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Volcanic Ash Transport and Dispersal Models (VATDMs) make real-time forecasts of tephra fall resulting from
explosive eruptions possible. However, these predictions still mainly rely on eruption source parameters, such as
erupted mass, total grain-size distribution, and plume height, gathered via thorough studies of past eruptions
similar in nature. This dependency of eruption source parameters to analogous eruptions becomes particularly
challenging when there are limited instances of similar events. An example is rhyodacitic to rhyolitic eruptions.
This type of volcanic eruption has only been witnessed twice, at Chaitén (2008-2009) and Cordén Caulle
(2011-2012), both in Chile. Here, we examine the 7.7 ka Cleetwood eruption of Mount Mazama (Oregon, USA),
as a case study. This rhyodacitic eruption started explosively with two initial VEI 4, subplinian phases, and ended
effusively with the emplacement of a rhyodacitic flow. We use the results of a detailed study of the proximal and
medial tephra deposits as input in a VATDM to investigate the geometry and dimensions of the main plume
formed during the Cleetwood eruption. We 1) constrain the erupted mass and calculate a detailed total grain-size
distribution, 2) explore the Reanalysis 2 wind database to determine the direction and velocity of the local wind
at the time of the eruption, and 3) use the VATDM Tephra2 with a grid-search method to estimate plume height,
mass distribution within the plume, and the characteristics of tephra diffusion. We find that a vertical release of
the erupted mass along a single line above the vent adequately replicates the measured mass loads but fails to
simultaneously fit measured grain-size distributions at the same locations. We thus devise a method that not only
accounts for a customized total grain-size distribution, real 1D wind patterns, and variable mass distribution
within the plume, but also allows for adjustments to the size and location of an elliptical umbrella cloud. Using
this method, we successfully replicate both local mass loads and high-resolution grain-size distributions and
show that particles >0.125 mm from the lower Cleetwood unit were likely deposited from a 5 x 45 km? umbrella
reaching 16 km a.s.l., elongated in the direction of main wind intensity. This research contributes to enhancing
the accuracy of predicting tephra transport from silicic volcanic eruptions. Moreover, it underscores the
importance of utilizing grain-size data in combination with mass loads at specific locations to gain insights into
the characteristics of the eruption plume, especially for eruptions that have not been directly observed.

1. Introduction

Tephra fallout during volcanic eruptions presents a wide range of
hazards that can have significant impacts on human health, infrastruc-
ture, and the environment. The physical hazards of tephra fallout
include the potential for injury or fatality; larger tephra fragments can
cause blunt trauma, while smaller particles can lead to eye and respi-
ratory irritation by penetrating deep into the respiratory system, exac-
erbating preexisting conditions, and/or causing new respiratory distress
(Baxter, 2005). Tephra accumulation poses risks to infrastructure,
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including collapse of roofs and structures under the weight of volcanic
ash, which is compounded when wet (Blong, 1984). Likewise, the
agricultural sector is vulnerable to tephra fallout, as the latter can
damage crops, contaminate water sources, and hinder photosynthesis by
blocking sunlight (Wilson et al., 2012). This highlights the importance of
the accuracy of Volcanic Ash Transport and Dispersal Models (VATDMs)
used for real-time forecasting and probabilistic hazard assessments of
tephra fallout.

VATDMs use either a Lagrangian particle tracking numerical
approach (e.g., Puff; Searcy et al., 1998; HYSPLIT, Draxler and Hess,
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Fig. 1. (A) Isopach and (B) maximum lithic (ML) isopleth maps for the lower Cleetwood unit. All isolines are in centimeters and dashed red isolines represent the
original lines from Wiejaczka and Giachetti, 2022. Black stars on the isopach map denote zero thickness boundary points from Young (1990) used in modeling.
Background is global earth relief (Tozer et al., 2019). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

1998), a Eulerian advection-diffusion numerical approach (e.g., Ash3d,
Schwaiger et al., 2012; NAME, Jones et al., 2007; Fall3D, Folch et al.,
2020), or a Eulerian advection-diffusion analytical approach (e.g.,
Tephra2, Bonadonna et al., 2005; Connor and Connor, 2006; Volentik
et al., 2009; Biass et al., 2016). While these models consider different
secondary variables such as topography, particle shape, wet/dry particle
aggregation, and have diverse options for how the erupted mass is
initially distributed in the atmosphere (i.e., point source, line source,
umbrella cloud, etc.), all rely on detailed field studies of analogous
eruptions to provide constraints on both the primary input Eruption
Source Parameters (ESPs) and the output of the model. ESPs include the
erupted mass (M), plume height (H;), and the Total Grain-Size Distri-
bution (TGSD) of particles ejected into the atmosphere. The TGSD,
which is crucial for accurate forecasts, is particularly difficult to
constrain. It affects the distribution of particles within the plume and, in
turn, modulates the location and timing of when a particle will be
deposited. In situ measurements of TGSD during an eruption prove
difficult (Scollo et al., 2005; Gouhier and Donnadieu, 2008; Bonadonna
et al., 2011; Kozono et al., 2019; Freret-Lorgeril et al., 2019), especially
for high-flux, large plume eruptions. Moreover, constructing a TGSD
from historic events is often complicated due to poor deposit exposure
and preservation, especially very close and very far from the vent (Costa
et al., 2016; Pioli et al., 2019).

