River. It likely originated from a glacial outburst
flood at Chocolate Glacier in the headwaters of Choco-
late Creek on Glacier Peak, entraining material and cre-
ating a slurry. This event was likely associated with a
period of warming between 1892 and 1938 that caused
significant glacial recession (Slaughter, 2004). Since the
late 1930’s, a total of at least nine valley-filling debris
flows have occurred in the Suiattle basin with a mean
recurrence interval of ca. 9.3 years (individual inter-
vals range between 2-16 years) (Fordham et al., 2023).
In 2003, another lahar filled the valley below Chocolate
Creek (Fordham et al., 2023). Pfeiffer et al. (2022) char-
acterized the 2003 deposit sediment (Fig. 2b). We com-
pare these data to data collected from our other field ar-
eas.

2.3 Little Tahoma Peak at Mt. Rainier (White
River)

Little Tahoma Peak is 3,395 m high and is situated on
the eastern flank of Mt. Rainier, WA, towering above
Emmons Glacier and the White River Valley (Figs. 1
and 2c). The peak is comprised of andesitic breccia
and lava flows that have been heavily hydrothermally
altered (Crandell and Fahnestock, 1965). Steep cliffs
straddle Little Tahoma, a result of glacial scouring and
undercutting. On December 14, 1963, part of Little
Tahoma fell into the valley as a rock avalanche, covering
the lower Emmons Glacier and filling the upper White
River. The slide came to a stop nearly 7 km down val-
ley near the White River Campground and the Emmons
Glacier terminal moraine (Fig. 2c). The rock avalanche
volume was estimated at around 10.7 x 10° m® of ma-
terial, with the deposit covering a total area of around
5.2 km? (Crandell and Fahnestock, 1965). These authors
hypothesized that the rock avalanche was primed by
freeze-thaw cycles and snowmelt, weakening the rock
over time, and was ultimately triggered by a steam ex-
plosion at Little Tahoma Peak. This explosion weak-
ened support and destabilized adjacent rock masses, re-
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sulting in the collapse. We sampled the subvertical ex-
posures and crumbling megaclasts in distal portions of
the deposit (Fig. 2g). (Crandell and Fahnestock, 1965).

2.4 Mt. Rainier (Kautz Creek)

Kautz Glacier and Kautz Creek are situated on the south-
western flank of Mt. Rainier (4,392 m) and flow into
the Nisqually River (Figs. 1 and 2d). This valley has an
extensive history of lahars, outburst floods, and hyper-
concentrated floods. On October 1t and 2"¢ of 1947,
a total of 149 mm of rain doused the area, an event
with a recurrence interval of 100-500 years (Crandell,
1971; Scott et al., 1995). This resulted in a high mag-
nitude runoff and surface discharge, which undercut
the glacier, causing masses of ice to topple. Blocks
of ice created temporary dams in the box canyon be-
low Kautz Glacier until they collapsed and released out-
burst floods that bulked to debris flows in three separate
pulses that surged down the valley, ultimately entrain-
ing and depositing 38 x 10° m® of material in the valley
(Crandell, 1971; Scott et al., 1995). These debris flows
had a consistency of wet concrete and carried vegeta-
tion and andesite boulders as large as 4 meters in di-
ameter. Like many mass wasting events, this was made
up of a complex series of movement styles, ranging
from dilute outburst flood to debris flow with successive
flow fronts that were overtaken by faster, more dilute
hyper-concentrated flows (Scott et al., 1995). Due to the
event dynamics, it is likely that the material was largely
sourced from morainal streambed sediment. At the
base of Kautz Creek valley, a fan formed due to aggra-
dation, which inundated a valley width of 0.9 km at the
highway and terminated at the Nisqually River (Fig. 2d)
(Crandell, 1971; Scott et al., 1995). The material from
this deposit was easily identifiable in contrast to other
lahar-runout deposits due to its prevalent darker, gray
color, which contrasts with the ligher, more yellow col-
ors typical of volcanic alteration present in other events
in that valley.
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2.5 Mt. Adams (Salt Creek)

Mt. Adams (3,743 m) is situated in southern Washington
State (Figs. 1 and 2e) and is a large stratovolcano made
up of heavily hydrothermally altered andesitic lava and
breccia towers resulting from Quaternary volcanism
(Vallance, 1999). There is a long history of lahars and
debris avalanches on the southwest side of Mt. Adams,
which drains into the White Salmon River. These events
are a result of two key processes. Firstly, weak hy-
drothermally altered rock has formed steep slopes that
are exposed to freeze-thaw weathering, rendering them
unstable and prone to collapse (Vallance, 1999). Ad-
ditionally, glacial ice scouring and plucking, followed
by deposition, have formed moraines of large clasts
primed to move down slope as lahars due to summer
glacial ice melt and snowmelt (Vallance, 1999). There
have been at least eight recorded lahars and debris
avalanches in the upper reaches of the White Salmon
River valley. Notably, a 1921 debris avalanche estimated
to be 4 x 10 m® in volume initiated at the head of
Avalanche Glacier on the southwest flank of the peak,
running out as much as 2 km down the Salt Creek Valley
(within the White Salmon basin) and leaving a deposit
ca. 1-4 m thick (Vallance, 1999). The 1921 deposit is an-
desitic in composition but contains breccia, scoria, and
massive rocks that are hydrothermally altered with col-
ors ranging from purple to yellow and white (Fig. 2h).
These colors are indicative of andesitic rock altered to
opal, alunite, kaolinite, and montmorillonite (Vallance,
1999; Finn et al., 2007).

3 Methods

Field and lab data from each of the five deposits were
used to constrain the variability in sediment character-
istics between volcanic mass wasting deposits in the Pa-
cific Northwest and to calculate their abrasion poten-
tial during downstream fluvial transport. Glacier Peak
field measurements were obtained from prior research
(Pfeiffer et al., 2022). We conducted field campaigns at
the remaining four deposits in summer 2023.

