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Eruption of Mount Mazama (Oregon,
United States) to Reveal Primary and
Secondary Eruptive Processes

Joshua Wiejaczka* and Thomas Giachetti

Department of Earth Sciences, University of Oregon, Eugene, OR, United States

Numerical simulations of real-time volcanic ash dispersal forecasts and ensuing tephra
hazard assessments rely on field-derived Eruption Source Parameters (ESPs) such as
plume height, erupted volume, mass eruption rate and the Total Grain-Size Distribution
(TGSD) of particles ejected from a volcano into the atmosphere. Here we calculate ESPs
for the ~7.7 ka Cleetwood eruption of Mount Mazama (Crater Lake/giiwas, Oregon,
United States) that immediately preceded the caldera-forming eruption. We also
introduce a novel approach to produce high-resolution grain-size distributions (GSDs)
of individual samples over a wide range of particle sizes (0.00035-35 mm) by combining
laser diffraction with dynamic image analysis. Detailed field analysis allows us to divide the
Cleetwood eruptive sequence into a series of two distinct and consecutive VEI four
eruptions: the lower (~0.98km®) and upper (~0.20 km®) Cleetwood units. The lower
Cleetwood was the most intense with a plume height of ~19 km and an average mass
discharge rate of ~3.1x10”kgs™'. Its Total Grain-Size Distribution yields a fractal
dimension D~3.1, like other similar eruptions. All twelve high-resolution GSDs
produced in this study exhibit two systematic breaks in slope from a power-law
relationship at ~0.125mm and ~0.510mm. These breaks in slope create three
segments: S1 (<0.125 mm), S2 (0.125-0.510 mm), and S3 (>0.510 mm) that can be fit
by power-law relationships with fractal dimensions of D1=2.5 = 0.2, D2=0.5 + 0.1, and
D3=3.6 + 1.1, respectively. Together with ESPs and detailed componentry, D values at
various locations give insight into magma fragmentation and tephra transport. We find that
D1 values are positively correlated with the median grain-size and are similar to values
found in rapid decompression magma fragmentation experiments. We infer that D1 values
reflect the size distribution of the primary products of magma fragmentation and could thus
be used to infer the potential energy at fragmentation. We interpret the relatively low values
of D2 to an increase in dense components due to particle rafting. Our work shows that
comparing high-resolution grain-size distributions at several locations on the dispersal axis
can further constrain primary and secondary eruptive processes which prove crucial to
improving tephra hazard assessments and dispersal forecasting.
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1 INTRODUCTION

Volcanic plumes and tephra fallout from explosive eruptions are
the most far reaching of the volcanic hazards and have the
potential to cause fatalities, disrupt the global economy, and
affect climate (McCormick et al, 1995; Robock, 2000; Sigl
et al, 2015; Choumert-Nkolo et al., 2021). Tephra dispersion
and sedimentation models are used before and during an
eruption to forecast and mitigate impacts to air traffic and
communities in the path of an evolving volcanic ash cloud
(Bonadonna et al.,, 2005; Schwaiger et al., 2012). The accuracy
of these forecasts largely depends on that of input eruption source
parameters (ESPs) such as plume height (H,), erupted volume
(V), mass eruption rate (MER), and the Total Grain-Size
Distribution (TGSD) of particles ejected by a volcano into the
atmosphere. These initial eruption source parameters are
challenging to constrain in real time and thus rely on
information obtained from detailed field studies of analogous
eruptions. The construction of isopach and isopleth maps and the
collection of individual grain size distributions, which are all
needed to calculate ESPs, are at times challenging, in part because
proximal deposits are usually too thick to be accurately measured
and described, and distal deposits are often missing. It is thus
crucial to better understand the relationships between eruption
source parameters and the characteristics of the deposit (e.g.,
thickness and grain size distribution as a function of location
compared to the vent and main dispersal axis).

The TGSD of a given eruption evolves with time from
fragmentation in the conduit to final deposition on the Earth’s
surface. The primary products of magma fragmentation exhibit
cumulative grain-size distributions (i.e., the ‘primary TGSD’) that
can be fit with a power-law relationship, (N > d) = Ad ”, where N
is the number density of particles, d is the equivalent particle
diameter, A is a scaling factor, and D is the power-law exponent or
fractal dimension (Kaminski and Jaupart, 1998; Kueppers et al.,
2006; Giachetti et al., 2021). Experimental fragmentation of
volcanic products in particular yields D values that are always
<3 and mostly around 2.5 + 0.3 (Turcotte, 1997; Kaminski and
Jaupart, 1998; Kueppers et al., 2006; Perugini and Kueppers,
2012). Kueppers et al. (2006) further showed that the fractal
dimension of the size distributions of the products of
experimental magma fragmentation by rapid decompression is
positively correlated with the potential energy for fragmentation,
and thus that D reflects the explosivity of an eruption. After
fragmentation in the conduit, the primary TGSD evolves due to
processes that can either increase (e.g., expansion, amalgamation
and sintering; Rust and Cashman, 2011; Giachetti et al., 2021) or
decrease (e.g., disruption, attrition, comminution, abrasion;
Dufek and Manga, 2008; Dufek et al, 2012; Kueppers et al,,
2012; Jones and Russell, 2017) the size of pyroclasts, making the
TGSD one of the most difficult ESPs to constrain (Pioli et al.,
2019). This overprinting of post fragmentation processes on the
‘final TGSD’ of tephra makes the primary TGSD, and thus the

potential energy for fragmentation, challenging to determine.
Additionally, the TGSD that needs to be implemented in
tephra dispersion and deposition models (e.g., Tephra2,
Bonadonna et al., 2005; FALL3D, Folch et al., 2020; NAME,
Jones et al., 2007; Ash3D, Schwaiger et al., 2012), and its evolution
with time and space, are poorly constrained because both the
location and extent of secondary fragmentation in the conduit
and/or the plume remain unclear. Provided the processes that
affect the final TGSD can be disentangled, the latter can be used to
gain information such as the depth and mechanisms of
fragmentation, eruption column heights, the state of the
magma at fragmentation, and the energy released by explosive
fragmentation (Kueppers et al., 2006; Perugini and Kueppers,
2012; Rossi et al., 2019).

The final TGSD of an explosive eruption, later simply referred
to as ‘TGSD’, is interpolated from individual grain-size
distributions (GSDs) of the tephra deposit measured after the
eruption at multiple locations (e.g., Murrow et al., 1980; Walker,
1980; Walker, 1981a; Walker, 1981b; Sparks et al., 1981; Carey
and Sigurdsson, 1982; Parfitt 1998; Bonadonna and Houghton,
2005; Costa et al., 2016; Pioli et al.,, 2019). Due to secondary
fragmentation and transport-related processes, individual GSDs
vary from location to location and differ from both the final
TGSD (Pioli et al., 2019; Mele et al., 2020) and the primary TGSD
(Kaminski and Jaupart, 1998; Dufek et al., 2012; Giachetti et al.,
2021). How these GSDs vary with direction, distance from the
vent, and ESPs can illuminate processes that occur during
transport and affect particles differently depending on their
size, density, and shape (e.g, ash aggregation; Rose and
Durant, 2011; Saxby et al., 2018; Rossi et al., 2021). It might
thus be possible to glean information about both primary and
secondary eruptive processes by comparing detailed GSDs of a
single deposit obtained at different locations.

In this study, we calculate ESPs for the ~7.7 ka Cleetwood
eruption of Mount Mazama (Crater Lake/giiwas, Oregon,
United States; Young, 1990), which immediately preceded the
climactic caldera-forming eruption of the same volcano, one of
the largest eruptions of the Holocene (Bacon, 1983; Buckland
et al,, 2021). Additionally, we apply a novel approach to produce
high-resolution grain-size distributions of tephra samples over
the range 0.00035-35 mm, by combining laser diffraction and
dynamic image analysis techniques. Together with ESPs and
detailed componentry, the high-resolution of these grain-size
distributions from individual locations within the Cleetwood
deposit provides insight into magma fragmentation, tephra
transport, and how the Cleetwood eruption evolved over time.