The dependence of VATDMs on ESPs from analogous historic erup-
tions becomes more problematic when, for a given type of ongoing
eruption, the catalog of similar, historically observed events is limited.
An example is that of silicic eruptions that transition from explosive to
effusive activity. Although many of these deposits have been identified
in the historic record (e.g., the 1060 CE Glass Mountain eruption of
Medicine Lake volcano; Heiken, 1978; or the 700 CE Big Obsidian Flow
eruption at Newberry Volcano; Kuehn, 2002; Trafton and Giachetti,
2022), the only direct observations of this behavior are from recent
eruptions at two Chilean volcanoes; Chaitén in 2008 (Castro and Ding-
well, 2009) and Cordén Caulle in 2011-2012 (Pistolesi et al., 2015;
Schipper et al., 2013). The ~7.7 ka Cleetwood eruption of Mount
Mazama (Crater Lake/giiwas, Oregon, USA) appears to also be one such
silicic eruption that transitioned from explosive to effusive activity
(Young 1990). The Cleetwood eruptive sequence consisted of two
consecutive VEI 4 eruptions, the lower and upper Cleetwood units. The
lower Cleetwood unit is the first and main phase, with a tephra deposit
volume close to 1 km?® (Wiejaczka and Giachetti, 2022). Following the

upper Cleetwood phase (~0.2 km®), the eruptive activity transitioned to
an effusive stage, producing a rhyodacitic flow with a minimum volume
of ~0.6 km® (Bacon, 1983). This eruption was soon followed by the
climactic caldera-forming eruption that created Crater Lake, which was
one of the largest of the Holocene Epoch (60 km® DRE; Bacon, 1983;
Buckland et al., 2021), pointing towards the Cleetwood eruptive
sequence as potentially key in destabilizing a much larger magmatic
system.

In this study, we first re-evaluate the field-derived ESPs (M, Hy, and
TGSD) for the lower Cleetwood by adding new field data to those of
Young (1990) and Wiejaczka and Giachetti (2022). Next, we use these
field-derived ESPs, a large collection of reconstructed wind profiles, and
a grid search approach using Tephra2 to explore the geometry of the
lower Cleetwood plume and the diffusion characteristics of the tephra,
by minimizing the misfits between the model output and both mass
loads and grain-size distributions obtained in the field. We demonstrate
that comparing high-resolution grain-size distributions from individual
locations with model outputs has the potential to give insight into the
plume geometry for unwitnessed historic eruptions.

2. Methods
2.1. Field

The samples used in this study are those collected by Wiejaczka and
Giachetti (2022). An additional pit was dug in 2022 (42.792344,
—121.765731) approximately 32.5 km southeast from the supposed
vent, on the main dispersal axis of the lower Cleetwood tephra fall de-
posit (Fig. 1). At this location, below 3.4 m of tephra from the climactic
phase of the Mazama eruption, the Cleetwood deposit was divided into
the lower and upper Cleetwood units based on changes in grain-size and
grading. Each unit was then measured, photographed, and several ki-
lograms of each unit were collected for analysis. Before analysis, samples
were dried over night at 80 °C to remove adsorbed water.

2.2. Deposit density and mass load

Deposit density for each location was calculated by pouring bulk
samples into a graduated cylinder and measuring both the mass and
volume of the sample. Where samples were divided into subunits, the
thickness fraction of each subunit was used as a weight to calculate the
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Fig. 2. Schematic showing how Tephra2 operates. Particles are first released
instantaneously along a single vertical line located directly above the vent and
begin to fall through a layered atmosphere. Each particle’s trajectory is then
modified by the wind velocity and heading of each layer, and further by at-
mospheric diffusion. Particles are distributed within the plume using the
equation P(H;) = %
function. Changing a and p in the beta function modifies the way in which mass
is initially distributed along the vertical line (i.e., the plume).

where H; is plume height and B(a, f) is the beta

whole lower Cleetwood deposit density at that location. The mass load
for each location was then calculated by multiplying its thickness
measured in the field by the deposit density measured in the lab. The
mass load of the whole deposit was obtained by multiplying the average
density of all twenty-five locations by the deposit volume (see Section
2.3 for volume calculation).

2.3. Erupted volume

The isopach map of the lower Cleetwood (Fig. 4A in Wiejaczka and
Giachetti, 2022) was updated by redrawing the 100 cm isoline using
Adobe Illustrator. It is the only isoline that required modification
following the addition of the new sample location described above
(Fig. 1A). The area enclosed within individual isolines was calculated
using the image processing package Fiji (ImageJ; Schindelin et al.,
2012). The lower Cleetwood tephra fall volume was then re-calculated
with the probabilistic mode in TephraFits (Biass et al., 2019) using the
exponential, power-law, and Weibull models and the erupted mass (M)
was then determined by multiplying the volume by the average deposit
density.

2.4. Plume height

The maximum lithic value for the newly added location (Cltwd 2)
was calculated using digital calipers in the lab and averaging the di-
ameters of the five largest lithics. The isopleth map of the lower Cleet-
wood (Fig. 4C in Wiejaczka and Giachetti, 2022) was updated by slightly
altering the 2 cm maximum lithic isoline and adding a 1.5 cm lithic
isoline using Adobe Illustrator to include the additional data point
(Fig. 1B). Downwind and crosswind distances, as well as isopleth areas,
were calculated using Fiji and the plume height, H; (km) was then re-
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estimated using the models of Carey and Sparks (1986), Bonadonna
and Costa (2013), and Rossi et al. (2019), herein referred to as CS86,
BC2013, and R2019, respectively.

2.5. High-resolution grain-size distributions

2.5.1. Individual distributions

Individual high-resolution grain-size distributions (HR-GSDs) were
determined following the sample preparation and methodology detailed
in Wiejaczka and Giachetti (2022). The reader is referred to this paper
for a full description of the methods used, only a summary being given
here. After being dried, all samples were dry-sieved every phi size from 5
to —6 (i.e., 0.031 mm to 64 mm). The volume and equivalent diameter of
particles >0.125 mm of all samples were then determined via dynamic
image analysis (DIA) with a Microtrac PARTAN 3D particle size analyzer
at the University of Oregon (Trafton and Giachetti, 2021; Wiejaczka and
Giachetti, 2022). The volume of each particle is determined by multi-
plying its average length, width, and thickness and an equivalent
diameter is calculated assuming a sphere of equal volume. Volume
distribution of particles <0.125 mm was obtained for each size fraction
by laser diffraction on a Beckman Coulter LS 13320 (Fig. 2E; Blott and
Pye, 2006; see also Wiejaczka and Giachetti, 2022).

