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The 2009 eruption of Redoubt Volcano included 20 tephra-producing explosions between March 15, 2009 and
April 4, 2009 (UTC). Next-Generation radar (NEXRAD) data show that plumes reached heights between
4.6 kmand19 kmasl andwere distributed downwind along nearly all azimuths of the volcano. Explosions lasted
between b1 and 31 min based on the signal duration at a distal seismic station (86 km). From Moderate Reso-
lution Imaging Spectroradiometer (MODIS) imagery and field data, we estimate that over 80,000 km2 received
at least minor ash fall (>0.8 mm thick), including communities along the Kenai Peninsula (80–100 km) and the
city of Anchorage (170 km). Trace ash (b0.8 mm) was reported as far as Fairbanks, 550 kmNNE of the volcano.
We estimate the total mass of tephra-fall deposits at 54.6×109 kg with a total DRE volume of 20.6×106 m3.
On March 15, a small (4.6 km asl) phreatic explosion containing minor, non-juvenile ash, erupted through the
summit ice cap. The first five magmatic explosions (events 1–5) occurred within a 6-hour period on March 23.
Plumes rose to heights between 5.5 km and 14.9 km asl during 2- to 20-minute-duration explosions, and
were dispersed mainly along a NNE trajectory. Trace ash fall was reported as far as Fairbanks. Owing to a shift
in wind direction and heavy snowfall during these events, field discrimination among many of these layers
was possible. All deposits comprise a volumetrically significant amount of particle aggregates, yet only event 5
deposits contain coarse clasts including glacier ice. The most voluminous tephra fall was deposited on March
24 (event 6) from a 15 minute explosion that sent a plume to 18.3 km asl, and dispersed tephra to the WNW.
Within 10 km of the vent, this deposit contains 1–11 cm pumice clasts in a matrix of 1–2 mm aggregate lapilli.
A small domewas presumably emplaced betweenMarch 23 andMarch 26 andwas subsequently destroyed dur-
ing 1–14 minute magmatic explosions of events 7–8 (March 26) that sent plumes between 8.2 km and 19 km
asl. Ash fell along a broad swath to the ESE, covering communities along the Kenai Peninsula with up to 1 mm
of ash. Proximal deposits are largely composed of aggregate lapilli of 1–2 mmwith very little coarse juvenilema-
terial. Events 9–18 (March 27) sent plumes between 5.2 km and 15.5 km asl during b1–11-minute-long explo-
sions. Ash clouds dispersed along trajectories to the NE, ENE and N and event 17 deposited up to 1 mmof ash on
upper Kenai Peninsula and Anchorage. A moderate-size domewas emplaced between March 29 and April 4 and
was subsequently destroyed during event 19 on April 4 which lasted 31 min and sent ash to 15.2 km asl. The
proximal deposit is principally composed of dense dome rock, unlike earlier events, indicating that event 19
was likely caused by dome failure. The cloud dispersed to the SE along a narrow trajectory and up to 1–2 mm
of ash fell on the lower Kenai Peninsula.
Particle size data showing a preponderance of fine ash, even in the most proximal locations, along with the
abundance of aggregate lapilli documented in most samples, confirms that particle aggregation played a sig-
nificant role in the 2009 eruption and induced premature fallout of fine ash.

Published by Elsevier B.V.
1. Introduction

The 2009 eruption of Redoubt Volcano included 20 tephra-producing
explosions; each lasting from b1 to 31 min, between March 15, 2009,
and April 4, 2009 (Table 1; Fig. 1; Power et al., 2013). Plumes reached
heights between 4.6 km and 19 km above sea level (asl) and were
+1 907 786 7150.

.V.
distributed downwind along nearly all azimuths of the volcano. Other
eruptive products include at least three small lava domes,minor pyroclas-
tic flows, and major lahars (Schaefer, 2012; Bull et al., 2013; Waythomas
et al., 2013), somewhat similar to the volcano's last eruption in 1989–90.
Owing to their wide dispersal by winds, particularly at flight levels, air-
borne ash plumes and ash fall are considered the secondmost significant
hazards of this eruption next to lahar inundation (Schaefer, 2012;
Waythomas et al., 2013). We estimate that over 80,000 km2 received at
least minor ash fall (0.8–2.0 mm), including communities along the
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Table 1
Summary of significant tephra-producing events of the 2009 eruption of Redoubt Volcano.

Event #a Date Timeb Duration
(seismic-SPU)c

Maximum plume
heightd

Plume height
sourcee

Plume
directionf

Origin of plumeg Communities impacted

Local AKDT Local AKDT (min) (km) Radar, PIREP, etc. N, S, NE, etc. Location, ash thickness

0 3/15/09 13:05 Undefined 4.6 PIREP SE Phreatic None
1 3/22/09 22:34 2 5.5 FAA NNE Magmatic None
2 3/22/09 23:02 7 13.4 FAA NNE Magmatic Int. Alaska, b1 mm
3 3/23/09 0:14 20 14.6 USGS NNE Magmatic Int. Alaska, b1 mm
4 3/23/09 1:38 38 13.1 FAA and USGS NNE Magmatic Int. Alaska, b1 mm
5 3/23/09 4:30 20 14.9 FAA NNW Magmatic Int. Alaska, b1 mm
6 3/23/09 19:40 15 18.3 FAA WNW Magmatic None
7 3/26/09 8:34 b1 8.2 USGS ESE Magmatic None
8 3/26/09 9:24 14 18.9 FAA and USGS E Magmatic Kenai Pen., 1–2 mm
9 3/26/09 23:47 b1 12.5 USGS E Magmatic None
10 3/27/09 0:28 7.0 14.9 FAA ENE Magmatic None
11 3/27/09 8:39 8 15.5 FAA N Magmatic None
12 3/27/09 17:34 2 14.6 USGS NNE Magmatic None
13 3/27/09 19:24 4 15.2 FAA N Magmatic None
14 3/27/09 23:19 2 14.6 USGS N Magmatic None
15 3/28/09 1:19 4 14.6 USGS N Magmatic None
16 3/28/09 13:40 6 5.2 FAA N Magmatic None
17 3/28/09 15:29 6 12.5 USGS ENE Magmatic N. Kenai Pen., ANC, Southcentral

Alaska, 1–2 mm
18 3/28/09 19:23 11 14.6 USGS NE Magmatic None
19 4/4/09 5:58 31 15.2 FAA SE Magmatic, dome collapse Kenai Pen., 1–2 mm

Communities impacted: Kenai Pen., Kenai Peninsula; Int. Alaska, Interior Alaska as far as Fairbanks; and ANC, Anchorage.
a Event numbers are given for explosions for which an official notice was issued by the Alaska Volcano Observatory (AVO).
b Official onset times were derived from analysis of seismic station data.
c Duration of seismic signal at station SPU is used as a proxy for duration of plume generation.
d Plume heights from pilot reports are from the Federal Aviation Administration (FAA). Plume heights vary depending on the data source and only maximum plume heights are

reported here. Maximum plume heights were determined from either FAA (Next Generation Radar (NEXRAD) or U.S. Geological Survey (USGS) Doppler radar (pointed at the vent)
and have error of ±1.5 km (Schneider and Hoblitt, 2013).

e FAA, FAA-owned NEXRAD; USGS, USGS-owned Doppler radar; and PIREP, pilot report.
f Plume directions are based on satellite data, FAA NEXRAD, and eyewitness accounts.
g Origin of tephra plume (mechanism): phreatic, non-magmatic vent explosion; magmatic, ash plume originating from vent (deposit contains significant juvenile vesicular ma-

terial); dome collapse (deposit is mainly dense dome material).
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Kenai Peninsula (80–100 km) and the city of Anchorage (170 km; Fig. 1).
Trace ash (b0.8 mm)was reported as far as Fairbanks, 550 kmNNEof the
volcano. Over the course of the eruption, hundreds of flights were can-
celed or rerouted and many communities along the path of these ash
plumes were inconvenienced with minor ash falls on multiple occasions
(Murray et al., 2009).

Winter-time eruptions at high-latitude volcanoes provide an unpar-
alleled opportunity to document primary tephra fall deposits preserved
in the snow pack. Previous eruptions of Redoubt have documented
ephemeral tephra-ice aggregates (accretionary pellets) in tephra-fall
deposits (Scott andMcGimsey, 1994), which were also a dominant fea-
ture in this eruption. Particle aggregation is an important process be-
cause it is a critical parameter for consideration in ash dispersion and
sedimentation models (Mastin et al., 2013), which is a growing field
of research in ash-hazard analysis.

This report describes the timing, distribution, character,mass, and or-
igin of tephra-fall deposits of the 2009 eruption of Redoubt Volcano and
concludes with a discussion of their significance and hazards. Because
most of the explosive events were not observed directly, we infer
ash-plume characteristics from time-lapse photography, geophysical
data, and deposit characteristics. Magmatic or hydro-magmatic explo-
sions at the vent initiatedmost tephra falls, and dome collapse(s) or pos-
sibly a hybrid of both processes, initiated others.We include a section on
tephra-ice aggregates to draw special attention to this process, to aid
those developing ash dispersion and sedimentation models, and to
gain insight in the interpretation of ancient deposits.

1.1. Geologic background and eruptive history

Redoubt Volcano is a 3108-m-high, ice-clad stratovolcano, located
on the west side of Cook Inlet, within remote Lake Clark National
Park, Alaska (Fig. 1). It sits 170 km southwest of Anchorage, and within
100 kmof the Kenai Peninsula, together Alaska's most populous region.
Prior to 2009, Redoubt had erupted three times historically, in 1902,
1966–68, and 1989–90 (Miller et al., 1998). These eruptions produced
significant ash plumes above 12 km asl as a result of vent explosions
and lava-dome collapses. The 1989–90 eruption caused significant dis-
ruption to air traffic including an aircraft encounter with an ash plume
that caused engine failure and near disaster (Casadevall et al., 1994).
Of the three previous historical eruptions, the 1989–90 eruption is the
best documented and was most similar to the 2009 eruption in terms
of erupted volume, products, and character, although fewer dome-
collapse events occurred during the 2009 eruption (Brantley, 1990;
Miller and Chouet, 1994; Scott and McGimsey, 1994). Abundant water
supply at this ice-clad volcano contributes to processes such as particle
aggregation in plumes and far-traveled floods and lahars (Dorava and
Waythomas, 1995; Beget and Nye, 1994).