2 GEOLOGIC BACKGROUND

Located in Oregon in western North America, Mount Mazama is
one of the major stratovolcanoes making up the Cascade Volcanic
Arc. Mount Mazama is especially known for the approximately
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8x10km* diameter caldera that formed during the ~7.7ka
climactic eruption and which now contains Crater Lake
(referred to as giiwas by the Klamath tribes) within it. The
Mazama edifice began forming ~420ka ago with the
emplacement of basaltic andesite to dacitic lava flows. Mainly
effusive activity continued until ~27 ka ago with andesitic and
dacitic compositions being volumetrically dominant (Bacon,
1983). The eruption of a rhyodacitic lava flow ~27ka ago
marked the first eruption from the magma chamber that
would later serve the climactic caldera-forming eruption
(Bacon and Lanphere, 2006). The climactic eruption was
preceded by two Plinian eruptions, Llao Rock and Cleetwood.
The ~7.9 ka Llao Rock eruption deposited a tephra fall unit of
2.27km’ (non-DRE) followed by a rhyodacitic lava flow of
~0.5km? (Bacon, 1983; Young, 1990). The Cleetwood eruption
(described in detail below) followed and began with a Plinian
phase that erupted a total of 1.54 km® (non-DRE) of pyroclastic
fall material according to Young (1990). Explosive activity then
transitioned to an effusive stage, with no apparent break,
extruding a rhyodacitic lava flow with a minimum volume of
~0.6km® (Bacon, 1983). Although the exact timing of the
Cleetwood eruption is still unclear, the back-flowing of the
Cleetwood flow into the caldera and the fact that pumice from
the climactic eruption are oxidized and welded to the top of the
Cleetwood flow suggest that it occurred within weeks to no more
than 100 years before the onset of the climactic eruption (Bacon,
1983; Kamata et al., 1993). The climactic caldera-forming
eruption of Mount Mazama occurred 7633 + 49 calyr BP
(Egan et al.,, 2015) in two distinct but continuous phases and
erupted ~176 km® of tephra (61 km® DRE; Buckland et al., 2020).
The first phase consisted of a single-vent Plinian eruption
followed by column collapse and the emplacement of the
Wineglass Welded Tuff ignimbrite. The second, ring-vent
phase produced a voluminous ash-flow and led to the
formation of the caldera (Bacon, 1983; Young, 1990). The
products forming four volcanic edifices were erupted after the
caldera formed, with the extrusion of a 0.074 km® unnamed dome
~4.8 ka ago being the most recent volcanic activity at Crater Lake
(Bacon et al., 2002).

2.1 The Cleetwood Eruption

To the best of our knowledge, all currently available information
concerning the physical characteristics of the Cleetwood eruption
of Mount Mazama comes from the works of Bacon (1983), Young
(1990), Bourgeois (1998), and Wearn (2002). A summary of these
studies related to the main deposit features and eruptive
parameters is provided here.

The vent associated with the Cleetwood deposit is allegedly
located near Cleetwood Cove in the low hills NE of the Crater
Lake Rim Drive (Bacon, 1983) (Figure 1). At ~35 km ESE of this
vent, the Cleetwood tephra deposit is still >1 m thick and exhibits
two units, the main/lower Cleetwood, herein referred to as lower,
and the thinner upper Cleetwood, following Young’s
nomenclature (Young, 1990). The lower Cleetwood unit
(1.15km’ non-DRE; Young, 1990) is characterized by strong
normal grading and presents two distinct normally graded
packages in thicker sections. The break within the lower

Cleetwood Eruption of Mount Mazama

Cleetwood unit does not affect the overall normal grading of
the unit and does not represent a significant pause in eruptive
activity (Young, 1990). The upper Cleetwood unit (0.39 km’ non-
DRE; Young, 1990) is characterized by strong reverse grading,
with a grey ash layer at the base that rapidly grades into coarser
material primarily composed of pumice and obsidian pyroclasts.
Due to the nature of proximal deposits and their tendency to
obscure characteristics created from changes in eruption
dynamics, the lower and wupper Cleetwood units are
indistinguishable at exposures on the caldera walls (Cleetwood
Cove, Wineglass, and Skell Head; Young, 1990; Bourgeois, 1998).
The Cleetwood fall deposit is ~20 m thick at Cleetwood Cove,
where individual lithic blocks can reach up to 1 m in diameter.
This location contains alternating layers of lapilli/blocks and ash
that decrease in thickness upwards through the section. The ash
layers have been interpreted as intra-Plinian pyroclastic flows
(Young, 1990).

The Cleetwood deposit is poor in finer material. In medial
deposits where two distinct packages are present, lithic content is
highest at the base of both packages and generally decreases with
stratigraphic height. The abundance of lithics at these two positions
within the stratigraphy suggests vent initiation and clearance
(Young, 1990). Obsidian pyroclasts are the most abundant in
the upper Cleetwood unit and generally increase with
stratigraphic height at proximal exposures. The general decrease
in lithics and increase in obsidian pyroclasts with time suggests a
conduit that is progressively annealed with obsidian. This annealed
obsidian is later eroded during the final explosive phase (Young,
1990; Bourgeois, 1998; Wearn, 2002). Observations at proximal
locations suggest that the eruption column was sustained through
time (Bourgeois, 1998), although the normally graded lower
Cleetwood unit and the reversely graded upper Cleetwood unit
indicate fluctuations in column height. The Cleetwood eruption is
estimated to have an initial column height of 30 + 5km and an
average mass eruption rate of (2 1)x10% kg st (Young, 1990).
Explosive activity then transitioned to an effusive stage, with no
apparent break, and extruded a ~0.6 km® rhyodacitic lava flow.
ESPs and the continuity of the Cleetwood eruption are reevaluated
herein.

3 METHODS

3.1 Field

Field work was conducted in 2018 and 2021 on the Cleetwood
tephra fall deposit, 6 km-71 km southeast of the proposed vent
location (Figure 1). Twenty-eight pits were dug by hand until the
bottom of the Cleetwood tephra deposit was reached. At each
location, the deposit was divided into subunits based on visible
changes in grading, particle size, color, and/or componentry, if
applicable. Subunits were then described in detail, measured for
their thickness, photographed, and several hundred grams to a
few kilograms of each subunit were collected. Sampling the
Cleetwood deposit itself was sometimes challenging due to the
massive amount of tephra produced by the climactic eruption of
Mount Mazama that lie atop the Cleetwood tephra fall, reaching
up to 2.3 m in this field area depending on sampling location.
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[® Thisstudy
' ® Young, 1990

Latitude

4o L
Klamath Lake
3 #LAr-

Basal ash

Llao Rock!

FIGURE 1 | (A) Location of collected samples with total Cleetwood eruption thicknesses (cm) from this studly, in pink, and Young (1990), in black. Proposed vent
location from Bacon (1983) and background is global Earth relief (Tozer et al., 2019). (B) Photograph showing all of Liao Rock and the contact between Llao Rock and the
lower Cleetwood unit at location Cltwd 15. Note the drastic increase in size of pyroclasts from Llao Rock to the lower Cleetwood. (C) Stratigraphic sequence showing
lower Cleetwood, upper Cleetwood, and the overlying Climactic deposit at location Cltwd 34. Llao Rock is not present at this location. (D) Closeup photograph
showing the end of the lower Cleetwood, upper Cleetwood, and the Basal ash layer, which marks the beginning of the Climactic deposit (Young, 1990). Note the gray fine
ash layer defining the boundary between the lower and upper Cleetwood units. Measuring tape is in both inches (left) and centimeters (right).

3.2 Laboratory Analyses

All samples collected at the 28 locations visited were analyzed for
mass distribution by sieving and weighing. Samples from three
locations, Cltwd 5, Cltwd 17, and Cltwd 18, respectively located at
46 km, 56 km, and 66 km from the proposed vent and roughly on
the main dispersal axis of the Cleetwood eruption, were further
analyzed for high-resolution grain-size  distributions.
Componentry was realized on all samples collected at Cltwd 5.
We encourage the reader to use Figure 2 to follow our analytical
protocol described thereafter.