Results of grain size analyses from both DIA and laser methods were
then sorted in fifty regularly-spaced logarithmic bins from 12 to —7 phi
(i.e., 0.2 pm - 128 mm). Laser diffraction data being given in volume
percent as a function of equivalent diameter, each size fraction <0.125
mm was first converted to an actual volume using the mass of the size
fraction (measured after sieving on a high-precision balance) and its
bulk density measured using a Micromeritics AccuPyc II 1340 helium
pycnometer, assuming porosity in particles <0.125 mm is negligible.
The two datasets were then merged to produce a continuous HR-GSD:
we used laser diffraction data for size fractions <0.125 mm, and DIA
data for size fractions >0.125 mm. For locations where the lower
Cleetwood deposit was divided into subunits, a HR-GSD was produced
for each sub-unit and the HR-GSD of the whole lower Cleetwood was
obtained by averaging the sub-units HR-GSDs, using the relative thick-
nesses of the sub-units as weights. Note that the grain size distribution
below 0.125 mm was measured by laser diffraction for half of the
samples only. For the other half, a ‘high-resolution’ grain size distribu-
tion below 0.125 mm was interpolated from the sieve data of size
fractions 0-0.032 mm, 0.032-0.063 mm, and 0.063-0.125 mm. This
procedure, which greatly accelerates sample analysis, does not affect the
results because 1) the <0.125 mm fraction represents only <4.2 wt% of
each of these samples (except for Cltwd36 for which it accounts for
10.2% of the sample mass), and 2) this study focuses on transport of
lapilli and ash coarser than 0.125 mm.

2.5.2. Total grain-size distribution

To create a high-resolution Total Grain-Size Distribution (HR-TGSD,
i.e., of the whole deposit, not just a single location) to use as an input in
Tephra2 and to compare model output to field-based HR-GSDs, our
volume distributions first need to be converted into mass distributions.
This was done for each individual HR-GSD following the density model
of Bonadonna and Phillips (2003). Their model assumes a constant
density for both a smaller and larger particle boundary, with a linear
increase in density between these two set bounds. We use 2380 kg/m®
for all particles <0.063 mm and 481 kg/m® for all particles >2 mm. The
lower bound is the density of the glass determined by helium pycnom-
etry by Wiejaczka and Giachetti (2022), and the upper bound was
calculated by averaging the mass of all measured particles >2 mm
divided by their volume determined via DIA. Following Wiejaczka and
Giachetti (2022), the HR-TGSD was then calculated by applying the
Voronoi tessellation method (Bonadonna and Houghton, 2005) using
the twenty-five HR-GSDs. This method creates Voronoi polygons of the
area of interest in which all points inside a polygon are best represented
by a central sample point, or centroid. The HR-TGSD is calculated by
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multiplying the HR-GSD of the centroid by the mass fraction of its
representative Voronoi polygon, and then summing all weighted HR-
GSDs.

2.6. Wind

Wind direction and velocity profiles at the supposed location of the
Cleetwood vent (42.982275, —122.069576; Wiejaczka and Giachetti,
2022) were retrieved using the NCEP-DOE Reanalysis 2 database
(Kanamitsu et al., 2002). All data available were gathered, that is four
times daily (at 00:00, 06:00, 12:00, 18:00 UTC) over the timeframe of
1979-2022, corresponding to the first to latest wind field available at
the time of writing, and totaling 64,284 wind fields. Wind files were then
filtered to find and use only those for which the average wind direction
between altitudes of 2 km (vent elevation) and 21 km (i.e., for a 19-km-
high plume as determined by Wiejaczka and Giachetti, 2022) falls
within 2° of the main dispersal axis of the lower Cleetwood unit (i.e.,
N129° + 2°).

2.7. Tephra2

For a complete description of the model, list of equations, and
different versions of the Tephra2 VATDM, the reader is referred to
Bonadonna et al. (2005, 2012), Connor and Connor (2006), Volentik
et al. (2009, 2010), Biass et al. (2016), Constantinescu et al. (2021), and
references therein, only the main points pertaining to this study being
discussed here. We have chosen to use Tephra2 because, as explained
below, it solves the advection-diffusion equation analytically (Bona-
donna et al., 2005), instead of numerically, leading to much faster
runtimes (~0.1-1 s per run on a single processor laptop) and allowing
for a broader exploration of plume and tephra diffusion characteristics.
The fact that this model does not account for particle aggregation does
not impact our results as this study focusses on the transport of particles
<3¢ (i.e., > 0.125 mm) where aggregation is believed to have a minimal
impact on sedimentation (Rose and Durant, 2011; Brown et al., 2012).
The use of this model in the context of this study is also justified as the
area of interest is within 100 km of the vent location (Biass et al., 2016).

The Tephra2 VATDM solves the advection-diffusion equation
analytically to determine the final mass per unit area (i.e., mass load, in
kg/m?) and relative grain-size distribution (in wt%) of a tephra fall on
the ground at points (x, y) within a 2D modeled space. Particles are
released instantaneously from a plume located directly above the vent
and fall through a layered atmosphere. A particle’s trajectory is modified
by the wind velocity of each layer, and further by atmospheric turbulent
diffusion (Fig. 2). Particles are assumed to be spherical and have a size-
dependent density. Their settling velocity is determined by their Rey-
nolds number (see details in Bonadonna et al., 1998).

Tephra2 requires the user to provide 1) the eruption source param-
eters, 2) a density versus size model, and 3) a 1D wind field in which
both speed and direction vary with elevation. Tephra2 does not account
for horizontal and temporal heterogeneities in the wind. The ESPs
include plume height (Hy), erupted mass (M), and the total grain-size
distribution (TGSD). Here we use TephraProb, the modified version of
Tephra2 of Biass et al. (2016), which allows the user to provide a custom
TGSD, as opposed to a Gaussian TGSD based on median grain-size and
standard deviation. The user also provides parameters that control the
initial vertical mass distribution within the plume via a beta function
with variables a and . When o < B, mass is shifted towards the base of
the plume, whereas the opposite occurs when o > . If « = § = 1, the beta
function becomes linear, and mass is distributed equally along the ver-
tical axis. Both a and p are greater than zero, with values presented in the
literature never exceeding 10 (Bonadonna et al., 2010; Elissondo et al.,
2016).