2. Methods

We describe tephra-fall deposits in terms of (1) time of eruption,
(2) distribution, (3) character, including thickness, mass-per-unit area,
particle size, composition (componentry), and preservation, (4) origin,
and (5) significance. Appendix A includes three tables with detailed
sample information including sample locations (Table A.1), raw particle
size data (Table A.2), and samples used for component analysis (Table
A.3). Samples collected for this study are archived at the U.S. Geological
Survey (USGS) Alaska Tephra Laboratory and Data Center at the Alaska
Volcano Observatory (AVO) in Anchorage, Alaska.

2.1. Timing and tephra production

We adopt the sequence and naming of eruption phases of Schaefer
(2012) todescribe the timing of the 2009 eruption.Weuse event numbers
to reference individual explosions (Bull and Buurman, 2013; Schaefer,
2012; Table 1). We report explosion durations based on the signal



Fig. 1. Regional map of the Cook Inlet area, Alaska, showing the distribution of tephra-fall deposits of the 2009 eruption of Redoubt Volcano. Contours show isomass in g/m2. Events
refer to individual tephra-producing explosions that resulted in significant deposits (Table 1). Overlapping deposits that could not be separated in the field are reported as event
packages (e.g., 7–8).
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duration at a distal seismic station at Spurr Volcano, 86 km to the north
(Power et al., 2013). Other sources of explosion durations are from
more proximal geophysical stations near or on the flanks of the volcano.
Plume heights are all derived from radar reflectivity data (Federal Avia-
tion Administration (FAA) Next-Generation radar (NEXRAD) or U.S. Geo-
logical Survey (USGS) Doppler radar) except one that is from a pilot
report (Table 1).

2.2. Tephra distribution

Explosions that generated discrete plumes had distinctive geophys-
ical signals (Buurman et al., 2013; McNutt et al., 2013; Schneider and
Hoblitt, 2013) that triggered the collection of plume data to guide teph-
ra sampling. Data include: (1) estimation of plume height (from radar
and/or pilot reports; Schaefer, 2012; Schneider and Hoblitt, 2013), (2)
seismic and infrasound duration of explosive event (Buurman et al.,
2013; McNutt et al., 2013), (3) direction of prevailing winds (National
Weather Service), (4) direction of plume in satellite and radar data
(Webley et al., 2013; Schneider and Hoblitt, 2013), (5) ash-fall reports
fromnearby towns and villages, and (6) overflight photography. Timely
access to these data facilitated tracking of individual plumes and identi-
fying areas for field sampling.

Reconstruction of plume trajectories from satellite images and radar
reflectivity, at the time of plume generation and transport, closely
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match the wind forecast data from the National Weather Service (NWS)
(Webley et al., 2013; Schneider and Hoblitt, 2013). Moderate Resolution
Imaging Spectroradiometer (MODIS) satellite imagery was particularly
valuable because it clearly showed tephra deposits on the clean white
snow and through field sampling, we were able to roughly determine
the minimum concentration of ash on the ground (with a white back-
ground) required to be seen in MODIS. Analysis of radar data at the
time of plume generation and deposition facilitated the detailedmapping
of tephra-fall deposits and allowed for strategic sampling. Two radar data
sources were used: NEXRAD radar (operated by the FAA), Doppler radar
(operated by the USGS). Radar technology obtains information based
upon return energy and tends to resolve coarser particles compared to
satellite imagery (Schneider and Hoblitt, 2013; Webley et al., 2013) thus
proximal tephra-fall depositswere initiallymappedusing aGeospacial In-
formation System (GIS) of radar data. Radar data are traditionally used to
map weather (precipitation and wind) and so we also used these data to
assess whether or not snow fall occurred at the time of deposition (along
the path of a plume), which helped to interpret deposit stratigraphy at
sampling sites. In many cases, tephra fall from multiple plumes occurred
along the same trajectory withinminutes to hours of one another, and so
knowledge of intervening snow-fall layers (or lack thereof) helped to re-
solve deposit chronology at some sites.

Confirmation of tephra-fall deposits from initial maps derived from
remote sensing data was done by helicopter, road-based field checks,
or reports submitted by citizens. Due to the large uninhabited region af-
fected by tephra fall and the great number of layers (20) within a two
week time frame, our sample resolution is limited by (1) wide geo-
graphic range, (2) permitting constraints, and (3) the onset of spring
thaw conditions which obliterated primary deposits.
2.3. Tephra collection and processing

We collected tephra-fall samples at 189 field stations betweenMarch
18 and July 11, 2009 (Figs. 1, 2 and Table A.1). For safety reasons, we
were restricted from sampling closer than about 8–12 km of the vent,
so near-vent samples are limited. We use the term proximal for the re-
gion within 15 km of the vent and distal as the region beyond. At each
field station, we collected a bulk sample and a measured-area
(0.04–0.16 m2) sample of each deposit. At times, coarse-grained juvenile
clasts were hand-picked from deposits for targeted analyses. Tephra de-
posits were preserved as a layer in or on the snowpack, which facilitated
sampling of often thin and diffuse deposits. Several snowpits were exca-
vated at each sample site to expose the deposit(s) and to select a repre-
sentative sample. Snowoverlying the tephra depositwas shoveled away,
a plasticmeasured-area templatewas placed on top of the target deposit,
and a trowelwas used to trace out themeasured area (Fig. 3). The tephra
deposit and some underlying snow were collected by trowel into large
plastic, sealable bags.

In the laboratory, measured-area samples were thawed at room
temperature, gravity filtered to remove water, dried in a 60 °C oven,
weighed, and mass-per-unit area was calculated by dividing the sam-
ple weight by the sample area.

In addition to the tephra collected by AVO staff, 139 samples (both
measured-area and bulk samples)were voluntarily collected by citizens
positionedwithin the depositional path of the plumes. The AVOwebsite
provides detailed instructions for making observations and collecting
samples, which has been a very successful means for increasing
our sample resolution and density (Wallace et al., 2010, and this
report).
Fig. 2. Regional map of the upper Cook Inlet area, Alaska, showing the locations of tephra-fal
particle size data and precise locations. Inset shows the locations of proximal samples that w
for brevity. Refer to Table A.3 for a complete list of samples used for component analysis.
2.4. Tephra deposit characterization

We characterize tephra-fall deposits in terms of thicknesses,
mass-per-unit area, grain size, composition (by component analysis),
color, and particle aggregation.

We use standard volcanic terminology to characterize particle size
(Fisher, 1961; Schmid, 1981; Chough and Sohn, 1990). Quantitative
particle-size analyses of samples were completed by the USGS Cascades
Volcano Observatory (CVO) Sediment Laboratory in Vancouver, Wash.,
using sieve and SediGraph techniques (Table A.2). Particle and deposit
color is given using Munsell rock color notation. All particle-size data
are of disaggregated samples and do not represent the size distribution
of the primary aggregate-bearing deposits.

Component analysis was conducted on proximal coarse-grained
(clasts >8 mm in diameter) deposits were sorted into categories
based on macroscopic appearance including color and texture (Table
A.3). Where coarse-grained material was not present in proximal de-
posits, we used the medium-ash to fine-lapilli fraction (particles
500 μm to 4 mm in diameter) and a binocular microscope to sort the
various components of the tephra. We discovered that sorting clasts
using a binocular microscope gave different results for some compo-
nents compared to samples sorted by the naked eye. Some textures
and colors appeared different under the brighter lighting conditions
and greater magnification of the microscope, therefore, finer-grained
samples were sorted into four generic categories and thus provide no
direct comparison to coarse-grained samples (refer to Section 3.4 for re-
sults). Component densities were calculated using 30 clasts of each cat-
egory from a single coarse-grained sample erupted during event 6
(Table A.1, 09RDKLW093). Clast densities were measured by a water
immersion technique and converted to vesicularities using calculated
dense-rock equivalent densities (Coombs et al., 2013) following
methods of Houghton and Wilson (1989). Back-scattered electron im-
ages of thin sections of representative components were acquired
using the USGS Scanning Electron Microscope in Anchorage, Alaska,
and a 20-kV voltage.

Tephra aggregates were a dominant feature of all explosive phase
tephra-fall deposits. We adopt the terms ‘accretionary pellet’ and ‘ash
cluster’ from Brown et al. (2012) to describe ash aggregates documented
in this eruption. The termaccretionary pellet avoids particle size connota-
tions associated with the more common term ‘accretionary lapilli’. Most
documented samples of accretionary pelletswere described only qualita-
tively in the field before thawing. Select samples of accretionary pellets
collected in March and early April when the temperatures remained
below freezing were kept frozen for further analysis and photography.

2.5. Total mass erupted

We calculated total tephra-fall mass from 214 mass-per-unit-area
measurements. Because most deposits fell mixed with snow or became
mixedwith snow after deposition, thicknessmeasurementswere not re-
liable. Collection areas ranged from 0.04 to 0.16 m2 depending on the
amount of ash present. Isomass contours (from 10 to 25,000 g/m2)
were constructed by hand for deposits of individual events or packages
of undifferentiated events. MODIS imagery and FAA NEXRAD data
guided contouring. Total mass of each tephra deposit was calculated
using the root-area method developed by Pyle (1989) and modified by
Fierstein and Nathenson (1992) (Table 2). This method accounts
for the mass of tephra that fell beyond the most distal isomass contour.
We calculate dense-rock equivalent (DRE) deposit volume by
dividing the total mass by a rock density of 2650 kg/m3 (averaged
l samples used for particle size and component analyses. Refer to Table A.2 for complete
ere used for componentry. The prefix “09RDKLW” was omitted from sample locations



Fig. 3. Photograph showing an example of measured-area sampling guided by a 0.04 m2

plastic template (red). Such samples yielded mass per unit volume measurements for
contouring and calculation of total depositmass (Fig. 1). Note thedeposit thickness is ambig-
uous owing to compaction or melting of frozen aggregates pellets.
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from calculated densities in Coombs et al., 2013) (Sarna-Wojcicki et al.,
1981).

3. Results

In the following section, we describe in chronological order, the
character of tephra-fall deposits of each tephra-producing explo-
sion (Table 1) including distribution, field characteristics, aggre-
gates, lithologic components, grain-size distribution (Table 2 and
Table A.2), mass and volume, and preservation. We refer to de-
posits in the present tense even though most were not preserved
as recognizable layers after the aggregates thawed and snow
melted.

3.1. Distribution of tephra-fall deposits

The distribution of tephra-fall deposits is a function of a variety of pa-
rameters including meteoric influences such as wind direction, wind
speed, and precipitation; and eruption parameters such as plume height,
mass eruption rate, duration, particle density, particle-size distribution,
and particle-aggregation processes (e.g., Mastin et al., 2009; Carey and
Sparks, 1986).