3.1 Field Measurements

At each field site, we recorded lithologic variability
and GSD of the deposits, and quantified clast rock
strength using a Schmidt Hammer (Schmidt Hammer
Rock Strength, SHRS). We collected data from five to
eleven exposures at each deposit, distributed, to the ex-
tent possible, laterally and longitudinally across the de-
posit, to capture potential spatial variability. Ideal expo-
sure sites were sub-vertical scarps of the deposit, often
found along river cutbanks. We chose these exposures
to increase the confidence that the exposures represent
the original deposits, rather than reworked material or
newer sediments overlaying the target deposits.

At each exposure, we laid out a grid using stadia rods
and tape measures to give 100 evenly spaced sampling
locations (see Fig. 2h). Within the grid, we selected the
clast underlying each nodal point to obtain a random-
ized, representative sample of 100 clasts for grain size,
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lithology, and rock strength measurements. The clast
(or a subsample of the clast) at every 5™ nodal point was
collected, for a total of 20 clast samples per exposure,
to quantify abrasion rate and rock density in the lab.
These sample clasts were selected randomly regardless
of size and whether or not SHRS measurements were
taken.

In some instances, it was not possible to collect ca.
100 samples as intended. For example, at the Mt. Mea-
ger deposit, we sampled only ca. 55 clasts at three expo-
sures, MM4, 10, and 11 (Fig. 2a). These were hummocks
with relatively uniform fine material. Since these hum-
mocks contributed relatively little coarse sediment rel-
ative to the other portions of the deposit, we did not
weight these measurements more heavily, despite the
smaller number of measurements. Additionally, at the
Kautz Creek deposit, we sampled <100 clasts at the KC1,
2, 3,4, 5, and 7 exposures (Fig. 2d) due to exposure size
and safety concerns.

For each selected clast, we measured the intermedi-
ate b-axis diameter to the nearest 5 mm using a tape
measure. For embedded clasts that were too large to ex-
cavate, best judgement was used to approximate the b-
axis diameter. Clasts <5 mm were classified as “fines”,
and lithology was not identified.

The lithology classification scheme was specific to
each field site and was determined collectively by the
field team after a thorough examination of the represen-
tative lithologies present in the area prior to data col-
lection. These classifications emphasize characteristics
pertinent to abrasion potential, such as vesicularity and
weathering, not petrology (Table S1). The classification
system is grouped into six umbrella categories: Vesic-
ular Altered (VA), Vesicular (V), Non-Vesicular Altered
(NA), Non-Vesicular (N), Metamorphic (M), and Plutonic
(P) (Table S1).

Previous work at Glacier Peak measured the strength
of clasts in the deposit using a Proceq Rock Schmidt
Type L (Pfeiffer et al., 2022). We followed this method-
ology to quantify the strength of the remaining four de-
posits. We determined the median SHRS of the first 50
clasts encountered with a b-axis diameter >11 cm, per
exposure, though we ultimately excluded the strength
data from clasts of b-axis <25 cm from our analysis,
as we found that these smaller (and especially small c-
axis) grains appeared to have systemically, and presum-
ably spuriously, lower SHRS values (see Demirdag et al.
(2009)). The median strength for each clast was derived
from 10 measurements per clast, taken at spatially dis-
tributed planar surfaces around the clast to account for
variability in strength due to fractures, local weather-
ing, different crystals, and other sources of spatial het-
erogeneity (Bernard et al., 2019). The largest clasts were
measured in-situ, while smaller clasts were commonly
pulled from the outcrop and stabilized against a firm
surface for measurements. If an exposure had fewer
than 50 clasts >11 cm at the gridded sampling locations,
we measured a random selection of clasts in the de-
bris apron directly below the exposure until SHRS was
recorded for 50 clasts.
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3.2 Lab Work: Abrasion Tumbler and Density

Of the sample clasts brought back from the field, 34 sam-
ple clasts were used in our abrasion experiments. Cho-
sen samples had field SHRS values and had initial clast
b-axis >25 cm (prior to subsampling for transportation
back from the field to the lab). Samples were selected
to represent the full range of lithology types and SHRS
values across all deposits, rather than an equal number
from each deposit. When large enough (ca. >8 cm), we
cut the field clast samples into new subsamples to ob-
tain replicates. Due to the small size of many of the sam-
ple clasts collected in the field, only 18 of the 34 tumbled
clasts have replicates.

As in O’Connor et al. (2014), we used a QT12 Lor-
tone Rotary Rock Tumbler (4.3 L capacity) to simulate
rock abrasion during bedload transport and measure
the rate of mass loss of 34 clasts. We closely followed
the methodology used by (Pfeiffer et al., 2022). In brief,
the rock tumbler was filled with 1,890 g of host sedi-
ment, 2 L of water, and 3-6 sample clasts. The size distri-
bution of the “host” GSD followed that of Pfeiffer et al.
(2022) to simulate the gravel size and lithology mixture
of the rivers downstream of our study deposits. Vol-
canic clasts were tumbled in a plutonic host, and plu-
tonic samples were tumbled in a volcanic host to simu-
late the mixed-lithology conditions in the river and al-
low us to easily distinguish the sample clasts from the
host. Selected clasts were cut down to <6 cm samples
that would fit in the tumbler and were put through an
initial rounding phase to remove the sharp angles from
the clasts that tend to abrade more rapidly than rounded
clasts (Domokos et al., 2014). Once rounded, the abra-
sion rates of the clasts were obtained during a second
phase of tumbling. To calculate this, we convert tum-
bler experimental time to transport distance by multi-
plying the inner circumference of the tumbling barrel
(60 cm) by the tumbler revolution rate (33 rotations per
minute) and tumbler experimental time. The total tum-
bling distance varied depending on rock strength, rang-
ing from 15-60 km, with 3-6 measurements of clast mass
taken at intervals throughout the run. We then used the
transport distance and mass loss of the clasts to deter-
mine a best-fit regression to calculate a tumbler-derived
mass loss coefficient, «, in the Sternberg (1875) equa-
tion for exponential grain mass loss downstream:

Mx = MOe_ax (1)

where M, is the original grain mass, M, is the grain
mass at a given distance downstream, x is the down-
stream distance, and « represents the abrasion rate, de-
fined for a particular lithology oz, in our case, individual
clast.