Finally, a user-input atmospheric turbulent diffusion coefficient (DC,
in m?/s) and fall time threshold (FTT, in s) are used to control how
particles diffuse in the atmosphere. In the model, particle diffusion is
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size dependent and governed by a linear diffusion until the time exceeds
FTT, at which point a power law diffusion is used (Bonadonna et al.,
2005; Suzuki, 1983). The latter is partly controlled by the eddy diffu-
sivity constant (0.04 mz/s; Suzuki, 1983). Values presented in the
literature for DC and FTT cover orders of magnitude, ranging from
~102-10° m?/s and ~ 10%-10* s, respectively (e.g., Bonadonna et al.,
2010; Volentik et al., 2010; Johnston et al., 2012; Biass et al., 2016). If
the ESPs and the density model are usually derived from field data,
values for a, f, DC, and FTT are typically determined via inversion.

2.8. Tephra2 grid search

Using the filtered wind files, we conducted a grid search in parameter
space using Tephra2 to estimate the combination of plume height (Hy),
erupted mass (M), alpha (), beta (B), diffusion coefficient (DC) and fall
time threshold (FTT) that give the best fit of the model to the data. To do
so, the TGSD derived from the field was kept constant, whereas Hy, M, o,
B, DC, and FTIT were all varied. The parameters o and f were each
explored over the range 1-10, plume height between 9 and 30 km, mass
within (3.3-9.0) x 10! kg and both the diffusion coefficient (m?/s) and
the fall time threshold (s) were varied over 10%-10°. For each run, the
Root-Mean-Square Error, RMSE, of the mass load and GSDs were
determined by

n ~1\2
RMSE = ZL )

i=1

€8]

Where y; is the observed result; y; is the modeled result, and n is the
number of locations or grain-size bins. For mass load, the RMSE (‘RMSE
ML’) is a single value and n is equal to the 37 sample locations (one mass
load per location). To further constrain the edges of the modeled space
we have included the locations of zero thickness from Young (1990)
which are closest to our isopach when no data from our field campaigns
are present (black stars in Fig. 1A). For the RMSE of the grain size dis-
tribution (‘RMSE GSD’), n is equal to the 27 size bins <3 ¢ (>0.125 mm)
and one RMSE GSD is calculated for each of the 25 locations for which a
sample was collected and a GSD produced. To obtain a single RMSE GSD
value for each model run and estimate the overall goodness of the fit of
that run to the grain size distributions data, the median of these 25
values was used. This study solely focuses on particles <3 ¢ (>0.125
mm) in the proximal and medial deposit, which accounts for ~96 wt% of
the modeled mass.

3. Results
3.1. Field

The additional pit dug in 2022 (Cltwd 2) lies on the main dispersal
axis of the lower Cleetwood tephra fall deposit, approximately 32.5 km
from the proposed vent. At this location, the Cleetwood deposit overlies
the Llao Rock tephra fall (47 cm) and is covered first by 2.5 cm of the
Basal Ash and then by 340 cm of the lower and upper pumice units of the
Climactic eruption (Young, 1990; Supplementary Fig. 1). The two units
of the Cleetwood eruption, lower and upper, are present at this location.
The lower Cleetwood is 113 cm thick and exhibits strong normal
grading. The base of this phase makes sharp contact with the top of the
Llao Rock deposit, which shows signs of reworking. Median clasts are
19.0 mm at the base of the lower Cleetwood deposit, grading into
smaller grains with a median of 5.4 mm at the top. Interestingly, ~8 cm
above the contact between Llao Rock and the lower Cleetwood, pumices
are coated in what was identified as charcoal. This band of charcoal-
coated pumice is ~10 cm thick and pumices return to a white-grey
color for the remainder of the lower Cleetwood deposit. The upper
Cleetwood unit at this location is 3.5 cm thick and reversely grades into
the overlying Basal Ash unit of the Climactic eruption (Young, 1990).
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Cltwd_01: 6 km

Cltwd_02: 32 km

Cltwd_13: 39 km
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Fig. 3. Individual Grain-Size Distributions of the lower Cleetwood unit for 25 locations ranging from 6 to 70 km from the proposed vent location. High-Resolution
Grain-Size Distributions (HR-GSDs) are represented by solid lines. Colour shows the relative locations compared to the main dispersal axis: black is 129° + 2° from
North (i.e., along the main dispersal axis), red is north of this line, and locations south of this line are shown in blue. The dashed purple line is the low-resolution GSD
obtained from sieving. Note that the left and right y-axes have different scales. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

3.2. Deposit density and mass load

Deposit densities and mass loads for all locations can be found in
Supplementary Table 1. Deposit densities range from 438 + 7 kg/m° to
772 + 4 kg/m> " an average value of 526 + 86 kg/m> Most locations
having a deposit density in the range 450-550 kg/m>. The location
closest to the vent, Cltwd 1, has a large deposit density of 768 + 5 kg/m>
because of the presence of large lithic clasts. Mass loads vary between 26
+ 3 kg/m? and 867 + 9 kg/m? and generally decrease with increasing
distance from the vent, as expected.

3.3. Erupted volume and mass

The isopach map of the lower Cleetwood was redrawn following the
addition of location Cltwd 2, further constraining the 100 cm isoline.
The erupted volume was then recalculated using the probabilistic mode
(n = 100,000) of TephraFits (Biass et al., 2019) (Fig. 1A; Supplementary
Table 2) for the exponential, power-law, and Weibull models, giving
(non-DRE) deposit volume ranges of 0.76-1.02 km?, 1.30-1.47 km?, and
0.80-0.98 km?, respectively (Supplementary Table 2). Using the full
range of calculated erupted volumes, along with the average deposit
density of all 25 locations (526 + 86 kg/m°, see above), gives a range for
the erupted mass, M, equal to (3.3-9.0) x 10! kg.