3.3 High-Resolution Grain-Size Distribution
3.3.1 Individual Analysis

Tephra samples from each subunit were first dried in a
convection oven at 100°C for 24 h to remove adsorbed water
(Figure 2A). Bulk samples (kilograms) were split into workable
aliquots (10s of grams) using a Humboldt testing equipment
sample splitter (Figure 2B). Each aliquot was then manually
sieved into twelve discrete sieve size fractions: 0-0.032 mm,
0.032-0.063 mm, 0.063-0.125 mm, 0.125-0.25 mm,
0.25-0.5 mm, 0.five to one mm, 1-2mm, 2-4 mm, 4-8 mm,
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Kilograms of sample
from the field

A - Dry in oven
@ 100°C for 24 hrs

10’s of
grams

10’s of
grams

Componentry
F - Componentry by handpicking
and volume by DIA

G - Componentry and volume
by analysis of microscope images

32-64 mm

C - Sieve split samples

Particle Size
D - Dynamic Image Analysis (DIA) -
PARTAN 3D

E - Laser diffraction -
Beckman Coulter LS 13 320

FIGURE 2 | Summary of the workflow steps of our study. (A) All samples collected from the field were dried in an oven at 100 °C for 24 h to remove adsorbed water.

(B) Samples were then split into workable aliquots of tens of grams each. (C) Split samples were manually sieved into twelve discrete size fractions. (D) Dynamic image
analysis was performed on size fractions 0.125-0.25 mm and larger. (E) Laser diffraction analysis was performed on size fractions 0.5-1 mm and smaller. (F)
Componentry for particles in size fractions 0.25-0.5 mm and larger was determined via handpicking under a stereo microscope and analyzing particle volumes
using DIA. (G) Componentry and volume of particles in size fractions 0.125-0.25 mm and smaller were determined via microscope images.

8-16 mm, 16-32 mm and 32-64 mm (i.e., every phi size from -5
to 5; Figure 1C). Each size fraction was then weighed using a
high-precision balance before high-resolution particle size
analysis. Sieving was carried out before size analysis to 1)
prevent larger particles from obscuring smaller ones during
the analysis, which improves accuracy and precision of data
collected via both Dynamic Image Analysis (DIA) and laser
diffraction techniques, and 2) to allow for the measurement of
the average density of the bulk tephra fall deposit at each size
fraction, which is needed to convert masses to volumes and
vice versa.

The size of each particle from each size fraction >0.125 mm
was measured via DIA using a Microtrac PARTAN 3D particle
size and shape analyzer at the University of Oregon (Figure 1D;
Trafton and Giachetti, 2021). In this apparatus, particles travel
along a vibrating tray and fall and rotate in front of a LED
backlit screen. Once in freefall, a high-speed, high-resolution
camera (100 fps, 15 um px ') tracks and records images of all
individual particles, taking up to twelve images of each particle.
Unlike other DIA instruments, the Microtrac PARTAN 3D
uses multiple images of individual particles to measure their
size and shape. Using multiple images of individual particles to
determine these parameters is critical given the multitude and

often extreme shapes of volcanic particles (Riley et al., 2003; Liu
et al,, 2015). The PARTAN 3D theoretically allows for the
measurement of particles from 0.035 to 35 mm, but we found
the analysis of volcanic ash <0.125mm cumbersome and
poorly reproducible due to static attraction between particles
forming aggregates and thus did not analyze particles
<0.125 mm with this instrument. For each particle analyzed,
the PARTAN 3D provides, amongst other parameters, the
particle size (volume, equivalent diameter) and shape
parameters (e.g., form factor, axial ratio, solidity, convexity),
thus creating a list of hundreds to hundreds of thousands of
lines for each size fraction. Altogether, 10*-10° particles
>0.125 mm were individually analyzed per sample using this
technique. This method is non-destructive and multiple
analyses of individual batches of particles show very good
reproducibility ~for particles >0.125mm. Only size
measurements, not shape, were used in this study.

Size measurements on aliquots of particles 0-1 mm were
carried out using laser diffraction on a Beckman Coulter LS
13 320 at the USGS Cascades Volcano Observatory (Figure 2E;
Blott and Pye, 2006). Although this method does not output an
exact number of particles analyzed, we estimate that ~10°-10’
particles from each subunit were measured using this technique
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FIGURE 3| (A) Volume % as a function of equivalent diameter, d, for DIA and laser diffraction analyses of two identical size fractions (0.25-0.5 and 0.5-1 mm). Note

that for the size fraction 0.25-0.5 mm, the volume % peak for DIA occurs at larger sizes compared to the laser diffraction technique, due to the way the volume of particles
is measured (spherical assumption in laser diffraction, whereas shape is measured and thus taken into account using DIA). (B) Number density of particles per cubic
meter of bulk sample, N, as a function of their equivalent diameter, d, showing the overlap between laser diffraction and dynamic image analysis (DIA) data. Each

curve is an amalgamation of data obtained for several size fractions using a single technique. Sample used here is Cltwd 5A. (C,D) Number density, N, and cumulative
number density (N > (D) of particles per cubic meter of tephra plotted as a function of equivalent diameter, (D). These graphs illustrate the impact of choosing different
cutoffs (0.25, 0.5, or 1 mm) when merging data from DIA and laser diffraction. Note that the break in slope occurs at the same position regardless of the cutoff and thus is
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based on the volume of aliquots used and size distributions
obtained. This instrument provides information on particle
size in the form of volume fraction as a function of an
equivalent diameter, in 93 logarithmic bins regularly spaced
from 0.00038 to 2mm. It does not provide information on
particle shape, but rather assumes that particles are spherical
to calculate their equivalent diameter.

3.3.2 Combining Datasets

Size data for size fractions 0.125-0.25 mm, 0.25-0.5 mm, and
0.5-1 mm were obtained using both DIA and laser diffraction
(Figures 2D,E, Figure 3), allowing for a comparison and
combination of the two datasets. Because the PARTAN 3D
gives the size of individual particles whereas laser diffraction
provides volume fractions, some conversions and re-binning of
the data need to be performed before comparing and combining
the datasets. In this study, results are sorted and presented in 50

logarithmic bins from 0.00035 to 35mm, and both the
distributions of mass and number density of particles as a
function of their size are used.

Data collected by laser diffraction for each size fraction were
first converted from volume percent to an actual volume using
the mass and density of the size fraction. For each size fraction
of each sample, the bulk density of the tephra sample was
calculated by dividing the mass of all particles, obtained using
a high-precision balance, by the volume they represent. For
each of the size fractions 0.125-0.25 mm, 0.25-0.5 mm, and
0.5-1 mm, that volume is the sum of the volumes of all
particles analyzed by DIA within that size fraction. For size
fractions 0-0.032 mm, 0.032-0.063 mm, and 0.063-0.125 mm,
density of the bulk tephra was determined directly using
helium pycnometry (Micromeritics AccuPyc II 1340),
assuming all particles at these sizes are vesicle-free, which
was confirmed by observation under the microscope. Next, the
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number of particles for each bin was calculated by assuming
spherical particles (as assumed when using laser diffraction
technique) and dividing the total volume of each bin by the
volume of a single particle with a diameter equal to the middle
of the bin (Figure 3B). For DIA, individual particles are
analyzed, and the number of particles per bin was thus
obtained directly. Number of particles per cubic meter of
tephra was then calculated by dividing the number of
particles per bin by the total volume of the sample
analyzed. Finally, to produce a single distribution, we use
laser diffraction data obtained on all size fractions
0-0.25mm and DIA data for all size fractions >0.25 mm
(Figure 3C). Note that we present the data as cumulative
number density in most plots (Figure 3D). We refer to these
individual Grain Size Distributions as GSDs in the paper.