Plumes generated during the 2009 eruption of Redoubt reached
heights of 4.6 to 19 km asl with the majority over 12 km asl (Table 1).
Explosion durations were relatively short, between less than 1 to
38 min but typically less than 10 min (Table 1; Power et al., 2013).
Tephra plumes were distributed downwind along nearly all azimuths
of the volcano. Reconstructions of tephra-fall deposits show that 15 of
the 19major tephra-producing plumes represent prevailing southwest-
erly winds (Fig. 1). Less common easterly and northwesterly winds dis-
tributed the remaining four plumes (events 6, 7, 8, and 19). We estimate
that over 80,000 km2 received at least minor ash fall (0.8–2.0 mm), in-
cluding communities along the Kenai Peninsula (80–100 km; events 8,
17, and 19) and the city of Anchorage (170 km; event 17). Trace ash
(b0.8 mm) was reported as far as Fairbanks, 550 km NNE of the volcano
(events 2–5). Narrow plumes reflect strongly unidirectional wind pat-
terns (e.g., event 19). Winter storm activity as tracked by NEXRAD
radar was used to note where snow fall occurred during tephra-fall
events and likely contributed to premature fallout of tephra. Tephra ag-
gregation processes in all 19 plumes also contributed to premature fallout
of tephra, particularly fine ash (refer to Sections 3.3 and 4.2). Tephra falls
that were generated within a short time period (minutes to hours), dis-
tributed along the same trajectory, and not accompanied by snow fall,
are treated as a composite layer and referred to as an “event package”
identified by its event numbers. Only deposits from events 5, 6, and 19
could be discriminated as individual eruptive units (Fig. 1). Distalmargins
of tephra-fall deposits are not well known because they either were de-
posited in Cook Inlet or onto uninhabited regions beyond the reach of
our field campaign. In addition to field observations, MODIS satellite im-
agery showed the visual extent of tephra deposits on snow. The limit of
darkened snow likely represents an ash concentration of about 10 g/m2

(Fig. 1). Other papers in this issue discuss airborne plume distribution
as shownby other data sources such as satellite imagery and radar reflec-
tivity (Schneider and Hoblitt, 2013; Steensen et al., 2013; Webley et al.,
2013).

3.2. Field characteristics of deposits

All deposits are dark- to light-gray in color (Munsell color N7–N3,
respectively) depending on whether they are wet or dry, respectively.
Frozen primary deposits are typically medium to light-gray.

A phreatic explosion onMarch 15 deposited a small volume (covered
an area of 3 km2; 2 mm thick at 3 km from vent) of ash on the upper
south flank of the volcano. Samples are fine grained (≤0.250 mm) and
entirely composed of crystals and accidental lithic fragments; no evi-
dence of juvenile material (vesicular particles or fresh-looking dense
lithics) is present.

The first magmatic eruption began at 22:34 AKDT on March 22 and
over the next 6 h, 5 distinct tephra plumes were generated (Table 1,
events 1–5). The event 1 deposit was challenging to discern in the
field except at one proximal location (Table A.1, 09RDKLW002) and is
thought to be volumetrically insignificant based on short duration and
low plume height and is not further discussed in this paper. Other
than in locations where snowfall separated the deposits of events 2–4,
deposits are generally not differentiated and are combined as an event
package. Where differentiated, events 2–4 have similar deposit charac-
teristics. Proximal deposits within 12 km of the vent are 1–4 cm thick
poorly sorted clast-supported layers of frozen accretionary pellets in
contact with fewer individual vesicular clasts (Fig. 4A).

A shift in wind direction toward the NW during the 3 h between
events 4 and 5 allows better discrimination of the event 5 deposit, espe-
cially in distal locations (Fig. 1). The deposit 12 km from the vent is a
few centimeters thick and contains the first evidence of coarse-
grained (1–2 cm in diameter) vesicular clasts along with a volumetri-
cally significant amount of frozen accretionary pellets (up to 8 mm in
diameter) (Figs. 4 and 5A–E). Accidental subround ice clasts in the de-
posit, presumably fragmented from the summit crater glacier, are
subequal in size to the largest vesicular clasts (Fig. 4). This unusual fea-
ture probably would not have been identified if not for visiting the site
within a day of deposition, before burial or melting. Ice clasts were only
documented at this location.

Fifteen hours later on March 23, event 6 produced one of the most
significant plumes of the 2009 eruption (based on plumeheight, seismic
duration, and deposit thickness). Southeasterlywinds sent this plume to

image of Fig.�3


Table 2
Summary of tephra-deposit characteristics for the 2009 eruption of Redoubt Volcano.

Event #a Contoursb Max. prox.
thickc

Max. prox. part.
sized

Max. prox. agg.
sizee

Max prox.
MPUA

Massf DRE volumeg Dense Vesicular Crystals Lithics

(g/m2) (cm) (cm) (mm) (g/m2) (×109 kg) (×106 m3) Component analysish

0 nd 0.3 nd nd nd nd nd nd nd nd nd
1–4 10, 100, 1000, 10,000 2 1.6 5 12,106 9.6 3.6 48.1 41.4 1.2 9.4
5 10, 100, 1000 3 8 10 6494 4.4 1.7 30.4 56.3 8.7 21.1
6 400, 3000, 20,000 5 11 5 23,970 15.1 5.7 25.0 66.5 0.0 8.5
7–8 100, 1000, 10,000 1.5 0.5 nd 2806 4.6 1.7 52.2 38.0 0.8 9.0
9–18 10, 100, 1000, 20,000 4 4 9 24,713 13.2 5.0 47.6 32.9 15.5 4.0
19 400, 1000, 4000, 25,000 5 1.6 nd 25,251 7.8 3.0 86.7 1.7 0.0 11.6
Totals 54.6 20.6

Note: samples of events 7, 8, and 19 thawed before primary aggregates could be documented. Deposit thicknesses for events 7, 8, and 19 are therefore minimum values.
nd, no data.

a Event numbers are defined by explosions where a VAN/VONA was issued by AVO (Table 1).
b Contours used to construct isomass map for given event or package of events (see Sections 2.5 and 5).
c Maximum recorded proximal thickness is within 12 km of the vent. See Section 2.5 for a discussion cautioning the use of thickness data. Since we could not get closer than ~12

of the vent, these are not true proximal thickness.
d Maximum recorded proximal particle size is within 12 km of the vent.
e Maximum recorded proximal aggregate size is within 12 km of the vent. Aggregates refer to aggregate pellets common in the 2009 deposits.
f Mass calculations using root-area method (Pyle, 1989; modified by Fierstein and Nathenson, 1992) and based on plotting mass per unit area (MPUA) data on a base map and

constructing isomass contours. The root-area method allows for extrapolation beyond the most distal isomass contour (Section 2.5).
g Dense Rock Equivalent (DRE) Volume based on a density of 2.650 g/m3 (average of calculated densities of 2009 lithologies (Coombs et al., 2013).
h Componentry, in wt.% of clasts in the ash to lapilli size fraction: Dense,dark-gray to light-gray low to high-silica andesite dense clasts; Vesicular, medium-gray to light-gray

(rarely white) low to high-silica andesite scoria; Crystals, free crystals common in the sand size fraction; Lithics, nonjuvenile accidental clasts. Data are averaged for events with
>1 sample, refer to Fig. 12 for detailed plots.

Fig. 4. Photograph of events 1–5 tephra-fall deposit at site 09RDKLW002 (Table A.1),
12 km from the vent. Note occurrence of accidental clasts of glacier ice which are found
only in this deposit (outlined in white). Ice clasts are similar in size to the largest vesic-
ular clasts (light- to medium-gray scoria) in this deposit. Section was photographed
about 10 h after deposition. A) Cross-section of a composite tephra-fall layer of events
1–5 (Table 1); visible ice clasts are outlined in white and only found in the uppermost
coarser-grained deposit (event 5); loose coarse vesicular clasts are shown in the right
corner; trowel handle is 10 cm long. B) Surface of event 5 tephra deposit; single ice
clast in this view is outlined in white and sits on the surface with abundant vesicular
low-intermediate andesite clasts; black marker cap is 5 cm long.
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the west of the volcano where no other 2009 tephra deposits exist
(Fig. 1). Deposits within 10 km of the vent are 1–5 cm thick and contain
the coarsest vesicular clasts of the eruption (up to 11 cm in diameter) as
well as a volumetrically significant amount of clast-supported frozen ac-
cretionary pellets up to several millimeters in diameter (Figs. 6B and 7).
Coarse clasts commonly burrowed into the snow surface leaving a cast
that was subsequently backfilled with event-6 tephra (Fig. 6D).

On March 26, event 7 produced a small-volume tephra deposit re-
stricted to the SE of the volcano (Fig. 1).Within an hour, event 8 occurred
along the same trajectory albeit further traveled (longer duration) and
thus its deposits are referred to as event package 7–8 in proximal loca-
tions. Event 8 resulted in 1–2 mm of fine-medium ash on communities
of the Kenai Peninsula (Figs. 1 and 8B). No snowfall occurred for days
after events 7 and 8 thus the deposits were exposed at the surface
where dark-colored accretionary pellets thawed resulting in a continu-
ous 1–2 cm mud layer in proximal locations (Fig. 8A) or a curd-like de-
posit in more distal locations where particles in the thin layer
coalesced into clumps creating a discontinuous tephra layer (Figs. 6E
and 8B).

Between March 26 and March 28, 10 tephra-producing explosive
events and no snowfall resulted in a composite tephra layer (event
package 9–18) to the NE, ENE and N of the volcano (Fig. 1). Snowfall
on March 29 aided in insulating the composite layer and preserving
primary frozen accretionary pellets although the surface of the
layer (event 18) is often muddy, presumably from thawed pellets
(Fig. 9A). The proximal deposit is a layer up to 3 cm thick (9 km
from the vent) of clast-supported frozen accretionary pellets. Event
9, the lowest deposit, has accretionary pellets up to 9 mm in diame-
ter that burrowed into the snow surface up to 4 cm deep (Fig. 9A).
The event package 9–18 contains little disaggregated material coars-
er than a fewmillimeters in diameter. Of these 10 events directed to-
wards population centers in south-central Alaska (Fig. 1), only event
17 on March 28 resulted in minor (≤1 mm) fine- to medium ash fall
on communities on the northern Kenai Peninsula and the city of An-
chorage (Fig. 9B).