3.4. Plume height

New maximum lithic data from Cltwd 2 made it possible to add a 1.5
cm isopleth isoline to those drawn by Wiejaczka and Giachetti (2022),
and to further constrain the 2 cm isoline (Fig. 1B). Recalculating the
plume height (Hy) of the lower Cleetwood unit (Supplementary Table 3)
using the CS86 model gives a H; of 24.4 + 2.2 km, with a windspeed of
35 + 8 m/s (as a comparison, Wiejaczka and Giachetti, 2022, obtained
23.5 + 2.3 km and 24 m/s wind speed). As shown in Fig. 3 of the sup-
plementary material of Wiejaczka and Giachetti (2022) and in Section
1.6. of this study, such strong winds (>30 m/s) are common above
Crater Lake, especially between 5 and 15 km a.s.l. Using eq. 7 from
Bonadonna and Costa (2013) and a A value of 7.4 from best fitting the
square root of isopleth areas from Fig. 1B to the Weibull equation, gives
a H; value of 15.1 km. The R2019 model fails for the isoline of 0.8 cm
and gives a total range of 14.4 + 4.4 km when considering eruptive
scenarios 2 (intermediate intensity) and 3 (high intensity; see Rossi
et al., 2019) for the 5, 2, and 1.5 cm maximum lithic isolines altogether.
This value is lower than the 18.9 + 1.7 km obtained by Wiejaczka and
Giachetti (2022) using the same model. Considering all three models
gives a wide range of possible plume heights between 9.0 and 27.3 km.
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(2022). Background is global earth relief (Tozer et al., 2019). (B) Total grain-size distribution of the lower Cleetwood unit obtained using Voronoi tessellation, with a
median grain-size of —2.25 ¢ (4.76 mm) and a standard deviation of 2.39 ¢ (0.19 mm). (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)
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Fig. 5. (A) Wind velocity profile in m/s. Elevation is in meters above sea level (m.a.s.l.). Profile is calculated for inferred location of the Cleetwood vent, at
42.982275, —122.069576 (Wiejaczka and Giachetti (2022)). (B) Wind heading (° from North) as a function of elevation. White dashed line represents the main

dispersal axis (129° from North), inferred from the deposit.
3.5. High-resolution grain-size distributions

3.5.1. Individual grain-size distributions

Individual HD-GSDs were calculated for the 25 locations in Wie-
jaczka and Giachetti (2022) and this study (Fig. 3). GSDs for all locations
are rather coarse with ~96% of the mass being <3 ¢ (>0.125 mm). Each
GSD exhibits at least two modes, and some locations (e.g., Cltwd 26 and
Cltwd 36) show three modes. For 84% of the GSDs, the two major modes
occurat —0.88 ¢ <d <3¢ (0.125mm < d < 1.8 mm) and < —0.88 ¢ (d
> 1.8 mm), whereas the third mode, when present, is around 5 ¢ (0.032
mm). Note that this bimodality is not an artifact of converting DIA
volume to mass as it is observed in the GSD obtained using lower reso-
lution sieve data (see purple dashed lines in Fig. 3) and for several other
eruptions (e.g., Fig. 2 of Costa et al., 2016). Bimodality can occur due to
changes in eruptive intensity, magmatic properties (i.e., composition,
crystallinity, vesicularity, and permeability), and/or a large abundance
of non-juvenile lithic material (Costa et al., 2016).

3.5.2. Total grain-size distribution

Using the Voronoi tessellation method (Bonadonna and Houghton,
2005) with the twenty-five HR-GSDs produces a high-resolution total
grain-size distribution (HR-TGSD) for the lower unit of the Cleetwood
eruption (Fig. 4) with a median grain-size of —2.25 ¢ (4.76 mm), and a
standard deviation of 2.39 ¢ (0.19 mm). The TGSD exhibits the three
distinct modes visible in the individual HD-GSDs: the coarsest popula-
tion with a median of ~ — 3 ¢ (8 mm), the intermediate mode with a
median of ~0 ¢ (1 mm) and the finest population with a median of ~4.7
¢ (0.04 mm). As discussed in Wiejaczka and Giachetti (2022), given the
locations of the 25 samples analyzed, we believe this HR-TGSD is
representative of the deposit within 70 km of the vent.

3.6. Wind

Filtering the 64,284 wind fields so that only those directed along the
main dispersal axis of the lower Cleetwood deposit (+2°) are kept leads
to a subset of 136 wind fields, corresponding to 0.21% of our original
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Table 1
Input parameters and RMSE values for the seven best fits to mass loads and GSD data, respectively.
Wind Plume Height (m.a. Alpha  Beta  Mass(kg)  Diffusion Coefficient Fall time threshold RMSE RMSE
s.l) (m?/s) ) ML GSD
2002_10_28_06UTC 18,000 10 6 6.2E+11 5995 2154 56.104 8.646
2011.10_30_00UTC 18,000 4 1 9E+11 774 1000 56.262 9.077
Best fits to mass 2020.03_03_06UTC 15,000 9 1 6.2E+11 5995 2154 56.282 10.534
loads 1986_11_30_12UTC 15,000 10 1 9E+11 46,416 1000 56.889 10.693
1983.12_21_12UTC 15,000 6 1 6.2E+11 5995 2154 57.058 9.897
1981.10_25_12UTC 15,000 7 1 6.2E+11 5995 2154 57.138 10.040
2021_04_19_06UTC 15,000 10 2 6.2E+11 2154 10,000 58.144 12.691
1997_.10_26_00UTC 12,000 3 10 6.2E+11 1,000,000 21,544 226.898 1.396
1986_11_30_12UTC 12,000 3 10 9E+11 1,000,000 21,544 218.098 1.397
2015.07_17_00UTC 12,000 3 10 9E+11 1,000,000 46,416 217.693 1.397
Best fits to GSDs 2015_09_07_06UTC 12,000 3 10 3.3E+11 1,000,000 100,000 236.528 1.397
2011.10_30_00UTC 12,000 3 10 3.3E+11 1,000,000 46,416 236.457 1.397
198312 21 _12UTC 12,000 3 10 9E+11 1,000,000 100,000 218.290 1.399
1981.10_25_12UTC 12,000 2 7 3.3E+11 1,000,000 10,000 235.982 1.400
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Fig. 6. (A) Isopach map comparing model results (shown in black isolines and colors) with field data (isolines in red) for the scenario that best fits mass loads,
obtained with the wind profile measured on 10/28/2006 at 06:00 UTC. Isolines are in meters and are shown for 1 m, 0.5 m, 0.2 m, 0.1 m, and 0.05 m (see labels on
B). (B) Isopach map comparing model results with field data for the scenario producing the best fit to grain-size distributions (GSD), obtained with the same wind
field. (C) Predicted vs. observed square roots of mass loads for the best fit to mass loads (in blue) and best fit to GSDs (in black). Dashed red lines represent 5 and 1/5
times the 1:1 line. (D—F) Measured and predicted GSDs at three locations along the main dispersal axis. Field data are in orange, scenario for best fit to ML in blue,
and best fit to GSD in black. Circle, square and triangle symbols in plot titles correspond to the same symbols on above isopach maps. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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km, ry = 40 km, =0°, d = 0.15, H; = 16 km, a = 6, and § = 3. In B) the beta distribution and wind profile for the best fit umbrella cloud is shown. ~99% of the mass
is released above or within the zone of highest wind velocities (i.e., ~5-14 km) illustrating that both the umbrella cloud’s geometry and wind contribute to the