3.4 Componentry

Previously split samples (10s of grams) for each discrete size
fraction were further split into aliquots of a few grams using a
SOILTEST sample splitter to be analyzed for componentry. For
size fractions >0.25mm, all particles of the aliquot were
handpicked and sorted into one of the following components
using a stereomicroscope: pumice, banded pumice, obsidian
pyroclast, lithic, and loose crystal (Supplementary Figure S1).
Once separated, all particles of each component were analyzed
using the Microtrac PARTAN 3D to measure the relative volume
of all components in each size fraction. For size fractions
0.063-0.125mm and 0.125-0.25mm, images of the bulk
sample were taken with a Leica M80 stereo microscope and
individual particles were outlined based on type. The area of
particle outlines from each component category was then
calculated using the Fiji (Image]) image processing package
(Schindelin et al., 2012), and particle volumes were calculated
assuming a spherical shape. Upon visual inspection under the
stereo microscope, all particles below 0.063 mm were classified as
pumice. Altogether, 1,315-2,856 particles from each subunit were
sorted.

3.5 Eruption Source Parameters

3.5.1 Erupted Volume

Isopach maps were constructed using field data from this study
and work done by Young (1990). Isolines were manually
drawn on Adobe Illustrator, and the area enclosed by each
isoline was then calculated using the Fiji (Image]) image
processing package. Airfall volume was calculated using
TephraFits (Biass et al., 2019), which allows the user to best
fit thickness (T, in cm) as a function of the square root of area
(VA, in km) enclosed by each isoline using an exponential
(Fierstein and Nathenson, 1992; Bonadonna and Houghton,
2005), a power-law (Bonadonna and Houghton, 2005), or a
Weibull (Bonadonna and Costa, 2012) equation. To assess the
uncertainty in our volume calculations we also ran TephraFits
in probabilistic mode, which uses the stochastic methodology
of Biasse et al. (2014). We applied a 10% uncertainty to both
our thickness and area measurements in accordance with the
uncertainties associated with isopach construction as
quantified in the literature (Le Pennec et al., 2012; Engwell
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et al., 2013; Klawonn et al., 2014a; Klawonn et al., 2014b). For
statistical significance we performed a Monte Carlo simulation
of 100,000 runs. Volumes are then reported as a median value
with a confidence interval of fifth-95th percentiles.

3.5.2 Plume Height and Mass Eruption Rate

The maximum lithic (ML) size at each location was determined
by averaging the diameter of the three largest clasts measured
using digital calipers. Maximum lithic isopleth maps were then
constructed using data from this study and the data from Young
(1990), when possible. The same method for drawing isopach
maps was used to construct the ML isolines (see above).
Downwind and crosswind distances were then calculated using
Fiji. Plume height, H, (km), was calculated using the models of
Carey and Sparks (1986) and Rossi et al. (2019) hereafter referred
to as CS86 and R2019, respectively. The mass eruption rate (MER,
in kg/s) was then calculated using the model of Mastin (2014),
where MER = 140xH*"* and H; is the plume height expressed
in km.

3.5.3 Total Grain-Size Distribution (TGSD)

The TGSD was determined by applying the Voronoi tessellation
method of Bonadonna and Houghton (2005) to the 24 sieved-
mass GSDs for all sample locations containing the lower
Cleetwood unit. This method divides a tephra deposit into
Voronoi polygons in which all interior points are closer to,
and best represented by, a central sample point (centroid).
The TGSD is then calculated by multiplying the GSD of the
centroid by the mass fraction of its Voronoi polygon and
summing all weighted GSDs. TGSD is presented herein as a
cumulative number density. To determine the number density for
a given grain-size, the mass (wt%) of each phi size (-5 to 5) was
first converted to a volume wusing a density model
(Supplementary Table S1). Following Bonadonna and Phillips
(2003), this model assumes a constant density of 2,380 kg/m’
(i.e., the density of the glass as determined via helium pycnometry
of crushed pumices) for particles smaller than 0.063 mm, a
constant density of 455 kg/m’ for particles larger than 2 mm,
calculated by dividing the mass of all particles >2 mm by their
volume determined via DIA, and a linear increase in density
between these bounds. Next, the number of particles was
calculated by assuming spherical particles and dividing the
total volume of each phi size by the volume of a single
particle with a diameter equal to the mid interval between phi
sizes. Finally, number density (m~>) was calculated by dividing
the number of particles per bin by the total volume of all phi sizes
(-5 to 5).

4 RESULTS

4.1 Field Observations and Measurements
Twenty-eight pits were dug by hand to the ESE of Crater Lake
(Figures 1, 4), covering the proximal and medial parts of the
Cleetwood fall deposit. The Cleetwood and overlying Climactic
deposits at these locations range from 2.5 to 113cm and
12-232 cm in thickness, respectively.
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The lower Cleetwood unit makes up most of the Cleetwood fall
deposit and is 90 cm thick at Cltwd 5 (Figure 4A; Figure 5). The
dispersal axis of the lower Cleetwood unit trends to the SE. This
phase is characterized by a single, normally graded unit at all
locations. Pumices, which make up most of the deposit of the
lower Cleetwood, are white-grey and reach up to 5 cm in diameter
at the base of the deposit in medial locations. The base of the
lower Cleetwood contains ~15% lithics.

The upper Cleetwood unit is present up to ~80 km ESE of the
proposed vent location (Figure 4C). Its dispersal axis trends to
the ESE and is the widest of the two phases. At medial locations
directly East of the vent, the upper Cleetwood is the only phase
present. The deposit of the upper Cleetwood is characterized by a
strong reverse grading (Figure 4) and a thin grey ash layer marks
the boundary between the lower and upper units at medial
locations SE of the vent. The contact between the lower and
upper units is sharp with no visible signs of erosion. Obsidian
pyroclasts are visibly more abundant within the upper Cleetwood
compared to the other phase.

Opverall, the dispersal axes of the lower and upper units seem to
indicate a slight shift in the dominant wind direction from SE to
ESE during the Cleetwood eruptive sequence (Figures 4A,B).

4.2 Individual Grain-Size Distribution
For locations where phases are divided into subunits (e.g., lower

Cleetwood at Cltwd 5: 5D, and 5E), the thickness fraction of
each subunit was used as a weight to calculate the GSD of the
whole phase at that location using the individual GSDs of all
subunits. Cumulative GSDs of all units at Cltwd 5, Cltwd 17,
and Cltwd 18 (~46, 56, and 66 km away from the vent) are
similar in shape; they show two systematic breaks in slope from
a power-law relationship at ~0.125mm and ~0.510 mm
(Figure 6A), creating three individual segments hereafter
named S1, S2, and S3 (Figure 6B). Each segment can be fit
by a power-law relationship, N>d = \d ", where D is the fractal
dimension of the segment of the distribution considered. For all
units, DI values, which correspond to particles <0.125 mm
(Table 1), range from 2.1-2.7. For a given phase, DI does not
vary with distance from the vent. Values of D2, which
correspond to particles ~0.125-0.510 mm in size, are the
lowest of all Ds for all units and range from 0.3-0.7. D2
values slightly increase with distance from the vent for a
given phase. Values of D3, for particles >0.510 mm, vary the
most (2.7-4.7) and increase with distance from the vent for a
given unit. Note that the breaks in slope observed on all GSDs
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Y

are also visible on the DIA and laser diffraction data when
considered individually (Figure 3B), and thus were not
artificially created following the combination of the two
datasets.

4.3 Componentry

Detailed componentry was realized on samples collected at Cltwd
5, a location ~46km SE of the proposed vent, on the main
dispersal axis of the lower Cleetwood (Figures 4, 7). In all
layers, pumice accounts for at least 92% of the sample’s
volume. In Llao Rock, pumice is the dominant component at
all size fractions, although the proportion of lithics and crystals
combined in subunits 5A and 5B reach 30-60 vol% at sizes
0.063-0.5mm. The proportion of non-pumice components
decreases slightly from 5A to 5B and more significantly from
5B to 5C, with loose crystals being the dominant non-juvenile
component in size fractions 0.063-0.5 mm, followed by lithics.
The lower Cleetwood unit is divided into two subunits, 5D
(bottom) and 5E (top). Subunit 5D is characterized by an

increase in loose crystals compared to the end of Llao Rock
(subunit 5C) and by the presence of lithics in size fractions
1-2mm and 2-4 mm. Subunit 5E marks the end of the lower
Cleetwood and exhibits an increase in banded pumice (2.9 vol%)
>0.25 mm and a slight increase in both loose crystals (1.7 vol%)
and lithics (2.9 vol%) at sizes 0.063-1 mm. The upper Cleetwood
unit (subunit 5F) shows an overall increase in both banded
pumice and obsidian pyroclasts compared to the lower
Cleetwood. The proportion of lithics in this phase increases in
size fractions 0.5-2 mm, whereas the overall abundance of loose
crystals decreases.