On April 4, the last tephra-producing explosion of the 2009 erup-
tion sent an ash plume along a narrow trajectory to the SE of the vol-
cano (Fig. 1). Prolonged exposure at the surface caused accretionary
pellets to melt resulting in a mud layer up to 5 cm thick in proximal
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locations (Fig. 8A). As in events 9–18, this deposit mostly lacked
coarse clasts, even in proximal locations. Fine-medium ash fall, up
to 2-mm thick, was deposited along the southern Kenai Peninsula
(Fig. 8C).
3.3. Ash aggregates

Particle aggregation was a significant process in the 2009 eruption
of Redoubt Volcano. Aggregates comprise a significant volume of the
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tephra, and are ubiquitous in all deposits regardless of origin (e.g., dome
collapse,magmatic explosion), size of explosion (plumeheight, duration),
or distance from source. Aggregates occur as both spherical ‘accretionary
pellets’ comprised principally of fine ash and ice particles (most common,
Fig. 5) and fragile, irregular-shaped ‘ash clusters’ comprised of fine ash
that disaggregate on deposition (distal only). Accretionary pellets were
ephemeral because they melted when exposed to above-freezing tem-
peratures due to their significant ice content. With distance from source,
aggregates appear to systematically become smaller in diameter and bet-
ter sorted in deposits. For deposits that exist as mud layers or have a
lumpy or curd-like texture, we infer that they originated as accretionary
pellets or ash clusters (e.g., Fig. 6E–H, events 7–8, 19).

In proximal locations, accretionary pellets are larger (up to 9 mm)
andmore obvious, where they are round to sub-round, and form poorly
sorted (1–10 mm in diameter) clast-supported layers comprised of
both individual aggregates and individual pyroclasts (Fig. 5A–E). Spher-
ical aggregates probably fell as frozen pellets because none are flattened
by impact. Accretionary pellets in proximal deposits were frozen to-
gether and could not be easily separated, thus we have few measure-
ments of individual aggregates. Table 2 shows maximum aggregate
sizes in proximal locations by event or event package.

Both accretionary pellets and ash clusters were observed in distal lo-
cations. Accretionary pellets appear well-rounded, well-sorted, and
smaller (up to 1 mm; Fig. 5F–I). They are preserved only in those de-
posits that were immediately covered by fresh snow after deposition.
Unlike the ice-cemented deposits in proximal areas, the accretionary pel-
lets in distal areas were not frozen together and appear as “dry” layers of
spherical aggregates that melt quickly when exposed to the surface,
forming a curd-like texture (Fig. 5I–J, respectively). Eye-witness accounts
of ash clusters falling to the ground and disaggregating on impact were
made by the senior author and other colleagues during ash fall in An-
chorage (170 km) and Nikiski (80 km) on March 28 (event 17).

To assess the composition and character of individual aggregates, we
hand-picked individual lapilli-size accretionary pellets from a proximal
sample (09RDKLW002, Table A.1),measured themand allowed them to
melt in the laboratory. Of the 80 sampled lapilli, all were composed of
fine ash and only a few had coarse particle cores (Fig. 5E). None had ob-
vious concentric rings or bands although high-resolution imaging was
not performed. Individual lapilli were not large enough for grain-size
analysis so, to assess the particle-size distribution of ash comprising in-
dividual accretionary pellets, we analyzed a single bulk section of a
proximal deposit containing a volumetrically significant fraction of ag-
gregate lapilli (Fig. 5A). Fig. 5B shows the particle size distribution of
this poorly sorted deposit where the coarsest fraction (lapilli, −1 to
−2ϕ) is of individual clasts and the fine fraction (ash, 0 to 10ϕ) is of
disaggregated accretionary pellets.

3.4. Lithologic components

Tephra-fall deposits are the best stratigraphically constrained de-
posits of the eruption and thus they were used for component analy-
sis to document the diversity of pyroclasts to assess changes in
composition and eruptive process (e.g., degassing, eruptive style,
magma ascent, fragmentation) throughout the eruption (this paper
and Coombs et al., 2013). Clasts sorted into categories based on
color and texture, yielded 7 principal components all associated
with the explosive phase of the eruption (Fig. 10). Compositions
Fig. 5. Deposits of aggregate pellets formed during the 2009 eruption of Redoubt Volcano. S
and event number (Table 1) of each deposit are labeled. Refer to Table A.1 for detailed sam
not preserved in the geologic record. A) Intact frozen block of aggregate pellets; black mecha
in A. C) Poorly-sorted proximal block of aggregate pellets showing co-existence with coarse
zen block, shown above in photograph. E) Individual aggregate pellet with coarse lithic core.
about 1 mm in diameter. G) In-situ primary aggregate pellet deposit; individual aggregates
ice-tephra aggregates preserved in snow; pencil grip is 3 cm. I) 2-mm-thick distal primary a
face of the primary aggregate pellet layer (shown in I) to solar radiation.
shown here are from Coombs et al. (2013) and vesicular material is
referred to as “scoria” throughout although varying degrees of vesic-
ularity are exhibited (Table 3, Fig. 11).

(1) Medium-gray scoria (Munsell 5Y 6/1; low-silica andesite;
Fig. 10A). Clasts are varying shades of brownish-gray-green;
larger ones have highly inflated interiors and are variably oxi-
dized. Makes up 45–50 wt.% of sampled fall deposits.

(2) Light-gray scoria (Munsell 5GY 8/1; intermediate to high-silica
andesite; Fig. 10B). Light gray (rarely white), salt-and-pepper
scoria clasts, composes 10–20 wt.% of all sampled fall deposits.
Rubbly exteriors. Moderately to highly vesicular, some with
vague banding from white to light gray.

(3) Dark-gray dense clasts (Munsell N3; unanalyzed; Fig. 10C).
Dense, glassy, angular clasts, interpreted to be juvenile.
Makes up to 2–8 wt.% of fall deposits.

(4) Medium-gray dense clasts (Munsell N5; unanalyzed; Fig. 10D).
Dense with minor vesicles, angular, interpreted to be juvenile.
Makes up 7–69 wt.% of fall deposits.

(5) Light-gray dense clasts (Munsell N6; unanalyzed; Fig. 10E).
Dense with minor vesicles, angular, interpreted to be juvenile.
Makes up 7–19 wt.% of fall deposits.

(6) Color-banded scoria clasts (unanalyzed; Fig. 10F). Variably ve-
sicular with sharp to diffuse banding between light and dark
gray, these compose b5 wt.% of clasts in measured samples.

(7) Non-juvenile lithics (unanalyzed; Fig. 10G). Altered and/or ox-
idized, relatively dense clasts that appear to be accidental
lithics and make up 8–16 wt.% of fall deposits.

Pyroclast densities are used to characterize textural variations
among erupted products. Average densities range from 700 kg/m3 for
the vesicular clasts to 2750 kg/m3 for dense clasts and vary consider-
ably within individual lithologies (Table 3). Microtextures of represen-
tative principal components (excluding accidental lithics) are shown as
Scanning Electron Microscope (SEM) images (Fig. 11). Using the vesicu-
larity classes of Houghton and Wilson (1989, Table 2), the dense
pyroclasts are none to incipiently vesicular (0–19 vol.%), light-gray and
medium-gray scoria clasts are high to moderately vesicular (perhaps
more pumiceous than scoriaceous) and banded clasts are poor tomoder-
ately vesicular (35–53 vol.%).

Because we could not get closer than about 8–12 km from the vent
for safety reasons, some of our most proximal samples either do not
contain coarse material (lapilli) or, at this distance, coarse material is
absent (i.e. fell as aggregates of fine material). As a result we only
have coarse pyroclasts from events 2–6 and 19. All other sampled
events are fine lapilli and smaller (≤4 mm). Therefore, as discussed in
Section 2.4, finer-grained samples are sorted into four general catego-
ries, (1) “dense”, (2) “vesicular”, (3) “crystals”, and (4) non-juvenile
“lithics” and thus provide no direct comparison to coarse-grained sam-
ples. Finer-grained samplesmay be skewed toward the dense classifica-
tion because as the sizes of the clasts convergewith the diameters of the
vesicles in them, the density increases and crystals get liberated
(Walker, 1981) so even if their coarse counterpart was vesicular, we
may have sorted them as dense. In this paper we combine all individual
lithologic components (fine and coarse samples) into these 4 basic cat-
egories and use the data to interpret the origin of individual explosions
(refer to Section 4.1). Refer to Coombs et al. (2013) where whole-rock
ample names, excluding the prefix “09RD” (omitted for brevity), distance from source,
ple information. Aggregates melt quickly when exposed to solar radiation and thus are
nical pencil grip to tip length is 5 cm. B) Particle-size distribution for the section shown
scoria clasts (with white dots). D) Individual 6 mm aggregate pellet plucked from fro-
F) Well-sorted aggregate pellets preserved between snow layers; individual aggregates
vary in size between events (layers). H) Discontinuous 1-mm layer of 1-mm diameter
ggregate pellet layer preserved in snow. J) Muddy curd-like result of exposing the sur-
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Fig. 7. Photograph of large (11 cm maximum) vesicular low-silica andesite clasts
erupted during event 6 on March 23, 2009. Clasts are variably oxidized and interiors
are often more inflated than exteriors.
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compositions of the principal lithologies are used to discuss variations
in composition throughout the eruption.

Fig. 12 shows the distribution of the dense and vesicular material,
crystals, and lithics in deposits from all events. Each column represents
one sample. We did not include event 0 erupted on March 15 in our
analysis because the deposit did not contain juvenile material. The fol-
lowing is a summary of the component data in chronologic order for
each event or event package. Discussion of these data is in Section 4.1.

(1) Events 2–4 (March 22–23) samples are all fine-grained and
contain the first evidence of vesicular material (22–54 wt.%)
as well as a significant fraction of dense clasts (38–72 wt.%).

(2) Event 5 (March 23) samples contains both coarse and fine
material dominated by vesicular clasts (55–57 wt.%), followed
by dense clasts (28–32 wt.%) and accidental lithic clasts
(12–30 wt.%).

(3) Event 6 (March 26) samples are all coarse-grained and domi-
nated by (66–67 wt.%) vesicular material.

(4) Events 7–8 (March 26) samples are all fine-grained and contain
roughly subequal amounts of vesicular and dense material. The
high proportion of dense material (49–55 wt.%) may reflect
Fig. 6. Variations in tephra-fall deposit characteristics on snow. Sample names, excluding the
of each deposit are shown on each photograph. Refer to Table A.1 for detailed sample inform
is 10 cm. B) Primary sequence of aggregate pellets and coarse scoria clasts on fresh snow. T
radiation while at the surface before snow fall occurred. C) Sequence of 5 tephra-fall layer
5 cm. D) Coarse clasts deposited during event 6 burrow into the low density snow surfa
scale shows cm on the left and inches on the right. E) Curd-like texture of tephra-fall deposi
This deposit originated as a continuous thin layer of aggregate pellets on snow. F) Lumpy te
aggregate pellets on snow; black cap on marker is 5 cm. G) Slurry of melted aggregate pellet
on the left and inches on the right. H) Muddy tephra layer of melted aggregate pellets; melt
side temperatures. I) Distal composite tephra-fall layer that occurred during a snow fall eve
pack where aggregate pellets are not melted.
differences in sorting fine material as discussed earlier in this
section.