modeled deposit.

catalog. Most wind fields have their highest velocities at elevations be-
tween 7.5 km and 15 km a.s.l., with velocities reaching upwards of 80
m/s at a maximum (Fig. 5). Wind velocity drastically decreases above
16-18 km a.s.l., and at higher altitudes headings move away from the
main dispersal axis, usually towards the west. When distributed based
on average velocities and time of the year (Supplementary Fig. 3),
filtered winds with an average heading of N129° + 2° between 2 and 21
km a.s.l. concentrate in the period between September and May. This
trend becomes increasingly apparent when only considering wind fields
that have average velocities >35 m/s (value obtained from CS86). The
Cleetwood eruption thus probably occurred sometime between late
summer and mid-spring.

3.7. Tephra2 grid search

A total of 9,840,000 scenarios were investigated using Tephra2,
corresponding to 41 winds files, 8 values of H; (9:3:30 km), 10 values of
a (1:1:10), 10 values of p (1:1:10), 3 values of M (3.3, 6.2, and 9.0 x
10! kg), 10 of DC (log space[2:10:6]) and 10 values of FTT (log space
[2:10:5]). The results from a subset of the filtered wind fields are shown
in Table 1 and are divided into the parameters that give the lowest RMSE
for mass load (top) and the lowest RMSE for grain-size distribution
(bottom). Although only a subset, they encapsulate the overall trends
observed in all scenarios that are discussed below (for full results of best-
fits see Supplementary Table 4). A sensitivity analysis was conducted
(Supplementary Fig. 3) to ensure parameters reached a global minimum.
Alpha for the best-fit ML is the only scenario in which a global minimum
was not reached. For this scenario, we ran more simulations and allowed
alpha to increase past 10. We found that the best-fit for ML occurs as o
approaches infinity. In other words, these simulations put all the erupted
mass at the top of the plume height. This increase in alpha from 10 to
near infinity modestly changes the RMSE ML from 56 to 53, respectively.
To comply with common values in the literature, we choose to keep o« =
10 as the maximum.

3.7.1. Best fits to mass loads

For all filtered wind fields, best fitting for mass load (ML) gives
plume heights (Hy) of 12-30 km a.s.l., a and p values of 1-10 and 1-10,
respectively, M of (6.2-9.0) x 10" kg, diffusion coefficients (DC) of

100-46,416 m?/s, and fall time thresholds (FTT) of 1000-100,000 s. The
lowest RMSE ML of all (56.10) is obtained for the wind field from 10/
28/2006 at 06:00 UTC with a = 10, p= 6, M = 6.2 x 10! kg, DC = 5995
m?/s, and FTT = 2154 s, which are all consistent with values obtained in
previous studies (Bonadonna et al., 2005; Connor and Connor, 2006;
Bonadonna et al., 2010; Elissondo et al., 2016) and Hy = 18 km, a value
consistent with that obtained by applying the CS86, BC2013, and
RS2019 models (9-27 km a.s.l.). Fig. 6¢ shows that modeled mass loads
for this best-case scenario (for ML) are close to the measured ones both
near the vent (highest mass loads) and further from it. Modeled isolines
are slightly narrower than the field-derived ones, but overall, very close.
The parameters that give the lowest RMSE in terms of mass load give a
RMSE GSD of 8.65, compared to 1.40 when parameters are optimized to
minimize the RMSE GSD (see Section 3.7.2). The same observation is
made for all scenarios listed in the upper part of Table 1: parameters
optimized to get a low RMSE ML always give a poor fit in terms of GSD,
with most of the coarse material being deposited much closer to the vent
compared what is seen in the field. Particles <—3 ¢ (>8 mm) from the
coarsest mode do not reach the control points in the corresponding
model output GSDs (Fig. 6). This holds true for our closest sample
location on the dispersal axis (33 km; Cltwd 2), where particles >8 mm
make up 49 wt% of the deposit (Fig. 6D).