We utilized a Mettler Toledo density determination
kit, following standard operating procedures, to obtain
the density for each clast (Mettler-Toledo, 2020). Rock
fragments ca. 1-4 cm in diameter were cut off larger
field-collected sample clasts and then were soaked in
water for 48 hours prior to measuring in order to fill air
bubbles before density measurements. We measured
the density of all 34 clasts that were used for tumbling
and an additional 120 clasts, approximately 30 per de-
posit, that were selected at random, distributed evenly
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across all exposures at each deposit. Finally, as in Pfeif-
fer et al. (2022) we compare the experimentally deter-
mined clast abrasion rates and density values to mea-
sured SHRS to derive the empirical best-fit relationships
for each.

3.3 Sediment Abrasion Model Analysis

To quantify the impacts of source deposit variability
on downstream river channel response, we apply the
downstream abrasion modeling approach of Pfeiffer
etal. (2022) to our five study sites. Abrasion down a river
is commonly modeled using Eq. 1, which relates mass
loss to distance of downstream transport and a given
abrasion rate (). The abrasion rate coefficient, «, is of-
ten established via laboratory experiments, such as in
an abrasion tumbler, as we did in this study. Though still
commonly used (e.g., O’Connor et al., 2014), this simple
equation neglects many other factors, such as clast frag-
mentation (Kodama, 1994), velocity of transport (Attal
and Lavé, 2009), abrasion that occurs when a stationary
rock is impacted by passing bedload (Prancevic et al.,
2020) or jostled in place (Schumm and Stevens, 1973),
and expedited abrasion related to initial clast angularity
(Domokos et al., 2014). The standard implementation
of Eq. 1 also fails to account for the fact that abrasion
tumblers can underestimate the abrasion rate of a clast
by overestimating the effective transport distance (Attal
and Lavé, 2009).

To account for the effects of transport-dependent
abrasion on the downstream loss of coarse sediment in
the Suiattle River, Pfeiffer et al. (2022) took a modeling
approach that we adopt here for all our study deposits.
We summarize this approach below, but refer the reader
to Pfeiffer et al. (2022) for further details.

The approach, developed by Pfeiffer et al. (2022),
based on Attal and Lavé (2009), accounts for variations
in abrasion via a baseline abrasion rate (apageline) and a
transport-dependent abrasion (k) factor using:

& = (lpageline <]— + KMD <T* - 33)) (2)
pW Tc

where ps is the density of sediment (kg/m?3), py is
the density of water (1000 kg/m?), D is the diameter of
the grain (m), 77 is the critical Shields stress, 7* is the
Shields stress associated with a given grain at a given

T,

flow. Together, — is referred to as the transport stage.
TC

The transport stage is used to account for transport ve-

locity dependent variation in abrasion whereas grains
with a transport stage greater than roughly 3.3 abrade
faster (Attal and Lavé, 2009).

The baseline abrasion (apaseline) accounts for abrasion
tumblers over-estimating transport distance by using a
tumbler correction factor:

Qlhaseline = Qinitial X Ct (3)

where Ctis the tumbler correction factor, and apia) 1S
obtained from the tumbler measurements (see below).
The calculated apaseiine from Eq. 3 is then plugged into
Eq. 2, which is used in Eq. 1 to calculate downstream
mass loss.
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Asin Pfeiffer etal. (2022), we use our field-based SHRS
measurements to estimate ayp;, distributions for each
deposit (as in section 3.2). However, the lithologic distri-
bution of SHRS values we collected for each deposit (56-
194 measurements per site) does not necessarily match
the lithologic distribution represented within the en-
tirety of each deposit, as quantified via the point counts
(225-893 measurements per site). To address this, we
generated a simulated dataset with 1,000 samples of
SHRS for a given deposit, distributing the samples ac-
cording to the lithology fractions of the whole deposit.
The strengths were sampled based on an empirical dis-
tribution of the original data, ensuring the new simu-
lated dataset reflects the distribution of the original data
for each lithology and strength. Note that the distri-
bution of vesicular and non-vesicular volcanic litholo-
gies modeled for Glacier Peak differs from the ratio used
in Pfeiffer et al. (2022). The authors used the ratio of
lithologies from the boulder SHRS data, while here we
use the ratio measured in the whole deposit to main-
tain consistency with the data from the other deposits.
Thus, our resulting model for Glacier Peak, while sim-
ilar, is not identical to the results presented in Pfeiffer
et al. (2022).

Pfeiffer et al. (2022) implement Egs. 1-3 in a 1-D nu-
merical model that estimates the loss of coarse sedi-
ment from bedload to wash load, downstream due to
abrasion, initial grain size, and lithologic strength and
density. The model does not capture selective trans-
port, downstream inputs of sediment, or the morpho-
dynamic evolution of sediment pulses. Initial input
parameters include the grain size, lithology, and rock
strength.

The dimensionless bed shear stress associated with a
given particle at a given flow, 7* , is calculated using:

= @
(ps — pw)gD

where g is the acceleration due to gravity (9.81 m/s?),
and 7 is the dimensional shear stress at a given distance
downstream.

To determine representative values of shear stress (7)
for a full channel profile, we approximate values fol-
lowing Pfeiffer et al. (2022). Generally, a channel pro-
file and representative flow depth or a river-scale hy-
draulic model would be needed to determine t. Instead,
Pfeiffer et al. (2022) approximated the conditions of the
Suiattle River by first assuming that the upstream me-
dian grain size (D,50) is 0.14 m (based on field measure-
ments) and that grain size exponentially fines down-
stream with a diameter loss coefficient (6) of 0.01 (based
on field measurements of grain size along the length of
the channel). They then calculate the median grain size
at a given distance downstream (Dysg):

Dixs0 = Dosoe " (5)

These grain diameters are then used to calculate 7 for
each given distance downstream:

Tx = 27—: (ﬁs - pw)ngf)O (6)

where 77 is the critical dimensionless bed shear stress,
assumed to be 0.045.