(5) Events 9–18 (March 27–28) samples are all fine-grained and
have subequal amounts of vesicular and dense material. A single
sample of events 9–18 (Table A.3, 09RDKLW096B) collected
10 km from the vent has significantly more dense clasts com-
pared to other samples of the same package. The sample is
very small and is more proximal than the other samples which
may account for the greater proportion of dense material. The
abundant free crystal fraction (12–18 wt.%) in events 9–18 sam-
ples is because the grain size of the sample is equal to the size of
liberated crystals (mostly plagioclase crystals but also minor
amounts of amphibole and pyroxene). Events 9–18 are the
finest-grained samples of the 2009 eruption (see Section 3.5).

(6) Event 19 (April 4) samples are dominated by dense clasts
(82–90 wt.%), mainly medium-gray high-silica andesite (Fig. 2C
of Coombs et al., 2013). Clasts are of the same composition as
dome lavas that extruded between April 4 and July 1, immediately
after event 19.

3.5. Grain-size characteristics of selected deposits

Of the 20 tephra-fall deposits of the 2009 eruption, we performed
quantitative particle-size analyses on samples from events 5, 6, and
19, because they were the only deposits that we could discriminate
as individual layers in the field. All other deposits are composite
layers of multiple events. Particle size analyses of such composite
layers were completed for a few samples collected within 18 km of
the vent to aid in component analysis (Fig. 2 and Table A.2).

Particle size distributions at various distances from the vent are
used to characterize tephra fall deposits. Grain-size data for events
5, 6, and 19 are summarized on plots of weight percent versus grain
size in phi (ϕ) units (Fig. 13). Fig. 14 shows weight percent of fine
ash (≥4ϕ; ≤63 μm) with distance from the vent (Table A.2). Data
for one sample from event 8 and 6 samples from composite layers
for events 1–5 and 9–18 are given in Table A.2, but not plotted in
Fig. 13. Observations from these data include:

(1) Event 6 contains the coarsest material of the 2009 eruption
followed by event 5, events 2–4, 8, 19 and finally 9–18.

(2) Event package 9–18 fall deposits are among the finest-grained
samples of the eruption and contain almost no lapilli-size frac-
tion (09RDKLW088A, Table A.2). We sieved several other sam-
ples to verify this observation and could find only rare material
coarser than about 3–4 mm in diameter.

(3) Event 19 fall deposit is composed almost entirely of ash-size
particles (≥0ϕ). Sample 09RDKFB321A, 4 km from the vent is
from a pyroclastic flow and is the only sample with a signifi-
cant lapilli fraction (≤−1ϕ) (Fig. 13C).

(4) Ash-size particles (0 to 10ϕ) dominate even in proximal samples.
(5) A significant fine-ash (≥4ϕ; ≤63 μm) fraction is observed in all

samples, regardless of distance from source. Up to 67 wt.% fine
ash within 20 km of the vent for events 5, 6, and 19.

(6) The fraction of fine ashwith distance from the vent is highly irreg-
ular and non-systematic.
prefix “09RD” (omitted for brevity), distance from source, and event number (Table 1)
ation. A) Five primary tephra deposits with little intervening snow fall; handle of trowel
he upper 1 cm is a frozen mass of melted aggregate pellets caused by exposure to solar
s that were easily discriminated due to intervening snow falls; black cap on marker is
ce upon impact and are backfilled by aggregate pellets during the tephra-fall event;
t that was exposed to solar radiation causing the aggregate pellets to melt and coalesce.
xture of melted aggregate pellets. This deposit originated as a continuous thick layer of
s; this deposit was so watery that it was actually flowing on the surface; scale shows cm
ing in this case occurred in place before exposure to the surface due to warm April out-
nt; black cap on marker is 5 cm. J) Distal primary tephra layer buried deep in the snow
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Fig. 8. Photographs of tephra-fall deposits of events 7, 8, and 19 (Table 1) at various dis-
tances southeast of Redoubt. Station name, excluding the prefix “09RD” (omitted for brev-
ity), distance from source, and event number (Table 1) of each deposit are shown on each
photograph. Refer to Table A.1 for detailed sample information. A) Muddy melted aggre-
gate pellet layers preserved in the snow pack; event 19 deposit is 1–2 cm thick (up to
5 cm thick, not shown in this photograph); thicker than the 1–1.5 cm composite layer
comprising events 7 and 8. B) Measured area (0.16 m2) of event 8 tephra-fall deposit
near Anchor Point, Alaska. Deposit is 1 mm thick and has a curd-like, lumpy texture be-
cause the deposit is dark-colored and absorbed solar radiation accelerating the rate of
snow and ice-tephra aggregate melting. C) Measured area (0.16 m2) of event 19
tephra-fall deposit in Seldovia, Alaska. Deposit is 2 mm thick and unmodified by melting
because it was sampled only a few hours after deposition on a cold day.

Fig. 9. Photographs of tephra-fall deposits of explosive events 9–18 (Table 1) at various
distances northeast of Redoubt. Sample name, excluding the prefix “09RD” (omitted
for brevity), distance from source, and event number (Table 1) of each deposit are
shown. A) Proximal composite tephra fall-deposit of explosive events 9–18; events
could not be differentiated in the field because they occurred over a short time period
with no intervening snow fall. Visible at the base of the deposit are 4–5 mm aggregates
that penetrated into the low-density snow surface upon impact; scale shows cm to the
left and inches on the right. Inset shows that aggregate pellets dominate this deposit;
marker is 7 cm. B) Distal 1-mm thick tephra-fall deposit of explosive event 17 in An-
chorage, Alaska. Of the 19 tephra plumes of the 2009 eruption, only event 17 (March
28) resulted in ash fall on Alaska's most populous city.
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(7) Mean grain size generally decreases with distance from vent but
there is a distinct fine fraction at all locations, i.e., the coarse
mode diminishes with distance but the finer mode persists with
distance from source.
(8) All samples are poorly sorted although sorting improves with dis-
tance.

(9) Most data are fine-skewed.
(10) Coarse particles from site KLW130A, B (Fig. 13A), 300 km from

the vent are probably wind-blown material from the nearby bed-
rock exposure. The data otherwise are comparable with sample
KLW131B near the same location. This location at the 14,200-ft
base camp on Mt. McKinley is notoriously windy.
3.6. Mass and volume of tephra-fall deposits

The mass of tephra-fall deposits is used as a measure of the mag-
nitude of individual events (Table 2) as well as in the determination
of the mass and volume of magma that was erupted explosively and
transported as ash clouds. Combined with other products of the erup-
tion (pyroclastic flows, lava flows, domes, lahars) total eruption mass
can be determined (Bull and Buurman, 2013). Our ash fall isomass
and sample location map is available as digital vector shape files
(Schaefer and Wallace, 2012).
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Based on mass-per-unit area (MPUA) data from 214 samples, we
estimate the total mass of tephra-fall deposits for the 2009 eruption
of Redoubt Volcano at 54.6×109 kg with total DRE volume of
20.6×106 m3. The mass of tephra fall for individual explosive events
could only be estimated for events 5, 6, and 19 and ranges from 4.4 to
15.1×109 kg, similar to those of the 1989–90 eruption of Redoubt
(Scott and McGimsey, 1994, Table 1). The event 6 deposit (March
23) has the largest estimated mass of the eruption (15.1×109 kg),
even when compared to the mass estimates for combined deposits
(Table 2) which is consistent with our field observations of maximum
deposit thickness, particle size, plume height, and eruption duration
(Table 1). The DRE volume of the event 19 (April 4) tephra-fall depos-
it (3.0×106 m3) is smaller than the estimated volume of the dome
that collapsed on April 4 (Bull and Buurman, 2013; Diefenbach et
al., 2013), which is consistent with some of the dome volume contrib-
uting to the small pyroclastic flow and lahar generated during this
event (Schaefer, 2012).

Uncertainties in tephra-fall mass estimates can be attributed to in-
accuracies in construction of isomass contours and uncertainties in
the method of calculation. The accuracy of reconstructions varies
among events and event packages and is based on the number and
position of samples with respect to the distribution of the deposit. Ir-
regularity of MPUA values, especially in proximal areas may be due to
(1) pulses in ash clouds from syn-eruptive injections of ash from py-
roclastic flows and surges, (2) uneven tephra distribution caused by
topographic controls on the movement of ash clouds, (3) irregular
rates of particle aggregation in the ash cloud, and (4) wind reworking
of deposits. Because most deposits were either immediately buried by
snow or fell as frozen accretionary pellets that formed ice-cemented
deposits, we do not attribute irregularities in MPUA values in proxi-
mal areas to wind reworking. Uncertainties in the mass estimates
using the root-area method (see Section 2.5) are reflected in the
fitting of the mass data to a straight line (single slope line) or two lin-
ear segments (two-slope line). Fig. 15 shows plots of MPUA versus
the square root of isomass area for all fall deposits. Data are best fitted
to two-slope line for all estimates except event 5 which are best fitted
to a single-slope line.

3.7. Preservation of tephra deposits

Preservation of tephra-fall deposits is an important consideration
for the future interpretation of these deposits and prehistoric
tephra-fall records from this volcano and others in this region. Preser-
vation of tephra-fall deposit characteristics (including aggregates and
discrete layers) from the 2009 eruption is compromised mostly by
spring thaw conditions and the preponderance of fine ash in deposits.
Tephra-fall on snow, although very convenient for sampling and dis-
criminating deposits, ultimately contributes to the poor preservation
of original fall deposit characteristics. Above-freezing temperatures
cause both the snow to melt and the frozen accretionary pellets to
thaw to mud, obliterating these deposit characteristics in the final de-
posit. By May 2009, most tephra-fall layers coalesced into a single
composite layer on the landscape and lack any evidence of having
originated as multiple deposits or as layers comprised dominantly
of aggregates. This also may suggest that deposits documented
along prevailing wind directions are likely to be thicker (as they are
in this study) as a result of coalescing of originally discrete layers.
This is particularly important to consider in tephrostratigraphic stud-
ies where deposit thickness may be used to characterize the size of an
eruption. Distal event 5 and 6 deposits, northeast and west of the vol-
cano, are the only deposits of the 2009 eruption that do not overlap
with other tephra-fall deposits and therefore will potentially be pre-
served as discrete layers. The high proportion of fine ash in all de-
posits is susceptible to reworking by surface processes. Reworking
of fine ash for days to months after the eruption was a commonly
reported. All 2009 fall deposits, if preserved, will retain their poorly
sorted character resulting from premature fallout of fine ash due to
particle aggregation in the plume.