4.4 Eruption Source Parameters

Bacon (1983) first proposed the vent for the Cleetwood eruption
to be located in the low hills northeast of the Rim Road. Applying
the source vent locator model of Yang et al. (2019) that uses
deposit thickness to find the vent confirms this general location
(Supplementary Figure S2). The original location of Bacon
(1983) lies between the power-law and exponential points
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generated by the model Yang et al. (2019) and is used as the
source vent for all Phases herein.

The erupted volumes (non-DRE) of the lower and upper units
of the Cleetwood eruption, calculated both using best fit models
(Figure 8) and the probabilistic Monte Carlo approach of Biasse
et al. (2014), are reported in Table 2. For each phase, the three
methods give volumes that are within 40% of each other using the
best fit approach, with the exponential and Weibull methods
always giving the best fits (r*>0.99). Calculated volumes are
0.98 + 0.01km’ for the lower Cleetwood unit and 0.20 +
0.03km® for the upper Cleetwood, making each of these
phases a VEI four eruption. Volumes obtained using the
probabilistic approach are 3%-5% larger than using the best
fit approach, being 1.01 + 0.19 km® for the lower Cleetwood, and
0.21 + 0.03 km? for the upper Cleetwood. These results confirm
that the lower Cleetwood unit is the most voluminous out of all
the phases of the Cleetwood eruption. It is, on its own, close to a
VEI five eruption.

The upper Cleetwood units lacks sufficient field constraints to
confidently draw isopleth lines for Maximum Lithic (ML) sizes
>0.8 cm (Figures 4C,D), making it unreliable to use the CS86 or

R2019 models to calculate a plume height. Consequently, plume
height and MER results are presented only for the lower
Cleetwood unit in Supplementary Table S2. Using CS86 and
averaging the plume heights calculated for the 5, 2, and
0.8 cm ML isolines gives H, = 25 + 2 km with an average wind
velocity of 27 + 3 m/s. Comparing this wind velocity with NCEP-
DOE Reanalysis 2 (Kanamitsu et al., 2002) data for the entire year

TABLE 1 | Fractal dimension values of cumulative grain-size distributions, D, for
deposits present at locations Cltwd 5, 17 and 18 (Figure 2; Figure 4),
together with the 2 value of the fit. D1, D2, and D3 respectively correspond to the
best fits of segments S1 (<0.125 mm), S2 (0.125-0.510 mm), and S3

(>0.510 mm) of the cumulative size distribution (see Figure 6B).

Location ~Phase D1  D1/” D2 D2/ D3 D37
Cltwd 5 Leo 225 099 038 098 38 097
Cltwd 5 lower 262 099 034 099 295 099
Cltwd 5 Upper 270 098 067 100 271 098
Cltwd 17 Lo 208 099 061 097 465 095
Ctwd 17~ Lower 258 099 040 099 310 099
Cltwd 18~ Lower 247 099 063 099 332 099
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of 2020 at Crater Lake shows that this value is reasonable for this
location (Supplementary Figure S3). Using this H, and the
model of Mastin (2014), the calculated MER for the lower
Cleetwood is (8.6 + 3.3)x10"kgs™'. Using R2019, the more
robust model of Rossi et al. (2019), and averaging the plume
heights calculated for the 5 cm and 2 cm ML isolines for eruptive
scenarios 2 (intermediate intensity) and 3 (high intensity; see
Rossi et al., 2019), gives a plume height of 19 + 2 km. Given the
inadequacies of these models to capture features such as partial
column collapse or gravitational fountaining, a large degree of
uncertainty is associated with their use. The uncertainty in the
above calculated plume height of 2 km falls in line with the ~10%
error for strong plumes as determined via the results of a model
intercomparison study conducted by Costa et al. (2016). Using

this plume height and the model of Mastin (2014), the calculated
MER for the lower Cleetwood unit is (3.1 + 1.0)x10’ kg s L

As the upper Cleetwood was not present at enough investigated
locations within its respective dispersal area, the TGSD could not be
confidently calculated. The TGSD of the lower Cleetwood, calculated
using the Voronoi tessellation method of Bonadonna and Houghton
(2005) (Figure 9), exhibits a power-law relationship, N>d = \d~ b
where N is the number density of particles, d is the equivalent
diameter, A is a scaling factor, and D is the power-law exponent, or
fractal dimension. Best-fitting the TGSD using the least-squares
method gives fractal dimension (D) values of 3.0 (*=0997),3.1 (
= 0.997), and 3.2 (= 0.998) when fitting grain-sizes >0.5 mm,
>1 mm, and >2 mm, respectively. The rationale for only fitting
values above 0.5-2 mm is discussed in detail below.
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5 DISCUSSION

5.1 The Cleetwood Eruptive Sequence
Consistent with Young (1990), our results show that the ~7.7 ka
Cleetwood eruptive sequence of Mount Mazama consisted of two
distinct and consecutive VEI four eruptions. Bonadonna and
Costa (2012) plotted the relationship between the best fit Weibull
parameters © and A, along with the total erupted volume derived
from their Weibull method for a variety of eruptions ranging
from VEI one to VEI 6. When plotted together with these data, all
phases of the Cleetwood eruption clearly group with other
historic VEI four eruptions (Figure 10).

With an erupted volume of 0.98 + 0.01km’, the lower
Cleetwood straddles the line between a VEI four and VEI five
eruption and is sub-Plinian following the classification of
Bonadonna and Costa (2013, see Supplementary Figure S4).
Its deposit is characterized by a strong normal grading, which
indicates that both plume height (~19km) and MER
(~3.1x10" kg s") reached a maximum at the beginning of this
phase and continuously waned after that. The base of the lower
Cleetwood unit appears relatively abundant in lithics in the field

Cleetwood Eruption of Mount Mazama

(5-10vol% of 1-4 mm, see Figure 6). We agree with Young’s
interpretation that this relative abundance of lithics at the onset of
the Cleetwood eruption is the result of conduit/vent clearance.
Young’s (1990) volume estimate for the lower Cleetwood is
1.15km> compared to our value of 0.98 + 0.01km’. Our
results thus slightly revise downwards the volume of this
phase of the Cleetwood eruption.

Comparing ML measurements of both the lower and upper
Cleetwood units (Figures 4C,D) shows that MLs for the upper
are only slightly smaller than those of the lower at the same
location. This suggests that both plume height and MER are
only slightly less than the lower Cleetwood unit, although the
erupted volume is about five times smaller. The deposit of the
upper Cleetwood is characterized by a strong reverse grading
that suggests an increase in column height and MER with time,
likely due to erosional vent widening (Wilson et al., 1980; Carey
and Sigurdsson, 1989; Rosi et al., 1999). This vent widening is
supported by a slight increase in the proportion of lithics from 3
vol% to 5 vol% from the lower to the upper unit. Another
defining characteristic of the upper Cleetwood unit is the drastic
increase in obsidian pyroclasts, which makes up to 23 vol% of
size fraction 0.125-0.25 mm. Young (1990), Bourgeois (1998),
and Wearn (2002) all attributed this increase in obsidian
pyroclasts towards the end of the Cleetwood eruption to the
progressive annealing of juvenile glass to the conduit walls,
which is then mostly eroded during this final explosive phase.
Gardner et al. (2017) and Watkins et al. (2017) showed that
obsidian pyroclasts from the North Mono Craters (CA,
United States) formed by the syn-eruptive agglomeration and
sintering of ash fragments on the conduit walls above the level of
fragmentation, which were then remobilized over a wide range
of depths and ejected together with juvenile porous pyroclasts.
Wadsworth et al. (2019) showed that in the absence of a
confining pressure, the timescale for sintering decreases with
decreasing particle radius. We propose that ash fragments begin
to sinter and weld to the conduit walls during the emplacement
of the lower Cleetwood unit. As the MER wanes during the
lower unit, as evidenced by the strong normal grading of that
phase, sintering and welding dominate over erosion and
ejection. This continues until the end of the lower Cleetwood
unit and perhaps even partially seals the conduit (Wadsworth
et al., 2019), which in turn repressurizes the system and may
trigger the beginning of the upper Cleetwood. As the MER
increases over the course of the upper Cleetwood, erosion begins
to dominate over agglomeration and sintering, leading to an
increase in both obsidian pyroclasts and lithics in the deposit of
the upper Cleetwood unit. It should be noted that layer 5F
(Figures 5, 7), from which we determined componentry of the
upper Cleetwood, does not lie directly on the dispersal axis of
the upper unit and therefore probably represents minimum
abundances of dense component (lithic, pyroclastic obsidian),
when compared with those from the lower Cleetwood.