We used a modified version of this model to quantify
sediment abrasion in the five study areas with 100 km
of downstream transport. Instead of estimating a sepa-
rate downstream shear stress profile for each site’s lon-
gitudinal profile, we used the Suiattle boundary condi-
tions across all the rivers, as the goal was to compare
the effects of abrasion, not the channel profile, on each
deposit. Here, we chose to use k = 15, as this value
does well to match the slope of the transport-velocity-
dependent abrasion datain Attal and Lavé (2009). We set
C¢ = 2 as prior work demonstrates that C; should be >1
and <4, with 2 as a reasonable middle ground Lewin and
Brewer (2002). In the model, the qjui. and ps of each
clast are calculated using the best-fit equations from our
abrasion and density measurements. Generally, rocks
with a higher SHRS have a lower abrasion rate and a
higher density. Importantly, if a clast’s diameter is re-
duced to <0.002 m (smaller than gravel) due to abrasion,
the model treats it as wash load and excludes it from fur-
ther downstream abrasion calculations.

To summarize, we ran a sediment abrasion model for
each of the five study deposits. For each deposit, the
model run began with 1,000 ‘clasts’. Each clast had a
unique grain size, SHRS value, lithologic classification,
and density. The 1,000 clasts were simulated such that
they collectively represented the overall GSD, SHRS dis-
tribution, and lithology distribution we observed in that
deposit. All the clasts were then simulated through 100
km of downstream transport. During transport, these
clasts are subject to abrasion, essentially via exponen-
tial decay (Eq. 1), with the abrasion rate of each clast
modified (Eq. 2) based on clast strength, and transport
stage, which is based on grain size, density, and reach
shear stress (variable downstream for a given clast; Eq.
6). As the clasts abrade, the grain size of each clast
reduces accordingly, and all other parameters stay the
same. If a clast’s diameter is reduced to <0.002 m, it is
treated as wash load and no longer tracked, leaving only
the clasts >0.002 m. This also allows us to track how the
volumetrically weighted lithology mixtures and mean
SHRS of the coarse load in each deposit change over the
course of the 100 km of downstream transport.

4 Results

4.1 Lithology

The five study deposits all originate from stratovolca-
noes in the Pacific Northwest with intermediate com-
position. However, the degree of vesicularity and al-
teration of clast types varies substantially between de-
posits (Fig. 3, Table S1). The Kautz Creek deposit is al-
most entirely composed of non-vesicular rock (dark pur-
ple; Fig. 3d), in contrast to the other deposits, which
all have >50% vesicular material. The Glacier Peak and
Kautz Creek deposits exhibit no alteration (shades of or-
ange; Figs. 3b, d), whereas the Mt. Adams deposit is ca.
60% hydrothermally altered (Fig. 3e). It is worth noting
that for Little Tahoma, the vesicular material contains
the full spectrum of alteration (like Mt. Adams), but
this was not accounted for in the lithology classification
scheme set for that deposit (Table S1). Despite all hav-
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ing source zones on volcanic edifices, three of the mass
wasting deposits contain plutonic material and notably,
Mt. Meager contains ca. 30% plutonic rock, as well
as the only occurrence of metamorphic rock (Fig. 3a).
Within each deposit, lithologic trends are generally con-
sistent across exposures, although some variability is
present (Table S2; Pinke, 2024).

4.2 Rock Strength

As with the lithology categories, the five study deposits
contain a broad range of rock strength distributions.
The SHRS distributions are significantly different be-
tween deposits (p=1.19 x 10~ !1), with mean SHRS rang-
ing from 43.5 to 58.4 (Fig. 4, Table S3). Rock strengths
are generally consistent across the sampling exposures
within each of the deposits (Fig. S1), but are highly
variable for each given lithologic classification. Rock
strength measurements are lacking for the hummock
exposures in the Mt. Meager deposit and the distal ex-
posures in the Kautz Creek deposit, due to the absence
of larger clasts (Figs. 4b, ). Across all the study deposits
(Fig. 4f), clasts that are vesicular and hydrothermally al-
tered are weaker, whereas rock that is non-vesicular and
not altered is stronger. The lithologic fractions for each
deposit (Fig. 3) are mapped to the strength distribu-
tions for each lithology (Fig. 4) as a modeled lithology-
weighted distribution of rock strengths for each deposit
(left-hand distributions, Figs. 4a-e). The Kautz Creek de-
posit at Mt. Rainier, which primarily consists of non-
vesicular, non-altered material, has the highest mean
strength of 58.4 (Fig. 4d), and is followed by clasts at
Glacier Peak, which also contain no hydrothermally al-
tered clasts (Fig. 4b). Mt. Adams, which has a high
percentage of altered and vesicular material (70.7%
combined) is the weakest of the deposits with a mean
strength of 43.5 (Fig. 4e).

4.3 Grain Size

The grain size of hillslope material entering a river
channel may vary due to rock strength, weathering and
erosion history, and emplacement style (Sklar et al.,
2017; Roda-Boluda et al., 2018). The five mass wast-
ing deposits exhibit a range of GSDs (Fig. 5). The Dy,
D5, and Dgs are within the same order of magnitude
between deposits, but within each deposit, the GSD
spans two orders of magnitude, varying from fine sand
to meter-scale boulders (Fig. 5, Table S4). The Glacier
Peak and Kautz Creek deposits have the highest mod-
eled SHRS (Figs. 4b, d, Table S3) and the largest D5y (9
cm) and second largest D5 (7 cm, Figs. 5¢c, e, Table S4),
whereas the weakest deposit, Mt. Adams, also has the
smallest Dsg (1.5 cm; Fig. 5f). The fraction of fine ma-
terial (<5 mm) varies drastically between deposits, from
<20% to >50%, with Kautz Creek exhibiting the highest
percent of fines (Figs. 3 and 5, Table S4). For most of
the deposits, we find that the individual exposures have
similar GSDs to one another. This lends confidence that
the GSD we characterize is representative of the whole
deposit, despite the modest number of exposures. Fur-
thermore, at Mt. Adams, we sampled exposures on both
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sides of three small valleys, and in each case, the GSD
of the adjacent exposures on the two valley walls match
up well (Fig. 5f). Kautz Creek is the exception, with
substantial differences in grain size between exposures.
The Kautz Creek data exhibit a trend with larger grain
sizes at exposures proximal to the source and within the
main body and finer grain sizes in the distal portions of
the deposit (Fig. 5e). The Mt. Meager and Little Tahoma
deposits depict GSD differentiation between types of ex-
posures. In both instances, the GSD of hummocks are
finer, whereas the GSD of scarps of the main matrix of
the deposit are coarser (Figs. 5b, d).