4. Discussion

4.1. Origin of tephra-fall deposits

Multiple volcanic processes can generate ash clouds and ash fall—
short-lived blasts, either magmatic or phreatic (or both); sustained
magmatic eruption; and elutriation of ash from pyroclastic flows. In-
tegration of field observations and laboratory analyses of tephra-fall
and other deposits of the 2009 eruption of Redoubt Volcano is critical
to interpreting the origins of the fall deposits. Close coordination with
researchers who studied other aspects of the eruption (e.g., Bull and
Buurman, 2013; Coombs et al., 2013; Buurman et al., 2013;
Waythomas et al., 2013) allowed for consistent identification and
characterization of all eruptive products. Evidence used to interpret
deposit origin includes: (1) duration of plume generation and
plume height, (2) volume of fall deposits, (3) componentry of frag-
mental deposits, (4) grain-size data, (5) contemporaneous volcanic
activity, (6) seismicity, (7) infrasound pressure-sensor signals, and
(8) gas and steam emissions. The following discussion is focused on
the origin of tephra-fall deposits in chronological order throughout
the 2009 eruption. Discussion of the origin of the fine-grained charac-
ter of the tephra-fall deposits and associated aggregates is presented
in Section 4.2.

The small explosion on March 15 (event 0, Table 1) resulted in a
small-volume tephra deposit that does not contain juvenile material
and is considered a pre-magmatic, phreatic explosion. This is consis-
tent with the fine-grained hydrovolcanic character (efficient
magma–water fragmentation) of the deposit and with gas analyses
from overflights on March 15 and 20 which suggest that magma
was still at depth beneath the surface (Werner et al., 2013).

Explosions of March 22–23 (events 1–6, Table 1) are interpreted
to result from magmatically-driven explosions. Events 1–6 were pre-
ceded by a long-duration seismic swarm beginning on March 20, part
of which is interpreted as dome growth (Buurman et al., 2013). Satel-
lite data show that a very small dome (115×75 m) was emplaced
during a 10-hour period on March 22, prior to the first explosion
(Schaefer, 2012; Bull and Buurman, 2013, Diefenbach et al., 2013).
Component data (see Section 3.4, Fig. 12) show that the first juvenile
material of the eruption was erupted on March 22–23. Deposits from
events 1–6 contain 25–48 wt.% dense juvenile material with propor-
tionally more in the early events (2–4, Fig. 12), presumably contribut-
ed by destruction of the small dome extruded prior to explosive
activity. Dense lithic fragments documented in lahar deposits gener-
ated during this time (Waythomas et al., 2013) may be fragments of
the small dome. The proportion of vesicular material increases to-
ward events 5 and 6 (56–66 wt.%, respectively) that produced the
coarsest material of the eruption (Figs. 12B and 7). Accidental lithic
clasts make up a significant amount of event 5 samples
(12–30 wt.%) and probably result from incorporation of wall rock
during vent widening. Accidental ice clasts documented in the event
5 deposit are presumed to be fragments of the Drift glacier that occu-
pied the vent area prior to these explosions. Seismic data between
events 5 and 6 on March 23 show high-amplitude tremor consistent
with magma movement toward the surface (Buurman et al., 2013).
The first pyroclastic flow of the eruption occurred during event 6
which is consistent with seismic data and the elutriation of fine ash
from the flow may account, in part, for the fine-grained nature of ag-
gregates in the deposit. Because the dome of March 22 was very
small, dome collapse is unlikely to have initiated these events, rather;
dome emplacement likely played a role in pressurizing the shallow
magmatic system leading to explosive eruption.

Explosions of March 26 (events 7–8, Table 1) are interpreted to re-
sult from magmatically-driven explosions that destroyed an existing
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Table 3
Summary of 2009 pyroclast densities of major juvenile components from sample AT-1823 of event 6.

Component lithology Median Mean Density range (1 σ) DRE density useda Percent vesicularity range Number of clasts Vesicularity classificationb

(kg/m3) (kg/m3) (kg/m3) (kg/m3)

Medium gray scoria 910 949 700–1200 2650 74–55 30 High-mod.
Light gray scoria 1060 1043 870–1210 2590 53–66 30 High-mod.
Dark gray dense 2530 2509 2270–2750 2750 17–0 30 Incip.-non
Medium gray dense 2460 2393 2170–2610 2620 17–0 30 Incip.-non
Light gray dense 2560 2455 2190–2710 2720 19–0 30 Incip.-non
Banded scoria 1500 1483 1240–1720 2650 53–35 30 Mod.-poor

All measured clasts from size fraction 9–64 mm (medium to coarse lapilli).
a Dense Rock Equivalent (DRE) densities used to calculate percent vesicularity are from Coombs et al., 2013.
b Vesicularity classes from Houghton and Wilson (1989, Table 2); mod., moderately vesicular, high, highly vesicular, incip., incipiently vesicular; poor, poorly vesicular; and non,

non-vesicular.
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small lava dome or plug. Although there is no direct evidence of dome
growth between March 23 and March 26 (between events 6 and 7,
Table 1), seismic tremor (Buurman et al., 2013), Forward Looking In-
frared Radar (FLIR) temperatures (Wessels et al., 2013), and
abundance of dense juvenile clasts in samples of event 8 deposit
(March 26) imply that a dome probably existed. Event 8 had the
greatest plume height of the eruption (18.9 km asl) which may also
suggest vent plugging and pressurization by a lava dome. Satellite
images and overflight observations of the presence or absence of
a dome are inconclusive due to obscured conditions at the
vent (Schaefer, 2012). No significant pyroclastic flows were identi-
fied, and if the presumed dome existed, it was likely small and
thus a dome-collapse mechanism is unlikely to have initiated these
events.

The origins of explosive events of March 26–28 (events 9–18,
Table 1) are difficult to interpret due to infrequent direct observations
during this time period and the fact that the 10 deposits are combined
as a composite layer due to a lack of intervening snow layers. Deposit
characteristics and geophysical data however, suggest that events
9–18mark a change in eruptive character, somewhat distinct from ear-
lier events and from the final event on April 4. Buurman et al. (2013) re-
port a change in the character of seismicity prior to the explosive events
9–18 beginning with a very energetic swarm of earthquakes on March
26. Individual explosions were accompanied by lower frequency seis-
micity compared to events 1–6which is consistent with the short dura-
tion explosions and high plume heights (Table 1). Infrasound data also
show a shift in character from emergent to impulsive signals (Fee et al.,
2013) which corroborate with seismic data. Sulfur dioxide emissions
dropped significantly between March 25 and March 27 possibly
suggesting a plugged vent (Lopez et al., 2013). No observations of the
vent were made between March 26 and 28 owing to frequent explo-
sions (10 explosive events in total) and a persistent low-level ash
plume. A time-lapse camera positioned in the Drift River Valley cap-
tured images of small pyroclastic flows generated during events 11
and 15 (March 27 and 28 respectively) and small lahars generated dur-
ing events 17 and 18 (March 28) (Schaefer, 2012, Figs. 15 and 16).
Tephra-fall deposits from these explosions are among the finest grained
deposits of the entire eruption (see Section 3.5). The composite layer of
events 9–18 contains subequal proportions of vesicular and dense juve-
nile material similar to deposits of event 8, except for one that has no-
ticeably less scoria (Fig. 12). No compositional data exist for these
deposits because of their fine-grained character so we are not able to
correlate a change in magma composition or texture to the notably
finer grain-size or differences in seismic or infrasound data associated
with these explosions. Deposits from events 9–18 are transitional in
Fig. 10. Photographs of principal lithologies erupted during the explosive phase of the 2009 e
March 23 during event 6 and are distinguished on the basis of color and texture. Insets
intermediate- to high-silica andesite scoria. C) Dark-gray dense low-silica andesite. D) Med
andesite. F) Banded scoria. G) Non-juvenile lithic clasts. Component density and mean pe
discussed in Coombs et al. (2013).
nature from earlier events (esp. 5, 6, and 8) to deposits of event 19 in
that they contain relatively abundant scoriaceous clasts (e.g., earlier
events) but are very fine grained (e.g., event 19). This may suggest
that the eruption mechanism is transitional or a hybrid of multiple pro-
cesses. Although not observed, it is possible that lava dome growth oc-
curred between explosive blasts and the dense juvenile material found
in these deposits is from fragmentation of those domes.We know that a
domewas emplacedwithin a 10-hour time period onMarch 22 and the
time lapses between explosions of events 9–18 range from 41 min to
12 h 21 min, ample time for dome extrusion. A continuous low-level
ash plume during this time is consistent with growth and small-scale
collapses of such domes. Small lahars and pyroclastic flows observed
during this time also support partial dome collapses (Schaefer, 2012;
Waythomas et al., 2013). Finer-grained deposits may be attributed to
greater contribution of fine ash from elutriation of pyroclastic flows as
well as hydro-magmatic interactions (i.e. efficient water-magma frag-
mentation) as evidenced by lahar generation. From these datawe inter-
pret explosive events 9–18 as hybrids of magmatically-driven
explosions either initiated by plugging and pressurization of the vent
by small domes or by collapse of domes accompanied by
decompression-expansion of magma in the conduit. Continuous
low-level activity between March 26 and 28 may indicate a steadier,
continuousflowofmagma to the surface compared tomore punctuated
events that came earlier where magma may have risen in smaller dis-
crete batches.