Judging solely from the contact between the lower and upper
Cleetwood, it is difficult to say whether these two phases
correspond to two distinct plumes or if the upper Cleetwood
simply marks an increase in plume height and MER from the end
of the lower Cleetwood, due to vent widening. The thin grey ash
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TABLE 2 | Best fit and probabilistic fitting parameters and erupted volumes obtained using TephraFits (Biass et al., 2019) for the two different phases of the Clestwood

eruption.

Lower Cleetwood

Upper Cleetwood

Exponential Volume (km®) 0.99 ( = 0.99)
Power-law Volume (km®?) 0.97 ( = 0.90)
Weibull Volume (km?) 0.99 (* = 0.99)
3 -0.1198
& ka -0.1857
g To; 728.67
TO, 1.09E+03
m 3.3609
CPI 1.46E+06
[S) 253.06
A 17.15
n 1.50
— Exponential Volume (km®) 1.04 +0.18
% Power-law Volume (km®?) 1.00 + 0.15
_‘g’ Weibull Volume (km®) 1.00 £ 0.24
z Error sqrt (A) (%) 10
% Error thickness (%) 10
@ Error distal integration limit (%) 20
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FIGURE 9 | Voronoi tessellation of the lower unit of the Cleetwood eruptive sequence used to calculate the total grain-size distribution (TGSD). Pink dots indicate
samples analyzed for their GSD via sieving and weighing. Isolines are in centimeters. Background is global Earth relief (Tozer et al., 2019).
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layer making contact between the lower and upper Cleetwood
units shows no visible signs of erosion. Thus, if a separate plume
is responsible for the deposition of the upper unit, it occurred
shortly after the end of the emplacement of the lower Cleetwood.
Furthermore, this grey ash layer is only present at SE medial
locations, which indicates that the dominant wind shifts from the

SE to ESE by the end of the lower Cleetwood, when plume height
and MER were at a maximum.

5.2 Comparison With Modern Equivalents
Although there are many historic examples of highly silicic
eruptions that transitioned from explosive to effusive activity
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FIGURE 10 | Best fit Weibull parameters for the two phases of the
Cleetwood eruptive sequence plotted together with VEI 3, VEI4, and VEI five
eruptions compiled by Bonadonna and Costa (2012). (A) 6 versus A. (B) A
versus total erupted volume (non-DRE). In both graphs, note that all
phases of the Cleetwood eruptive sequence plot with other VEI four eruptions.

within the same eruptive sequence (e.g., the 1060 CE Glass
Mountain eruption of Medicine Lake volcano, California,
United States, Heiken, 1978; the 700 CE Big Obsidian Flow
eruption at Newberry Volcano, Oregon, United States, Kuehn,
2002), the rhyolitic eruptions of Chaitén (2008, Chile; Alfano
et al.,, 2011) and Cordén Caulle (2011-2012, Chile; Pistolesi et al.,
2015) provided the first real-time observations of an eruption of
this type in modern history. The 2008 eruption of Chaiten
consisted of a series of VEI four eruptions that began on May
1 with a ~0.5 km® explosive phase (Watt et al., 2009; Alfano et al.,
2011; Durant et al.,, 2012) and climaxed on May 6th with a sub-
Plinian eruption that ejected ~0.3 km® of tephra from a 19 + 1 km
high plume (Carn et al, 2009; Alfano et al, 2016), which
corresponds to a MER of ~2.8x10” kgs™" (Mastin, 2014). On
May 11, the explosive activity began transitioning to effusive
activity that eventually emplaced a ~0.8km’ rhyolitic flow
(Pallister et al,, 2013). The 2011-2012 eruption of Cordén
Caulle can be divided into four explosive phases, two of which
being classified as VEI four eruptions. The first and most intense
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area, VA (km). Data for all other VEI four eruptions compiled by Bonadonna
and Costa (2012) are also plotted, in gray, for comparison. (B) Mass
fraction (in wt%) of particles >0.5 mm, >1 mm, or >2 mm as a function of the
distance from the vent along the dispersal axis of the lower Cleetwood unit.
The vertical green line represents the furthest extent of the 5 cm isoline
(Figure 4B). Because all locations plotted lie on the dispersal axis, the mass >
d for each grain-size likely represents maximum values. (C) Cumulative
number density, N > d, versus equivalent diameter, d, for lower unit of the
Cleetwood eruption (i.e., TGSD) and best fits obtained using a power-law
distribution for all particles >0.5 mm, >1 mm, and >2 mm. The fractal
dimension and Pearson coefficient obtained for each case are given in the
legend.

sub-Plinian phase began on June 4 and deposited ~0.75 km> of
tephra from a ~11-14km plume and MER on the order of
107 kg s !, The second phase (5-6 June) fluctuated with MERs
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of 10°-10” kg s~ and deposited ~0.21 km® of material ending
with the deposition of an obsidian-rich tephra layer. The third
and fourth phases (June 7 and later) consisted of VEI three
eruptions depositing a total of ~0.05 km® of tephra (Bonadonna
et al,, 2015; Pistolesi et al., 2015). Effusive activity began on June
15 from the same vent and produced a ~0.6 km® rhyolitic flow
(Castro et al., 2013; Jay et al., 2014; Bertin et al., 2015). Calculated
volumes, plume height, and MER for the Cleetwood eruptive
sequence are like these two modern analogs, and we thus infer
that the Cleetwood eruption unfolded in a manner and timing
similar to that of these Chilean eruptions; explosive lower and
upper Cleetwood units, all occurred within a period of days,
followed, days/weeks later, by the emplacement of the rhyodacitic
Cleetwood Flow from the same vent, perhaps interspersed by
hybrid explosive-effusive activity (Schipper et al., 2013).

5.3 Grain-Size Distribution

5.3.1 TGSD of the Cleetwood Eruption

Exhaustive sample collection and grain-size data for the Cleetwood
deposit are difficult to obtain due to the extreme thickness of the
overlying Climactic deposit at proximal locations, and difficulties
in distinguishing the Cleetwood from the Climactic deposits at
distal locations. The TGSD of the lower unit of the eruption, the
only phase for which we believe we have enough data to calculate
an accurate TGSD, was thus constructed using samples collected at
24 locations 6-72 km from the vent. All the points used to build the
TGSD are within the 5 cm isoline (Figure 9) and, given the density
of data obtained within this area, we believe the TGSD built using
the Voronoi tessellation is representative of the material deposited
within that 5 cm isoline. Using the Weibull model of Bonadonna
and Costa (2012), the volume of deposit enclosed within the 5 cm
isoline can be calculated using

2
V(x) :@[1—5("/*)"] 1)
where x (km) is the square root of isopach area for isoline 5 cm, A
(km) is the characteristic decay length scale of deposit thinning, 6
(cm) is a thickness scale, and # is a dimensionless shape parameter
(A, 6, and n are provided in Table 2). Using Eq. 1, the volume
enclosed by the 5 cm isoline is ~0.97 km®, corresponding to about
97% of the whole volume of tephra ejected during the lower
Cleetwood, consistent with other VEI four eruptions
(Figure 11A). Furthermore, the proportions of pyroclasts >2 mm
and >1 mm in samples of the lower Cleetwood unit collected along
the main dispersion axis decrease downwind and reach 0% and
<10%, respectively, when extrapolated to where the isoline 5cm
crosses the main axis of dispersion (at ~94km, Figure 4B,
Figure 11B). We thus infer that the TGSD calculated for the
lower Cleetwood using medial data is representative of the whole
TGSD for particles larger than ~1 mm. Over that range of sizes, the
TGSD can be nicely fit using a power law distribution and a fractal
dimension D = 3.1 (Figure 11C; D = 3.2 is obtained when fitting only
particles >2 mm, and D = 3.0 for particles >0.5 mm).