4.4 Abrasion and Density

The subset of clasts selected for abrasion experiments
spanned three orders of magnitude in calculated abra-
sion rates based on tumbling (Fig. 6a). Density of the
clasts from this subset spanned a range of >1000 kg/m3
(Fig. 6b). Pfeiffer et al. (2022) related SHRS to clast abra-
sion rate and density. We added 34 clasts from all of
our deposits to their dataset and found that although the
SHRS-to-abrasion-rate and SHRS-to-density relation-
ships are still significant, the strength of the relation-
ships is more modest than Pfeiffer et al. (2022) found
using rocks only from Glacier Peak. Intuitively, weaker
and less dense rocks abrade faster, whereas stronger,
denser rocks abrade slower (Fig. 6). Differences in
the mean density between deposits are marginally non-
significant (p =0.059). Like the lithology-weighted SHRS
distribution (Fig. 4), the median weighted density for
Mt. Meager, Little Tahoma, and Mt. Adams is similar,
while Kautz Creek is higher (see Pinke, 2024).

4.5 Downstream Model

We used the lithologies for each deposit (Fig. 3), their
corresponding SHRS-proxy abrasion rates (Figs. 4 and
6), and their GSDs (Fig. 5) to model downstream abra-
sion in terms of coarse sediment volumetric loss (Fig. 7).
The Glacier Peak and Kautz Creek deposits exhibited the
least amount of abrasion over a simulated 100 km, with
56% and ca. 52% loss, respectively. These two deposits
have the strongest clasts, with material exhibiting lit-
tle to no hydrothermal alteration and a large fraction of
non-vesicular rock. In contrast, the Mt. Meager, Little
Tahoma, and Mt. Adams deposits experience substan-
tially more abrasion downstream. The Mt. Adams de-
posit, which is the most hydrothermally altered and be-
gins with the lowest mean SHRS, loses ca. 86% of its
coarse volume to wash load over a simulated 100 km.
The loss can also be considered through the lens of the
‘halving distance’ of the pulse material: the transport
distance over which half of the coarse sediment is lost
to abrasion. Among our sites, this distance varies from
13 km (Mt. Adams) to 92 km (Kautz Creek; Fig. 7f). In
each deposit, most of the volumetric material loss oc-
curs in the weaker lithologies and in the first 20 km
downstream, whereas the stronger lithologies persist in
greater relative quantities downstream. Across all de-
posits, the mean SHRS increases downstream, with de-
posits of lower starting SHRS generally associated with
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Figure 3 Lithologic percents for the coarse (>5 mm) material fraction of each deposit. Clasts <5 mm are denoted as fines in gray.

a greater change in strength over the 100 km of modeled
transport (Fig. 7f). On average, the remaining mate-
rial is 9.4% stronger (in SHRS units) than the initial, but
ranges from 4.2% (Kautz Creek) to 14.2% (Mt. Meager).
Mt. Meager represents a notable case, with a bimodal
starting distribution in rock strength (Fig. 4a) leading to
the greatest downstream change in mean SHRS among
the sites (Fig. 7f). This results from the rapid loss of
vesicular volcanics, leaving a downstream coarse sedi-
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ment pulse dominated by the durable surviving pluton-
ics. This result highlights both the large magnitude of
the abrasion effect in some volcanic deposits and the
importance of the lithologic mixture in setting the pat-
tern of downstream loss.
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5 Discussion matic differences in their durability downstream. Kautz
Creek and Mt. Adams represent two ends of the spec-
Substantial variation in mass wasting sediment strength trum (Fig. 7). With sediments dominated by coarse,

and grain size between our study deposits leads to dra-
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strong, unaltered, non-vesicular rock, nearly half of the
Kautz Creek material persists through 100 km of simu-
lated abrasion. In contrast, the Mt. Adams sediments,
predominantly made up of finer-grained, weaker, al-
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tered, vesicular rock, attenuate dramatically in 10s of
km downstream of the source zone. In all cases, the
surviving material downstream strengthens compared
to the initial pulse.
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Below, we examine the initial GSDs of our study de-
posits and the influence of rock strength on these grain
sizes. Then we explore the potential for similarities be-
tween deposits on a single volcanic edifice and the sen-
sitivity of our downstream abrasion model to the sedi-
ment pulse GSD. We then expand our abrasion model
framework to a global compilation of rock strength to
consider how sediment pulse abrasion at our sites may
compare to other rock types. Finally, we consider impli-
cations of downstream sediment abrasion on cascading
hazards.

5.1 Grain Size

A source-to-sink model for landscape evolution must
capture the grain size dynamics from hillslope to chan-
nel (Sklar, 2024). The median grain size of our five
study deposits falls within the reported ranges for hills-
lope sediment supply from previous studies (Neely and
DiBiase, 2020; Roda-Boluda et al., 2018). However, the
widths of our measured GSDs are notable. The volcanic
sediment contributed to these study channels ranges in
size from silt to boulders, with Dg4/Ds( ratios from 3.8
to 8.0 (Mt. Meager and Mt. Adams, respectively) (Ta-
ble S5). These are wider than most of the grain size dis-
tributions reported in the literature coming from (non-
volcanic) landslides and talus piles, with coarse-fraction
Ds4 /D5 ratios ranging from 1.3 (chert, Verdian et al.,
2021) to a maximum of 5.1 (granitic, channel head San
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Gabriel Mtns, Neely and DiBiase, 2020). While sampling
schemes may explain some portion of this discrepancy
(studies handle the fine fraction differently, and fine
sediment may be systematically missing from the sur-
face of talus piles due to kinetic sieving), we suggest that
our study deposits may have systematically wider GSDs
than previous studies due to differences in the process
of emplacement and/or clast creation.