3.7.2. Grain-size distributions best fits

Best fits for grain-size distributions are obtained with average plume
heights of 9-15 km a.s.l., a and § of 2-4 and 7-10, respectively, M of
(3.3-9.0) x 10'! kg, high DC of 1000,000 m?/s, and fall time thresholds
(FTT) of 10,000-100,000 s. When the RMSE GSD is minimized, all wind
fields give similar RMSE results (1.40 + 0.004). The wind field that gives
the lowest RMSE GSD is that on 10/26,/1997 at 00:00 UTC and lowest
RMSE GSD is obtained for Hy = 12 km, a = 3, p = 10, M = 6.2 x 10'! kg,
DC = 1000,000 m?/s, and FTT = 21,544 s. For this scenario, the RMSE
ML is 226.90 (~4 fold that obtained when parameters are optimized to
minimize RMSE ML). When optimizing the GSD, the RMSE ML values
are always very high. Isopach maps derived from the best fit RMSE GSD
values (Fig. 6) are always much wider and more circular than what is
observed in the field, propagating upwind and in all directions around
the vent. All the best fits give diffusion coefficients (10® m2/s) up to
three orders of magnitude larger than those obtained when best fitting
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MLs (~10°-10° m?/s) and we discuss below why we believe these DC
values are unrealistic. While these are empirical values, diffusion co-
efficients from eruptions analogous to the Lower Cleetwood are on the
same order of magnitude as those obtained here when fitting MLs (e.g.,
3900 m?/s for the 2011 eruption of Cordén Caulle; Elissondo et al.,
2016), and much lower than those obtained when fitting GSDs. Note that
the wind field used in Fig. 6a-b is the same as the one providing the best
fit to the mass load data (10/28/2006 at 06:00 UTC).

4. Discussion

We use a grid search approach with the Tephra2 VATDM to deter-
mine the ESPs that best fit the mass loads and grain-size distributions
observed in the field. While the model reproduces well measured MLs or
GSDs with ‘reasonable’ ESPs (i.e., consistent with what is found in the
literature for eruptions of similar sizes), it fails to give good fits for both
MLs and GSDs simultaneously (Fig. 6; Table 3).

Past studies have shown that if the lateral spreading of tephra from
an umbrella cloud is not accounted for in advection-diffusion models,
then both plume height and the diffusion coefficient may be over-
estimated (Volentik et al., 2010; Magill et al., 2015). Constantinescu
et al. (2021) showed that modeling tephra sedimentation using Tephra2
using a disk geometry, rather than a vertical line, gave more reasonable
estimations of the ESPs for the 2450 BP eruption of Pululagua (Ecuador),
without artificially inflating plume height or the diffusion coefficient.
Furthermore, the lateral spreading from umbrella clouds also assists in
the transport of coarser particles farther from the vent (Sparks et al.,
1992; Sparks et al., 1997; Baines and Sparks, 2005). In our study, both
the very high diffusion coefficients required to minimize RMSE GSD and
modeled proximal deposits being poor in coarse particles when mini-
mizing RMSE ML suggest that having an umbrella cloud, rather than a
single vertical line source, would help improve the fit of the model to the
data. Given the pronounced elliptical shape of the lower Cleetwood
isopach and the high wind intensity measured kilometers above the
vent, it is possible that the lower Cleetwood tephra fall deposit origi-
nated from an elliptical umbrella cloud, spreading both upwind and
downwind the vent, and elongated roughly in the main direction of wind
propagation. Such oval umbrella shapes have been reported at Kelud

(100 x 150 km; Kristiansen et al., 2015) and Calbuco (50 x 80 km;
Romero et al., 2016; Van Eaton et al., 2016), for example. To test this
hypothesis, we use the output of Tephra2 to calculate what would be the
MLs and GSDs if tephra were released from an umbrella cloud, as
opposed to from a single vertical line (Fig. 7).

In the original version of Tephra2, the mass is initially released along
a single vertical line directly above the vent. The grain size distribution
is the same everywhere along this line, and the mass is vertically
distributed following parameters a and f, with the bulk of the mass
being concentrated towards the upper part of the plume when a > §
(Fig. 2). For a given scenario, dividing the input total mass by X while
keeping everything else constant does not change the modeled local
GSDs, and give mass loads that are simply divided by X everywhere on
the grid. Thus, by dividing the total mass of the original scenario by X
and distributing X identical vertical lines in a disc or oval shape around
the vent, one can mimic an umbrella cloud, provided o > § and the mass
of the plume is concentrated in its upper section. For such ‘umbrella
scenario’, the total mass load at a given location is then equal to the sum
of the X different mass loads at that location obtained from the X
different output files. The GSD at that same location is the weighted
average of the GSDs of the X different output files, where the weight is
the relative contribution, in terms of mass load, of each of the X output
files at that location. Although Constantinescu et al., (2021) already
modified Tephra2 to mimic tephra release from a disc-shaped umbrella
cloud, our approach has the advantage of allowing 1) the use of a
custom, non-Gaussian TGSD, 2) elliptically-shaped umbrella cloud ge-
ometries, 3) the controlled distribution of the mass vertically in the
umbrella cloud by varying o and §, and 4) the variation of the wind
direction and speed with elevation.

We applied this approach using the wind field that produces the best
RMSE ML value of all wind files (wind on 10/28/2002 at 06:00 UTC,
giving a best RMSE ML of 56.1 with parameters listed in Table 1). We
tested whether using an umbrella-shaped cloud can give an even lower
best RMSE ML and lower best RMSE GSD than the original line-source
scenario, and more importantly, whether it can produce simulta-
neously low RMSE ML and low RMSE GSD. To do so, we calculated the
RMSE ML and RMSE GSD obtained while varying umbrella cloud ge-
ometries. We assumed an elliptical umbrella with a semi-minor axis, r;, a
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Fig. 9. (A) Isopach map obtained for a line-source scenario with Hy =16 km,a =6, f =3, M = 6.2 x 10'%, DC = 10,000, FTT = 4642 and the wind field from 10,28/
2006 06:00 UTC. (B) Isopach map obtained using the same parameters but considering tephra release from a 5 x 45 km? (6=0°; d = 0) umbrella cloud. White ellipse
represents the umbrella cloud geometry used. (C) Predicted vs. observed square root of the mass loads for both the line-source and umbrella cloud scenarios. (D—F)
HR-GSDs from line source and umbrella cloud compared with field-derived HR-GSDs. Circle, square, and triangle symbols in plot titles correspond to the same
symbols on isopach maps (A-B). All isopachs are in meters and background is global earth relief (Tozer et al., 2019).