In the absence of distal data in this study, it is impossible to
accurately construct the TGSD for the lower unit of the
Cleetwood eruption for particles < 1mm. However,
compilations of TGSDs of >20 sub-Plinian and Plinian

Cleetwood Eruption of Mount Mazama

eruptions show that all can be fit using a single power law
distribution over the whole range of particle sizes
(~107-10> mm), with a fractal dimension D=3 (see
compilations in Kaminski and Jaupart, 1998; Rust and
Cashman, 2011). In particular, eruptions of silicic magma with
MER similar to the lower unit of the Cleetwood eruption and
ranging from 1.5x10” kg s to 7.9x10” kg s™' (MER for the lower
Cleetwood is 3.1x10” kg s™') have D values close to 3 (e.g., Phase
D Askja 1875: D=3.0, Kaminski and Jaupart, 1998; Unit B 79 cal
CE Mt. Pelée: D=3.0, Carazzo et al., 2020; Mt. St. Helens, 18 May
1980: D=3.1, Rust and Cashman, 2011; Layer f 2008 Chaitén: D =
3.0, Alfano et al,, 2016). Given these observations, we speculate
that the TGSD of the lower Cleetwood unit can be fit using a
power law with a fractal dimension of ~3.1 over the whole range
of particles sizes. As shown below, in the absence of distal data to
construct the TGSD, we believe that individual high-resolution
GSDs at medial locations on the dispersal axis can provide further
insight into the fractal dimension of an eruption’s TGSD.

5.3.2 High-Resolution GSDs

The high-resolution GSDs produced for individual locations do
not equate to the whole TGSD of the deposit as they partly reflect
transport processes (Pioli et al., 2019). Despite this, important
information can still be gleaned from these individual GSDs. As
seen in the results section above, all high-resolution GSDs in this
study, regardless of the eruptive phase or sample location, show
two systematic breaks in slope from a power-law relationship at
~0.125 mm and ~0.510 mm. These breaks in slope create three
individual segments S1 (particles<0.125mm), S2 (particles
0.125-0.510 mm), and S3 (particles >0.510 mm) that can all be
fit by a power-law relationship with fractal dimensions D1, D2,
and D3 respectively. We discuss below the signification of each of
these segments.

5.3.2.1 Particles <0.125 mm—Inheritance from Primary
Fragmentation

Values of DI (Table 2; Supplementary Table S3) are 2.5 + 0.2
regardless of eruptive phase, distance from the vent, and location
with respect to the dispersal axis. These values are within the
range of those obtained by rapid decompression experiments
(Kueppers et al., 2006). Particles are predominantly juvenile ash
over the range of sizes covered by S1 (Figures 6, 7), and thus the
fractal dimension at these sizes is largely controlled by the size
distribution of this component. Jones and Russell. (2017)
conducted pumice attrition experiments at varying time
lengths and showed that a time >30 min was necessary to
change the slope of the GSD for particles <0.156 mm,
approximately equal to our SI range. This timescale is far too
long to represent transit time within the conduit after
fragmentation (estimated to be of the order of 10'-10%s for
Plinian eruptions; Gardner et al., 1996), and Jones and Russell.
(2017) suggested that their longer experimental runs could
represent residence times in the plume. However, the bulk ash
concentration used in their experiments is ~4,000 g m >, whereas
measured concentrations in real plumes are three orders of
magnitude lower (e.g., 3.6-4.9 gm™ for the 1980 eruption of
Mt. St. Helens; Harris and Rose, 1983). This suggests that the size
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Median grain-size (mm)

FIGURE 12 | D1 values (i.e., fractal dimension of the cumulative size distribution of particles <0.125 mm) found for all Cleetwood units of Cltwd 5, plotted as a
function of the median grain-size of that subunit. Circle size is representative of the inferred plume height and thus mass eruption rate (MER), being the highest but
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distribution of particles within this size range only evolves slightly
after initial magma fragmentation.

Giachetti et al. (2021) showed that some pumice lapilli from
sub-Plinian and Plinian eruptions, including the Cleetwood
eruption, are pumice agglomerates comprised  of
protopyroclasts, the products of primary magma
fragmentation. These pumice aggregates are created by the
agglomeration and partial sintering of protopyroclasts of all
sizes as they collide during ascent in the conduit seconds after
initial magma fragmentation. Giachetti et al. (2021) showed that
the size distributions of 0.001-10-mm protopyroclasts from two
sub-Plinian rhyolitic eruptions, the 1060 CE Glass Mountain
eruption of Medicine Lake volcano (California, United States;
Heiken, 1978) and the 700 CE Big Obsidian Flow eruption at
Newberry Volcano (Oregon, United States; Kuehn, 2002), are
power-law with D values of 2.5 + 0.1. These power-law exponents
are consistent with those of the products of experimental magma
fragmentation by rapid decompression (Kueppers et al., 2006).
The DI values found in our study are also in the same range.
Using the methodology developed by Giachetti et al. (2021), we
analyzed the size distribution of protopyroclasts 1.5-30 pm in a
pumice from the onset of the lower Cleetwood, collected at
location Cltwd 5 (layer 5D, see Figure 5). Protopyroclasts
were only analyzed for this narrow size range because
outlining individual clasts at larger sizes in these Cleetwood
pumices becomes too subjective. Indeed, Giachetti et al. (2021)
suggested that the fluidization of packed beds of protopyroclasts
immediately after fragmentation could be more efficient for
eruptions with MERs >10” kgs™' (e.g, the lower unit of the
Cleetwood eruption), leaving less time for the mixing and
amalgamation of protopyroclasts with highly contrasting
textures, and thus making the boundaries between

protopyroclasts less visually apparent. The size distribution of
3,011 protopyroclasts 1.5-30 pm in size analyzed in the pumice
lapillus of the lower Cleetwood unit is best fit by a power-law with
a D value of 2.7. Interestingly, the GSD of the lower Cleetwood is
best fit by a power-law with DI = 2.6 for particles <0.125 mm
(Table 1).

Although further investigation is necessary, our results
suggest that the fractal dimension of the GSD of particles
<0.125 mm collected at medial locations on the dispersal axis
of explosive deposits reflects the size distribution of the
primary products of magma fragmentation in the conduit
(i.e., like the distribution of protopyroclasts within pumice
aggregates; Giachetti et al., 2021), and thus could be used to
infer the potential energy at fragmentation. This hypothesis is
supported by the fact that, at a given location, there is a positive
correlation between the value of DI and the median grain-size
(Figure 12).