In steep bedrock landscapes, the grain size distribu-
tion of talus piles is well explained by the fracture spac-
ing in the source bedrock (Neely and DiBiase, 2020; Ver-
dian et al., 2021). In contrast, on stratovolcanoes, some
portion of the pre-failure sediment at most of these sites
would have been tephra deposits, with the original GSD
set by the eruption dynamics and distance from the
vent. In addition, all of the deposits we sampled, ex-
cept Little Tahoma, represent material that transported
some portion of the runout distance as a debris flow, in-
troducing the potential for clast abrasion and therefore
evolution of the GSD, during the runout (Caballero et al.,
2012; Arabnia and Sklar, 2016). Finally, hydrothermal
alteration present at volcanoes may weaken the rock,
making it more prone to break down during emplace-
ment and to generating clays after. This is exemplified
by the Mt. Adams deposit which has the largest frac-
tion of hydrothermally altered material (Fig. 3) and the
widest Dg4/Dsg ratio (Table S5). Therefore, the distinct
lithologic and transport histories of volcanic mass wast-
ing deposits may result in substantially different initial
grain size distributions supplied to the fluvial system.

These wide GSDs of our studied mass wasting de-
posits have implications for the subsequent fluvial
transport of that sediment and the complexity of mod-
eling sediment pulse motion downstream. Morphody-
namic model results suggest that sediment pulses with
wide GSDs increase bed mobility as compared to nar-
rower pulse GSD’s (Ahammad et al., 2021). This sug-
gests that efforts to model the downstream transport
of large mass wasting events must adequately capture
not just the pulse sediment D5, but the full GSD. Most
gravel-bedded rivers have Dgy/ D5 ratios of ca. 2 (Rick-
enmann and Recking, 2011). As a result of this common
observation, when modeling the downstream transport
of sediment pulses, researchers often assign the pulses
a uniform or narrow GSD with Dg,/ D5 ratios <2 (Ven-
ditti et al., 2010; Arnaud et al., 2017; Gaeuman et al.,
2017). However, in our study sites, the sediment supply
does not start out as uniform. Rather, the mass wast-
ing sediments enter the river systems as very wide GSDs
with substantial heterogeneity in sediment strength and
density. We can infer that the fine material is quickly
carried away as part of the wash load. Of the remain-
ing bed material, the low-strength (and as a corollary
low-density; Fig. 6) material is more subject to efficient
downstream transport, and therefore abrasion. These
processes raise the D5o and thereby narrow the deposit-
proximal in-channel GSD, and strengthen the bed ma-
terial relative to the deposit. Sites like those in this
study, with wide sediment pulse GSDs, are likely to have
riverbed GSD that differs dramatically from the pulse
GSD. Consequently, we suggest that accurately captur-
ing this initial variability in the size (and strength) distri-
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Figure 7 Modeled sediment abrasion of the five study deposits over 100 km of simulated downstream transport (a-e). The products of abrasion (wash
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bution of the sediment pulse is essential for predicting 5.2 Rock Strength vs. Initial Size
the downstream evolution of the river channel follow-

. . Prior research demonstrates that rock mass strength di-
ing such large-scale disturbances.

rectly correlates to the size of clasts sourced from hill-
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slopes into rivers (Roda-Boluda et al., 2018), such that
stronger source rocks generally result in larger grain
sizes. However, within a single lithology, GSDs vary
substantially. Additionally, the degree of weathering
and fracturing in the rock mass plays an important role
(Roda-Boluda et al., 2018). Our data, from a very differ-
ent setting, are consistent with these findings. The de-
posits with the strongest clasts, Glacier Peak and Kautz
Creek, have the coarsest Ds( values as compared to the
GSDs of Mt. Meager and Mt. Adams, which are both
weaker. Notably, the two strongest deposits hold in
common a proglacial sediment source, with events trig-
gered by icefall or outburst flood, while the other three
deposits, which were sourced from the failure of a hy-
drothermally altered rock face. However, the deposit-
scale patterns do not hold true at the grain-scale: indi-
vidual sampled clast size shows no relationship to mea-
sured rock strength (Fig. S2). Thus, while individual
clast strength does not relate to grain size, the previ-
ous finding of stronger hillslope bedrock yielding larger
clasts is generally supported by our data from volcanic
mass wasting deposits.

Little Tahoma does not tidily fit the relationship be-
tween rock strength and grain size observed by Roda-
Boluda et al. (2018) and present in our other sites. The
clasts we measured at Little Tahoma are weak but have
a coarse D5 (Figs. 4c and 5d). In the field, we observed
that boulders were often crumbling in place. While we
recorded the size of the intact clasts, in many cases, we
could pull scraps of rock apart with our bare hands. It
was not clear why these rocks did not disintegrate dur-
ing transport. Perhaps the clasts, despite being weak
and hydrothermally altered, were able to remain as in-
tact blocks because of unconfined runout on the Em-
mons Glacier. Alternatively, perhaps exposure to sub-
aerial weathering processes for the 60+ years since de-
posit emplacement has resulted in their crumbly na-
ture. Preliminary research using rocks from this study
supports this, suggesting that exposure to just 40 wet-
dry and freeze-thaw cycles can weaken these rocks (Cof-
fin, 2024). This suggests that some volcanic litholo-
gies may be prone to rapid weathering post-deposition,
yielding low measured strengths mere decades after
the mass wasting event, thus obscuring the original
strength-to-size relationship.