semi-major axis, rz, and a thickness controlled by plume height and a
and p. We allowed r; to vary in the range 1-20 km, and r, between 2 and
50 km. We tested plume heights from 14 km to 22 km above sea level
every km, the three values of mass used in the line-source scenario,
diffusion coefficients between 10° and 10* mz/s, four values of « (4, 6, 8,
10), three values of p (1, 2, 3, 6), and a constant FTT = 4642 s. The
direction of the umbrella’s long axis was allowed to vary by 6 off the
direction of the main dispersal axis of the deposit (N129), with
—10°<6<+10°. We also allowed the oval umbrella to be decentered
from the inferred vent by a distance d x ry, keeping the vent located on
the long axis of the oval umbrella. We set —1 < d < 1, with d > 0 leading
to the umbrella being shifted to the SE compared to the vent and d =
0 leading to the vent and umbrella center being superimposed. We first
calculated ‘line-source’ scenarios by varying H, o, and DC (with FTT and
B constant) and then used the output to calculate a ‘umbrella source’
scenario by varying r1, r2, ¢, and d.

After ~90 k simulations, we find that releasing mass from an um-
brella cloud rather than a vertical line significantly improves the fit to
mass loads and grain size distributions. Using a plume height of 18 km a.
sl,a=10,p=6,DC=6 x 10> m?/s, FTT = 21545, r; = 2km, ry = 3
km, 6=1°, and d = 0.2 gives a RMSE ML of 56.07, which is 0.3% better
than the best case using a line-source scenario. Similarly, with a plume

10

height of 12km a.s.l., a = 3, p = 10, DC = 10* m?%/s, FTT = 21,5445, r; =
6 km, ry = 14 km, 6=3°, and d = —0.2, the median RMSE GSD decreases
to 1.39, which is a 2% better fit than for a release from a vertical line for
the same wind file. More importantly, using an umbrella cloud allows to
fit both the local mass loads and grain size distributions relatively well
simultaneously (Fig. 8), especially improving the fit to GSDs when the fit
to mass loads is already good. For example, with a plume height of 16
kmasl,a=6,p=3,M=6.2 x 10! kg, DC = 10* m?/s, FTT = 4642,
and using an umbrella with characteristics r; = 5 km, ry = 45 km, 6=0°,
and d = 0, rather than a vertical line source, leads to an ‘improvement’ of
the RMSE ML by just 1.8%, but greatly improves the median RMSE GSD
by 80% (from 42% to 88% locally) compared to a single vertical line
source under the same conditions (Fig. 9; Supplementary Table 6).
Comparing this umbrella geometry with well observed umbrella clouds
show that an elliptical geometry is realistic. For example, the VEI 4
eruption of Kelud (Indonesia) on February 13th, 2014, produced a 200
x 300 km? oval shaped umbrella with a radius extending ~40 km up-
wind and the top of the umbrella region reaching altitudes of 18-19 km
a.s.l. (Kristiansen et al., 2015; Goode et al., 2019; Hargie et al., 2019).
The best-fit geometries for the lower Cleetwood reflect the minimum
size and most concentrated region of the umbrella cloud as this study
focuses on the proximal-medial deposit and particles >0.125 mm, which
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represent ~96 wt% of the modeled mass.
5. Conclusions

The accuracy of Volcanic Ash Transport and Dispersal Models
(VATDMs) relies on field studies of analogous eruptions to estimate the
initial input Eruption Source Parameters (ESPs). We re-evaluated the
ESPs (plume height, erupted mass and TGSD) of the first, main phase of
the ~7.7 ka Cleetwood eruption of Mount Mazama (Crater Lake/giiwas,
Oregon, United States), the lower Cleetwood unit, which produced ~6.2
x 10! kg of tephra. More than 75% of the twenty-five grain-size dis-
tributions measured on the tephra deposit are bimodal, with ~96 wt% of
the mass being distributed <3 ¢ (> 0.125 mm). Combining a detailed
wind analysis with the geometry of the deposit shows that the Cleet-
wood eruption probably occurred sometime between late summer and
mid-spring.

We carried out a grid search approach using the VATDM Tephra2
and the field-derived erupted mass and TGSD to minimize the misfits
between the modeled mass loads and high-resolution grain-size distri-
butions and the field-derived ones, at twenty-five locations. The original
model, which assumes mass is released vertically along a single line
above the vent, reproduces either mass loads or grain-size distributions
well, but fails to reproduce both simultaneously. Optimizing the fit for
best mass loads results in the coarsest particles falling too close to the
vent. On the other hand, minimizing the fit of the model to the field-
derived grain size distributions leads to unrealistically high diffusion
coefficients and isopachs. We thus post-treated Tephra2 output to
simulate tephra release from an umbrella cloud. Our method allows for
the use of a custom TGSD, variable umbrella cloud geometries, vertical
mass distribution in the plume, and the use of real 1D wind fields. Grid
searching over umbrella cloud geometries and plume heights gives very
good results for an elliptical geometry of 5 x 45 km? reaching 16 km a.s.
l. The addition of this umbrella cloud greatly improves the fits to
measured grain size distributions, while maintaining a very good fit to
the measured mass loads.

This study demonstrates the value of using high-resolution grain size
distributions together with mass loads at individual locations to give
insight into the wind conditions and the plume geometry and di-
mensions of unwitnessed eruptions. Our addition of an umbrella cloud
with a custom geometry and mass distribution further emphasizes the
importance of considering accurate eruption source parameters to suc-
cessfully model historic eruptions, especially when the intent of using
these results is to mitigate the impacts of future volcanic eruptions.
Future improvements would be to allow for variations in the umbrella
thickness away from the vent (i.e., by varying H, a, and § laterally) and
allowing for variable GSD both vertically and horizontally within the
umbrella, with presumably finer particles towards the upper and distal
regions of the umbrella. These improvements, although feasible, would
have to be informed by in-situ observations and measurements within
volcanic plumes.
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