The final explosive eruption on April 4 (event 19) is interpreted to
result from collapse of the summit lava dome possibly punctuated by
a small magmatically-driven explosion although it is unclear which
process initiated the event. Between March 28 and April 4, a 36 to
44×106 m3 dome was emplaced at the summit of Redoubt
(Schaefer, 2012; Bull and Buurman, 2013). The explosion on April 4
(event 19, Table 1) resulted in significant tephra fall, a large lahar,
and a small pyroclastic flow on the volcano's north flank
(Waythomas et al., 2013; Bull and Buurman, 2013). The tephra-fall
and pyroclastic-flow deposits are chiefly composed of dense juvenile
material with ~2 wt.% vesicular material (Fig. 12B), suggesting
largely degassed lava, consistent with fragmental dome rock. Juve-
nile clasts in the lahar deposit are nearly all relatively dense and
commonly prismatically jointed, suggesting emplacement while
hot (Waythomas et al., 2013). The grain-size of event 19 fall deposits
is much finer than earlier deposits of similar volume and is likely at-
tributed to hydro-magmatic interactions as evidenced by the large
lahar of April 4 (Waythomas et al., 2013) as well as the contribution
of fine ash from elutriation from the pyroclatic flow of April 4. These
characteristics are similar to the “lithic-rich” tephras of 1990,
ruption of Redoubt Volcano. All components are from sample 09RDKLW093 erupted on
are to show clast texture. A) Medium-gray low-silica andesite scoria. B) Light-gray
ium-gray dense intermediate-to high-silica andesite. E) Light-gray intermediate-silica
rcent vesicularity are given in Table 2. Whole rock analyses of most components are
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Fig. 12. Distribution of generalized component lithologies in each explosive event or event
package. A) Componentry using fine-grained samples (4 mm–500 μm). B) Componentry
using coarse-grained samples (≥8 mm). Componentry is given in weight percent not vol-
ume percent, and thus dense clasts may appear more abundant in these plots even if they
are volumetrically smaller because they have a greater bulk density compared to vesicular
clasts (see component densities in Table 3 and Fig. 11). We show componentry in generic
terms “vesicular”, “dense”, “lithics”, and “crystals” rather than by component lithologies
show in Fig. 11 because compositional data was only possible for a few coarse-grained de-
posits. Free crystals are shown forfine-grainedmaterial only because they are not present in
coarse-deposits. Refer to Section 2.4 for a discussion of methods for component analysis.
Refer to Coombs et al. (2013) for compositional analyses of components.
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attributed by Scott and McGimsey (1994) to generation from lithic
pyroclastic flows caused by dome collapse.

A distinct change in magma composition is documented in April 4
deposits (Coombs et al., 2013). Juvenile lithic fragments that domi-
nate the deposit are uniformly intermediate- to high-silica andesite
composition (59–62 wt.%SiO2) compared to the low-silica andesite
composition (b58 wt.% SiO2) that dominated events 1–6. This change
in magma composition may have occurred as early as March 26
(event 7) but since no compositions were measured for event 7–18
deposits due to fine-grain size, we are not able to address the timing.
Evolved matrix glasses, microlite-rich groundmass, and reaction rims
on amphiboles are all suggestive of relatively slow ascent for the lava
sampled from event 19 (Coombs et al., 2013).
Fig. 11. Clast density histograms of principal lithologic components erupted during the 2
AGMcRDT004 (Table A.1). B) Medium-gray dense clasts; SEM image is of sample AGMcRD
(Coombs et al., 2013). D) Medium-gray scoria clasts, SEM images of sample AGMcRDT004
image is from sample 09RDKLW001. All measured clasts are from size fraction 6–64 mm (fin
09RDKLW093 erupted on March 23 during event 6. Average percent vesicularity is calculate
density and vesicularity measurements. SEM-backscatter electron photomicrographs of eac
crysts and glass, and white areas are mafic phenocrysts. All scale bars are 200 μm.
Despite evidence that event 19 was dominated by a dome-failure
mechanism; volume disparities between the pre-April 4 dome and
event 19 fragmental deposits may suggest that some juvenile lava
erupted during the event may have been conduit-derived. The volume
of the lava dome at the summit prior to the explosion on April 4 is esti-
mated at 36 to 44×106 m3 (Diefenbach et al., 2013). The volume of
event 19 pyroclastic-flow deposits are estimated to be 8.6×106 m3

(Bull and Buurman, 2013) and the fall deposit is estimated to be
3.0×106 m3 (this study). The lahar deposit contributes the greatest vol-
ume uncertainty, with estimates ranging from 60 to 250×106 m3

(Waythomas et al., 2013). Estimates of the percentage of juvenile frag-
mental material in the April 4 lahar deposit do not exist. The solid frac-
tion of the lahar is a composite of dome material and other materials
incorporated during transport and cannot meaningfully be used to ac-
count for the total volume of the collapsed dome.

4.2. Particle aggregation

Exceptionally fine-grained fall deposits and the preponderance of
associated particle aggregates are remarkable features of the 2009 Re-
doubt eruption. Particle aggregation is common in eruptions where
magma–water interactions occur; where the energy budget of the as-
cending ash cloud is dominated by evaporative cooling and latent
heat release from water phase changes causing highly efficient frag-
mentation which produces very fine particle sizes (Van Eaton et al.,
2012). Aggregation occurs in the eruption column and the associated
ash cloud dominantly through hydrometeor formation which incor-
porates fine ash particles and enhances fallout (e.g., Pruppacher and
Klett, 1997). Sources of water include magmatic volatiles, entrained
atmospheric moisture or external water during interaction between
magma and sub-surface or above-surface water bodies (including
ice). Conditions for particle aggregation were ideal during the 2009
eruption of Redoubt because it is a snow and ice-covered volcano pro-
viding an abundant source of external water and the eruption oc-
curred at the end of winter, during maximum snow load. The
50–100 m thick Drift glacier that occupies the summit crater and pos-
sible melt water stored beneath the glacier are the mostly likely
sources of external water (Waythomas et al., 2013). We attribute
the origin of the exceptionally fine-grained particles that comprise
aggregates as well as the aggregate themselves to hydro-magmatic
interactions. In the previous section (see Section 4.1) we discuss the
possible contribution of fine ash to deposits from elutriation from py-
roclastic flows generated during explosions but we consider this a
minor process compared to hydro-magmatic interactions.

The 2009winter-time eruption of Redoubt provided anunparalleled
opportunity to document particle aggregates (see Section 3.3) and asso-
ciated disaggregated deposits (see Section 3.5) before they disappear
from the geologic record so that (1) ash dispersion modelers may use
these data to improve their ability to model ash cloud aggregation pro-
cesses and, (2) futureworkersmay better interpret these and prehistor-
ic deposits. Typically (in the absence of aggregation), particle size
decreases systematically with distance from source. Aggregation how-
ever, causes premature fallout of fine particles that would otherwise
be entrained in the ash cloud and carried to more distal locations as in-
dividual particles. This is reflected in the poorly sorted character of
disaggregated 2009 deposits (see Section 3.3 and 3.5; Fig. 13). Prema-
ture and non-systematic fallout of ash is clearly documented in the
009 eruption of Redoubt Volcano. A) Dark-gray dense clasts; SEM image is of sample
T004 (Table A.1). C) Light-gray dense clasts; SEM image is of sample 09RDMLC303B
. E) Light-gray scoria; SEM image is of sample AGMcRDT004. F) Banded scoria; SEM
e to coarse lapilli). All components used to calculate density are from proximal sample
d using the method of Houghton and Wilson (1989). Table 2 gives further data used for
h component show microtextures; black areas are vesicles, gray areas are felsic pheno-
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high fraction of fine ash (up to 67 wt.%) especially in proximal locations
(Fig. 14).We know fromdisaggregating sample 09RDKLW002C (Fig. 5A
and B) that aggregates comprise a wide range of particle sizes. Frozen
aggregate pellet deposits (prior to melting) in proximal locations
were also often poorly sorted although far less so than their melted
disaggregated counterparts (Fig. 5B and C). Aggregate pellets and ash
Fig. 13. Histograms of particle-size distribution of bulk tephra-fall deposits of the 2009 eru
March 23, 2009 (Fig. 2). B) Explosive event 6 on March 23, 2009 (Fig. 2). C) Explosive eve
All plots are shown at the same scale. Sample names, excluding the prefix “09RD” (omitted f
ed sample names are those in which aggregate pellet sizes in primary deposits were also m
complete particle-size data. Phi of −5 to −1 are lapilli-size grains (2–32 mm) and phi of −
pyroclastic flow.
clusters documented in distal locations are well sorted. This implies
that once aggregates are formed in the eruption cloud, their fallout is
more predictable or similar to sedimentation from dry volcanic erup-
tionswhere particle aggregation does not occur. The poorly sorted char-
acter of aggregate pellet sizes (esp. in proximal locations) probably
results from variations in (1) growth history; (2) particle components
ption at various distances downwind from Redoubt Volcano. A) Explosive event 5 on
nt 19 on April 4, 2009 (Fig. 2). Histograms are aligned in order of distance from vent.
or brevity) and distance from source of each deposit are shown on each plot. Highlight-
easured in the field (dashed lines show size range of aggregates). Refer to Table A.2 for
1 to 10 are ash-size grains (2 mm–1 μm). Sample 09RDKFB321A of event 19 is from a
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Fig. 13 (continued).
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(liberated crystals, vesicular and lithic fragments, each with varying
density, shape and size); (3) fragmentation mechanisms (vesiculation,
interaction with external water, vent erosion, etc.); and (4) size-
dependent sorting mechanisms (turbulent transport, particle aggrega-
tion, hydrometer formation, and gravitational settling) (Wohletz et al.,
1989).

Future work on 2009 deposits and other historical and prehistoric
eruptions of Redoubt should be approached with the knowledge that
conditions for particle aggregation are likely a dominant process. Sim-
ilar accretionary pellets are documented in historical eruptions (Scott
and McGimsey, 1994) and evidence such as very fine-grained,
poorly-sorted, proximal deposits have been observed by the senior
author in many prehistoric tephra deposits from this volcano. Due
to the significant amount of water (ice) contained in the aggregates
and subsequent melting into muddy deposits, preservation potential
is poor. Because aggregates were volumetrically significant in all de-
posits, we again emphasize that the particle size data shown in this
paper (see Section 3.5) are of disaggregated samples and do not rep-
resent the original size distribution found in deposits at the time of
deposition. This will pose significant challenges to those using this
dataset to model cloud dynamics including tephra dispersion and fall-
out. Mastin et al. (2013) for example use an ash plume and sedimen-
tation model (Ash3D) to replicate event 5 on March 23. They report
having to modify input eruption parameters several times before
they produced model output that reasonably matched the isomass
contours reported in this paper.