5.3 One Volcano, Two Deposits

Our data suggest that both mass wasting failure mecha-
nisms and source may have substantial impacts on the
size distribution and strength of the deposits. It may
be tempting to attribute the observed differences be-
tween the deposits to the bulk composition of the ig-
neous rocks at the four different volcanic edifices in the
Pacific Northwest, each with a unique combination of
eruptive styles and rock geochemistry. However, the
Little Tahoma and Kautz Creek deposits, both on Mt.
Rainier, differ as well. Their source zones lie on oppo-
site sides of Mt. Rainier, the northeast and southwest
corners, respectively (Fig. 1). This provides an opportu-
nity to parse the influence of the volcano writ large vs.
the specific volcanic units the deposits are derived from

15

and the emplacement style, on the resulting deposit
characteristics. The Little Tahoma and Kautz Creek de-
posits are sourced from different regions of Mt. Rainier
with distinctly different hydrothermal alteration histo-
ries and event styles. Whereas the Little Tahoma mate-
rial was sourced from a heavily hydrothermally altered
satellite peak on the flank of Mt. Rainier, the Kautz
Creek material was sourced from unaltered andesite
from rock falls, or rock plucked off Mt. Rainier dur-
ing glaciation that was resting as morainal streambed
sediment (Scott et al., 1995). The Kautz Creek material
is considerably stronger than the Little Tahoma mate-
rial (median clast SHRS 62 vs. 46; Fig. 4, Table S3), and
the outburst flood nature of Kautz Creek likely lends it-
self to the higher fines fraction as compared to Little
Tahoma (Fig. 3). The stark differences between these
two deposits, sourced from the same volcanic edifice,
caution against assuming that mass wasting deposits of
the same volume, from the same mountain, will have
uniform potential impacts downstream.

5.4 Uncertainties in Downstream Abrasion
Simulation

While the downstream abrasion simulations (Fig. 7)
presented here provide useful estimates of the coarse
sediment loss due to abrasion, they are subject to some
uncertainty. Given that the Mt. Adams deposit material
has the finest D5, and experiences the most volumet-
ric material loss, and similarly, the Glacier Peak deposit
has the coarsest D5, and experiences the second-lowest
amount of volumetric loss, it is worth querying whether
the abrasion model results are largely a function of the
GSD of each deposit. This is possible, as our model in-
corporates transport-rate enhanced abrasion (Attal and
Lavé, 2009) that increases the per-km abrasion rate of
small, and therefore highly mobile, grains. To test this,
we ran the model for two additional scenarios using the
Mt. Adams (finest) and Glacier Peak (coarsest) GSDs
along with the associated lithologies and strengths for
each of the five deposits (Figs. S3 and S4). Kautz Creek
had the largest difference in volumetric loss between
the big vs. small GSD model scenarios (ca. 16%), while
Mt. Adams had the smallest difference (ca. 10%). In
both scenarios, the strength trends hold firm, with the
Glacier Peak and Kautz Creek exhibiting less volumet-
ric loss than the other three deposits, and Mt. Adams
exhibiting the most loss. Especially of note, when the
Glacier Peak deposit is modelled with the smaller GSD,
it retains more of its initial material (ca. 29%) than the
Mt. Adams deposit does with the larger GSD (ca. 24%)
(Figs. S3 and S4). These results suggest that while the
abrasion model outcomes are heavily influenced by the
GSD of each deposit, with finer gravel sizes abrading
more rapidly, lithology and clast strength serve as the
primary controls.

5.5 Extending Our Findings to General Rock
Abrasion Potential

Our findings suggest that coarse sediment loss to abra-
sion can be highly efficient in the first tens of km down-
stream from these Pacific Northwest volcanic mass
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wasting deposits (Fig. 7). While the source material is
heterogeneous and, often, of only ‘moderate’ strength
(O’Connor et al., 2014), that sediment quickly evolves
into material that is consistently ‘strong’ to ‘very strong’
(Figs. 7 and 8). This work builds on that of O’Connor
et al. (2014), who modeled region-scale bed material
abrasion in Western Oregon, considering the implica-
tions of the rapid loss of the weakest lithologies (Coast
Range sedimentary rocks). Our abrasion rates are, on
average, in the same range as those reported by O’Con-
nor and colleagues. The key advance of our approach
is the incorporation of source sediment heterogeneity,
which allows us to resolve the impact of survivorship
bias: that within a given lithologic category, the coarse
sediments that persist downstream in the fluvial system
will be the strongest ones.

To assess the broader relevance of our findings to
source-to-sink sediment transport in other geologic set-
tings, we use a global compilation of SHRS values
(Goudie, 2006) to compare how other lithologies and
rock strength distributions may fare in downstream
transport. The Goudie (2006) rock strength values com-
pare well to the data from this study (Fig. 8), with our
measured volcanic, metamorphic, and plutonic lithol-
ogy types all falling within the ranges of those respec-
tive lithologies in the global compilation (Goudie, 2006).

We can use the Goudie (2006) compilation to better
understand how the downstream abrasion of our vol-
canic sediment pulses may compare with other sedi-
ment pulse types globally (Fig. 9). In our study, the
Mt. Adams deposit comprises the weakest material,
with ca. 14% of the original coarse rock volume per-
sisting after 100 km of simulated downstream trans-
port, with the downstream survivors consisting of the
strongest initial rock types (Fig. 7). When applying the
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downstream abrasion model towards the global rock
strengths (for more detail see Pinke, 2024), the weaker
rock such as limestone and (clastic) sedimentary rock
(mean SHRS = 42.2) exhibit 86% and 82% volumetric
loss, respectively, over 100 km (Fig. 9), while plutonic
rock (mean SHRS = 58.1) loses only 50% (Fig. 9). It
is important to note that these data are from a global
compilation, and thus the range of rock strengths pre-
sented for each lithology may not be representative of
a single outcrop or formation. We suggest that uniform
rock strengths for a given lithology (Fig. 9f) are likely
the exception rather than the standard. For example,
sedimentary rock strength varies between beds, rocks
exposed to hydrothermal alteration are highly spatially
heterogeneous, faulted rock units have varying degrees
of damage, and weathering-prone rocks may enter the
channel in varied states of alteration. The implications
of our findings, highlighting how weak and heteroge-
neous rocks control the durability of mass wasting sed-
iment pulses downstream, likely extend to many geo-
logic settings beyond the Pacific Northwest stratovol-
canoes studied here. In particular, sedimentary rocks,
which are on average substantially weaker than the vol-
canic rocks represented by our field sites, may be partic-
ularly prone to dramatic rates of downstream abrasion
(e.g., O’Connor et al., 2014).