5.3.2.2 Particles 0.125-0.510 mm—Clues for Rafting During
Transport

The second portion of the individual GSDs, S2 (particles
0.125-0.510 mm), can also be fit with a power-law giving D2
values of 0.6 + 0.1. This fractal dimension does not vary
systematically with explosive phase, distance from the vent, nor
location with respect to the dispersal axis (Table 1). This size fraction
shows a noticeably higher proportion of non-juvenile components
(i.e., loose crystals and lithics) compared to S1 and S3 (Figure 7).
These components are not the primary products of fragmentation
and thus this enrichment could be a contributing factor to where and
why this break in slope with S1 occurs. A recent theoretical study
suggests that particle rafting can modify the way in which some
particles locally sediment (Rossi et al., 2021). Rafting occurs when
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FIGURE 13| (A) Number density, N, versus equivalent diameter, d, for the end of the lower Cleetwood unit at locations Cltwd 5, 17, and 18, which are all located on
the main dispersal axis at 46 km, 56 km, and 66 km from the proposed vent location, respectively. Note the sudden increase in number density of particle for
~0.1 mm<d<~1 mm (red rectangle). Inset shows N versus d using laser diffraction data only and further illustrate that this increase is not an artifact of merging datasets
(see also Figure 3B). (B-D) Volume percent of porous and dense material versus d for locations Cltwd 5, 17, and 18, respectively. Note the increase of the
proportion of dense particles in size range 0.125-1 mm with increasing distance from the vent (red rectangles). (E) Cumulative volume distribution for porous (dashed
lines) and dense (solid lines) material at Cltwd 5, 17, and 18. Median grain-sizes are at the intersections of these distributions with a volume percent of 50% (i.e., horizontal
red dashed line). Note the slight increase in the median diameter of dense particles from Cltwd five to Cltwd 17 and 18, which we attribute to particle rafting, whereas the
median diameter of the porous particles logically decreases with increasing distance from the vent.

fine particles aggregate around a relatively dense core particle during
transport. The resulting aggregate has a density significantly lower
than its core due to the air entrapped in between aggregating
particles. This leads to relatively dense particles ‘rafting’ and
landing further than where they would have if smaller particles
had not aggregated around them. Upon impact and over time these
aggregates break apart and are rarely found intact when sampling
historic eruptions. In their theoretical framework, Rossi et al. (2021)
defined the size range of core particles that could undergo rafting as
0.138-0.710 mm, which mostly overlaps with the range of sizes over
which we see major changes in the shape of our GSDs. Note that this
transport process changes the individual GSDs at some locations, but
not the overall TGSD of the eruption.

To investigate whether particle rafting may have occurred
during the Cleetwood eruption and if this process can explain
part of the shape of our GSDs, we analyzed the size distribution of
the porous (pumice and banded pumice) and dense (obsidian
pyroclasts, lithics, and loose crystals) components of a single layer
at increasing distance from the vent, along the main axis of
dispersion. Layers 5E, 17D, 18B (Figure 5) all correspond to the
end of the lower Cleetwood and are located on the main dispersal
axis at 46 km, 56 km, and 66 km from the proposed vent location,
respectively. All three locations show an unexpected increase in
particle number density over the size range ~0.125-0.650 mm
(Figure 13A), which is not related to data combination as the
same observation is made using laser diffraction data alone (see
inset in Figure 13A). As expected, the overall median grain-size
decreases with distance from the vent as the GSDs of 5E, 17D, and
18B skew towards finer particle sizes due to density sorting during

transport in the plume (Figures 13B-D). However, the
componentry (realized on sieved fractions independently of
laser diffraction and DIA analyses), shows that the proportion
of dense particles that compose the size fraction in which we see
an increase in particle number density simultaneously increases
from 4% at 46 km from the vent, to 18% at 56 km, and finally to
34% at 66km (ie., from Cltwd 5, Cltwd 17 to Cltwd 18,
respectively). Furthermore, this increase in the volume percent
of dense components is accompanied by an increase in the
median grain-size of the dense particles as a function of
distance, from ~0.27mm at Cltwd 5 to ~0.31-0.33 mm at
Cltwd 17 and 18, which is not expected (Figure 13E). We
infer that this increase in both the proportion and the median
grain-size of dense particles with distance from the vent are clues
that particle rafting delayed their sedimentation (Rossi et al.,
2021).

5.3.2.3 Particles >0.510 mm—Influence of Sedimentation

This portion of the GSD, which corresponds to particles >0.510
mm, is predominantly composed of juvenile pumice (Figure 7).
For all layers of all units, it can be nicely fit with a power-law
equation with a fractal dimension D3 between 2.7 and 4.7. For a
given unit, the value of D3 increases with distance from the vent
along the main dispersion axis, testifying to a progressive loss of
larger particles. For example, for the lower Cleetwood unit, D3 is
equal to 2.95 at ~46 km from the vent (Cltwd 5), increasing to
3.10 at ~56 km (Cltwd 17), and to 3.32 at ~66 km (Cltwd 18). At
these three locations, particles >0.5 mm (approximately the lower
bound of D3) represent >80% of the mass of the sample, and it is
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thus not surprising that these D3 values (~3.1 + 0.2) are close to
the fractal dimension of the calculated TGSD for particles
>0.5 mm (3.0, see Figure 11C).

6 CONCLUSION

The successful modeling and forecasting of the dispersion and
sedimentation of tephra from explosive volcanic eruptions rely
heavily on the initial eruption source parameters inputs such as
plume height, erupted volume, MER and Total Grain-Size
Distribution. During an eruption these parameters are
challenging to determine and depend on those derived from
detailed field studies of similar historic events. Here we calculated
eruption source parameters for the ~7.7 ka Cleetwood eruption of
Mount Mazama (Crater Lake/giiwas, Oregon, United States). We
applied a novel approach to produce high-resolution grain-size
distributions over the range 0.00035-35 mm by combining laser
diffraction and dynamic image analysis techniques.

The ~7.7 ka Cleetwood eruptive sequence of Mount Mazama
consisted of two consecutive VEI four eruptions: the lower and
upper Cleetwood units, from oldest to youngest. The lower
Cleetwood was the most intense (Ht = ~19km; MER =
~3.1x107 kg s™!) and voluminous (~0.98 km?) of the sequence
with a TGSD that can be fit with a fractal dimension of ~3.1.
Altogether, the Cleetwood eruption deposited 1.10 km?
(non-DRE) of tephra from at least one, but no more than two,
separate plumes. Explosive activity then transitioned to an
effusive stage, with no apparent break, extruding a rhyodacitic
lava flow with a minimum volume of ~0.6 km®. The continuity
and deposit of the Cleetwood eruption of Mount Mazama is
similar to the only two witnessed volcanic eruptions of rhyolitic
magma that transition to an effusive phase: Chaitén (Chile, 2008;
fall = ~1km?, flow= ~0.8 km’, plume height = ~19 km) and
Cordén Caulle (Chile, 2011-2012; fall = ~0.8 km?, flow
~0.8 km®, plume height = ~14 km). Further detailed fieldwork
in proximal deposits of the upper unit of the Cleetwood eruption
would be necessary to resolve whether there was coeval (hybrid)
effusive and explosive activity as suggested by observations at
Cordon Caulle during the 2011-2012 eruption.

Regardless of the eruptive phase or sample location, all high-
resolution cumulative GSDs show two systematic breaks in slope
from a power-law relationship at ~0.125 mm and ~0.510 mm,
creating three individual segments that can all be fit by power-law
relationships. We show that in conjunction with eruption source
parameters and detailed componentry, our high-resolution GSDs
provide insight into magma fragmentation and tephra transport.
We show that the fractal dimension for particles <0.125 mm from
medial locations on the dispersal axis of the tephra deposit reflects
the size distribution of the primary products of magma
fragmentation, and thus could be used to infer the potential
energy at fragmentation. This observation is further supported by
the positive correlation between the D1 value and the median
grain-size at a given location. The overall low slope of the GSD for
particles 0.125-0.510 mm is due to an increase in the amount of
dense components (obsidian pyroclasts, lithics, and loose
crystals) that is accompanied by an increase in their median

Cleetwood Eruption of Mount Mazama

grain-size with distance. We infer that this is due to particle
rafting and thus delayed sedimentation. Lastly, the increasing
slope of the GSDs for particles >0.510 mm with increasing
distance from the vent, reflects the progressive and rather
rapid loss of coarse ash and lapilli in the medial portion of the
deposit. Our comparison of high-resolution GSDs across a fallout
deposit has potential for identifying processes that modify tephra
dispersal and sedimentation, such as particle rafting. Newly
gleaned information using a higher resolution of GSDs would
greatly further our understanding of both primary and secondary
eruptive processes and help constrain eruption modeling and
hazard assessment in the future.
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