5.6 Implications for Cascading Hazards and
Flood Mitigation

Cascading hazards have been a recent area of focus in
the Earth surface processes community (Yanites et al.,
2025), with the aim of better understanding and ulti-
mately forecasting the timing and magnitude of down-
stream impacts of large headwater geomorphic distur-
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bances. Climate change has the potential to increase
the frequency of triggering events such as those in this
study. Thawing rock permafrost was implicated in the
Mt. Meager event, exceptionally wet weather preceded
the Kautz Creek and Mt. Adams events, while a glacial
outburst or icefall event has been suggested as the trig-
ger at Glacier Peak. As these events increase in fre-
quency in the coming decades, we argue that accurate
predictions of hazard cascades through the fluvial sys-
tem will require characterizing grain size and abrasion
potential of mass wasting contributions to channel net-
works. Grain size acts as an important filter on the flu-
vial component of the hazard cascade. For example,
the 2014 Oso landslide disaster, while locally devastat-
ing and deadly, had minimal effects downstream as the
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failed hillslope was dominated by glacial outwash sands
and glaciolacustrine silt (Wartman et al., 2016), fine ma-
terial that was transported downstream as wash load.
On the other hand, channel bed aggradation patterns in
the gravel-bedded Nooksack River (Anderson and Kon-
rad, 2019), hint at a decades-long downstream propagat-
ing bed wave triggered by meteorological events in the
early 20™ century. Our findings, building on those of
Pfeiffer et al. (2022), demonstrate that lithology can act
as a filter on cascading hazards, by reducing the poten-
tial for cascading downstream coarse sediment impacts
in landscapes where the supplied sediment is readily
abraded by fluvial processes. So, while much of the
recent progress on hazard cascades has (and will con-
tinue to) come from technological advances, such as
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high temporal and spatial resolution satellite imagery
and advances in modeling, our findings demonstrate
the necessity of field data to capture not only the GSD
but also the abrasion potential of the material.
Accurately predicting the propagation of bed sedi-
ment waves has financial and human implications. The
management response to the 2010 Mt. Meager event
may be an example of the risk of ignoring the effect of
abrasion. Our data suggest that abrasion may be sub-
stantially attenuating (Fig. 7a) the downstream propa-
gation of the sediment pulse currently passing down
the Lillooet River toward the community of Pember-
ton, British Columbia, Canada. Flood hazards increased
substantially in the years immediately following the
event, with 0.4-2 m of aggradation through the agricul-
tural and urban mid- and lower river (beginning ca.
40 km downstream from the deposit; (Northwest Hy-
draulic Consultants, 2018). In a report written 8 years
after the Mt. Meager event, consultants working on be-
half of the Pemberton Valley Dyking District reported
that, while sand and the finest gravel passed quickly
downstream to the (populated) lower river, the leading
edge of the coarse “sediment wave” was still propagating
down the upper river, and should be expected to cause
further future increases in flood hazard. They recom-
mend the removal of >200,000 m® of sediment annually
from the channel for the next ca. 20 years to mitigate
potential increased flood hazards (Northwest Hydraulic
Consultants, 2018). They base this interpretation, in
part, on the lithologies observed in the bed material
on bars down the length of the channel. They use the
relative concentration of a distinctive porphyritic rhy-
odacite (ca. 60% of the deposit, correlative to vesicu-
lar, V, in our classification scheme, which we measure
as 62% of the deposit, Fig. 3a) as a tracer, indicative of
the 2010 mass wasting material. They report that the
concentration of the porphyritic rhyodacite decreases
over the first ca. 25 km downstream of the deposit, and
is nearly absent by 60 km downstream. Based on our
modeling (Fig. 7a), we expect this ‘tracer’ should disap-
pear from the gravel bars downstream at approximately
the rate they observed via abrasion, irrespective of the
rate of transport of a bed wave. This is to say that vesic-
ular volcanics are not conservative tracers. This over-
sight has implications for hazard mitigation. If we as-
sume that the products of abrasion transport as wash
load, the flood managers are potentially overestimating
the magnitude of costly upper river sediment removal
required to mitigate future increases to flood hazards,
as up to ca. 50% of the looming wave of bed material
will likely abrade away by the time it arrives to the popu-
lated lower river. Neglecting the process of bed material
abrasion is common practice in geomorphic modeling,
butin places like Mt. Meager we argue that it plays a sig-
nificant role in the partitioning between fine and coarse
sediment, and therefore in the hazard cascade.

6 Conclusion

Volcanic terrain contributes disproportionately to
catastrophic mass wasting events in the Pacific North-
west. These sediment pulses have a large impact on
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the proximal reaches of river systems, but the coarse
sediment pulse signal may attenuate downstream due
to sediment abrasion. The effectiveness of abrasion in
attenuating the signal depends on the grain size distri-
bution of the original deposit, as well as its lithologic
makeup. We have constrained the sediment character-
istics of five Pacific Northwest mass wasting deposits
and found significant heterogeneity between them.
Sediment pulses similar to Kautz Creek, predominantly
made up of stronger, unaltered, non-vesicular rock,
have a strong potential to persist over 100 km of down-
stream transport. In contrast, pulses like Mt. Adams,
predominantly made up of weaker, altered, vesicular
rock, are likely to attenuate dramatically in 10s of
km. In all cases, the surviving material downstream
strengthens compared to the initial pulse.

The implications of this work can be extrapolated
more broadly, for other lithologies and strengths, when
considering the overall sediment budget of a river
and downstream flood hazard management. We show
that sedimentary rocks, in particular, may be prone
to abrasion to an extent beyond that of our volcanic
sites. The importance of downstream abrasion may
be easy to miss when bed sediment samples are taken
only from the riverbed in reaches far from the hillslope
source, where there is survivorship bias of the strongest
rocks. Future efforts could use the data presented here
as inputs to a morphodynamic model of downstream
sediment transport and the effects of abrasion, pre-
dicting temporal changes in bed elevation and surface
grain size.
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