4.3. Significance and hazards of tephra-fall deposits

4.3.1. Comparison with the 1989–90 eruption and other sources
The 2009 eruption of Redoubt was generally similar to the

1989–90 Redoubt eruption in terms of magma composition, plume
heights, mass/volumes of individual tephra-fall deposits, duration of
explosive events, and production of frozen aggregate lapilli (Scott
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and McGimsey, 1994). The main difference between the two erup-
tions is fewer significant dome-collapse events and pyroclastic flows
during the 2009 eruption. Such events contributed significantly to
the total eruption mass as well as mass of tephra-fall deposits (esp.
fine ash) in 1989–90 (Scott and McGimsey, 1994). Fine ash produced
in the 2009 eruption is attributed mainly to magma–water interac-
tions through hydro-magmatic processes and far less so to elutriation
from pyroclastic flows. Other differences include larger lahars but
fewer and smaller volume domes in 2009 (Waythomas et al., 2013).
Both eruptions were assigned a composite Volcanic Exclusivity
Index (VEI) of 3 (Venzke et al., 2002 and personal communication
with L. Siebert, 2009) and mass and volume of individual tephra-fall
events are similar for those originating as magmatically-driven explo-
sions (rather than as co-pyroclastic-flow fall out) (Scott and
McGimsey, 1994). Table 4 shows a comparison of 2009 Redoubt
tephra-fall deposits with those of other historical events. The
2009 eruption is comparable with other Cook Inlet eruptions with-
in an order of magnitude, in particular the 1986 and 2006 eruptions
of Augustine and the 1992 eruption of Crater Peak.
4.3.2. Hazards
Hazards from volcanic ash are considered two-fold, those from

drifting ash clouds and those from ash fall on communities and infra-
structure. Drifting ash clouds are a primary concern to aviation because
ingestion of ash by jet engines can result in engine failure as occurred
during the 1989–90 eruption of Redoubt (Miller and Casadevall,
2000). AVO works closely with the Federal Aviation Administration
(FAA) and theNationalWeather Service (NWS) to provide amplewarn-
ing of an impending eruption so that aviation encounters can be
prevented. Timely issuance of flight restrictions and severe weather
warnings by these agencies mitigate hazards to aviators (Schaefer,
2012). The potential threat of ash fall on communities was a significant
concern during the 2009 Redoubt eruption based on known impacts
from historical eruptions of Redoubt and other Cook Inlet volcanoes
(e.g., Brantley, 1990; Miller et al., 1998; Scott and McGimsey, 1994;
McGimsey et al., 2001). Primary hazards associated with ash fall on
communities include closure of critical infrastructure (airports, power
supply plants, etc.), air and water quality perturbations, decreased visi-
bility, and mechanical abrasion and corrosion to machinery. Satellite



Fig. 14. Plots showing weight percent fine ash (≥4ϕ; ≥63 μm) in 2009 tephra-fall de-
posits with distance from the vent. A) Event 5. B) Events 6 and 19.
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imagery, National Oceanic and Atmospheric Administration (NOAA)
Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
wind-model data, ash-plume and fall modeling, and coordination with
the NWS (the agency responsible for issuing ashfall advisories) aided
AVO in tracking and projecting ash-plumemovement and, furthermore,
assisted us in briefing the public about the likelihood and nature of
tephra fall throughout the eruption. The long period of unrest preceding
the explosive eruptions led to significant public warnings and prepara-
tions by lifeline organizations (e.g., Department of Environmental
Conservation, Division of Homeland Security and Emergency Manage-
ment). Ash fall preparedness information is available and advertised
to the public via many agency partners. AVO coordinates with local
and state agencies to inform the public on impacts to air andwater qual-
ity and general health-related issues, should they occur.
4.3.3. Impacts from tephra fall
Impacts from the drifting ash clouds and ash fall on communities

were relatively minor mostly owing to mitigation measures taken
by AVO and interagency partners. Drifting ash clouds as well as the
threat of ash fall caused major disruptions to the aviation industry al-
though no significant encounters were reported. Throughout the
2009 eruption, nearly 300 flights were canceled, some 60 were
rerouted, 20 diverted, and 10 turn-backs; affecting more than
20,000 passengers (Murray et al., 2009). Economic impacts due to
reroutes of air cargo flights away from Anchorage as well as personnel
layoffs occurred in response to volcanic ash fall at the Ted Stevens In-
ternational Airport in Anchorage, Alaska's largest city. Military avia-
tion operations were impacted in response to the threat of ash fall
on military bases in Anchorage by moving aircraft and personnel to
other military bases (Schaefer, 2012).

Owing to the fact that most populated communities are located
more than 80 km from the volcano, significant ash fall on communities
was not expected. Heavy tephra fall (generating deposits up to 5 cm
thick) occurred within 15 km of the volcano and posed minimal haz-
ards because this area was unpopulated. Minor ash deposits
(0.8–2.0 mm) occurred in communities along the Kenai Peninsula
(80–100 km ESE), Anchorage (170 km NE) and Silver Salmon Creek
Lodge (48 km S, on the western Cook Inlet). Trace ash deposits
(b0.8 mm) were reported as far as Fairbanks (550 km) NNE of the vol-
cano. As the eruption occurred during winter months, most ash fell on
snow. The thin dark-colored deposits absorbed solar radiation and ac-
celerated snow melting at the surface which effectively wetted and
“locked” in the fine ash particles, and thus prevented significant
reworking of the ash. Snow falls that buried ash-fall deposits, also
prevented resuspension of ash. In the weeks following ash fall, spring
temperatures melted the ash-bearing snow and the ash was washed
away in meltwater streams and was not typically resuspended. In
areas where snow was not present during ash fall (city streets, side-
walks, etc.), fine ash was a nuisance to clean up and resuspension oc-
curred (Fig. 17). Glaciers in south-central Alaska received trace to
minor ash falls (≤1 mm) which accelerated snow and ice melt
due to increased solar absorption (event 17, March 28; Fig. 16,
Louis Sass, USGS, personal communications, 2010). Relatively
short eruption durations (b1 to 30 min) meant that ash fall on
urban and rural communities was also short lived, lasting no more
than 1.5 h (April 4) but, more commonly, 10 to 30 min. Early morn-
ing or late night ash fall events (March 23, April 4) caused fewer im-
pacts to communities because of lack of direct exposure to falling
ash.

Impacts to communities were relatively minor and more of a distrac-
tion and nuisance than a hazard, although economic losses due to disrup-
tions to airline travel were significant (Schaefer, 2012). Preparedness
activities by communities and individuals significantly reduced
ground-based impacts (e.g., remaining indoors during ash fall, covering
electronics and engine parts, suspending outdoor activities during ash
fall, wearing dust masks during clean up, etc.). South-central Alaska orga-
nizations from small-town fire stations to whole city governments pub-
licized emergency ash fall plans by early February. Local stores stocked
up on emergency supplies (dust masks, air filters, bottled water, goggles,
etc.) and sold out periodically. Nonetheless, impacts to local commerce
were felt; some positive and some negative. Significant shipping delays
caused by airline flight cancelations resulted in a number of stock short-
ages at local stores including food supply and floral deliveries. Businesses
trading in preparedness and clean up supplies or services experienced re-
tail booms. Stranded travelers caused short-term booms in businesses in-
cluding rental cars, hotels, and restaurants.

Health-related impacts from ash fall were relatively minor. Clo-
sures of area clinics during ash fall in Homer on March 26 caused a
spike in emergency room visits unrelated to ash fall. Other than
complaints of itchy eyes and raspy throats, there was no significant
increase in ash-related respiratory ailments in Anchorage during
the March 28 ash fall event. Worried pet owners kept veterinary
clinic phone lines busy (VCA Animal Hospitals, personal communi-
cations, 2009). Ash leachate analyses performed at the AVO using
the methods of Hageman (2007) showed that leachable chemicals
adsorbed onto the surface of ash particles, were not a significant
concern to human or environmental health as they did not exceed
local water quality standards. Air-quality samplers of fine particu-
late matter (PM) operated by the Municipality of Anchorage
(MOA) and the Department of Environmental Conservation as
well as the US Fish and Wildlife Service detected elevated levels
of PM10 and PM2.5 (b10 and 2.5 μm, respectively) in Anchorage
(Mar 28) and Soldotna (Mar 26), during the eruption (personal
communication with Matt Stichick, MAO—Division of Air Quality,
April 17). Particles 10 μm (that is, PM10) in diameter and smaller
can be harmful if inhaled into the respiratory tract. Fine particulate
levels spiked to 289 μg/m3 at 17:00 AKDT in Anchorage on March
28, exceeding the Environment Protection Agency 24-hour
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Fig. 15. Plots showingmass-per-unit area (MPUA) versus the square root of isomass area for deposits of tephra fall events (Table 1) of the 2009 eruption of Redoubt Volcano. Uncertainties
in mass estimates reflect the fitting of a straight line (single slope line) or two linear segments (two-slope line). Our data are best fitted to two-slope line for all estimates except event 5
which is best fitted to a single-slope line. Tephra volume is calculated from the total mass of the deposit using the root-area method (Pyle, 1989; Fierstein and Nathenson, 1992).
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particulate air quality standard (150 μg/m3). Two other periods of
elevated PM10 and PM2.5 were measured in Anchorage on March
31 and April 1 (up to 229 μg/m3 for PM10) and are thought to be as-
sociated with resuspension of ash from roadways from the March
28 ash fall deposit (event 17). Air quality standards were otherwise
not exceeded (where monitored) during the 2009 eruption.
Table 4
Comparison of 2009 Redoubt tephra-fall deposits with those of other historical events. Total
days to months.

Volcano–date Total erupted mass Volume of individual f

(×1010 kg) (×106 m3)

Redoubt–2009 5.5 4.4–15.1 (B); 1.7–5.7 (
Redoubt–1989–1990 8–13 0.04–20 (DRE)
Augustine–2006 2.2 0.4–4.6 (B); 0.2–1.8 (D
Augustine–1986 7 0.1–26.4 (DRE)
Spurr/Crater Peak–1992 10.6 44–56 (B); 12–15 (DRE
Nevado del Ruiz, Columbia, 1985 nd 15 (DRE)
Mount St. Helens–1980 58 200 (DRE)

B, bulk tephra volume; DRE, Dense Rock Equivalent tephra volume; VEI, Volcanic Explosivi
References: 1, this report; 2, Scott and McGimsey (1994); 3, Wallace et al. (2010); 4, Pyle (20
The most significant ash fall events in terms of ground-based im-
pacts occurred on March 26 and 28 and April 4, mainly because ash
was deposited in a broad swath from Seldovia, across the entire
Kenai Peninsula to Anchorage, the most populous region in Alaska.
On the afternoon of March 28, drifting ash clouds and ash fall in An-
chorage resulted in the closure of the Ted Stevens International
volumes represent the sum of multiple tephra-fall events that occurred over a period of

all deposits Total volume of combined fall deposits VEI Reference

(×106 m3)

DRE) 54.6 (B); 20.6 (DRE) 3 1
40.0 (DRE) 3 2

RE) 22.0 (B); 8.5 (DRE) 3 3
26.4 (DRE) 4 4

) 152 (B); 41 (DRE) 4 5
15(DRE) 3 6
1100 (B); 200 (DRE) 5 7

ty Index; and nd, no data.
00); 5, McGimsey et al. (2001); 6, Calvache (1990); and 7, Sarna-Wojcicki et al. (1981).
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Fig. 16. Photograph showing the effects ofminor ash fall (≤1 mm) on the EklutnaGlacier near Anchorage, Alaska, from the 2009 eruption of Redoubt Volcano. Snowmeltwas accelerated
by solar absorption of the dark-colored ash-fall deposit on the surface. The lumpy surface was noted by researchers studying this glacier but also by many mountaineers in the area.
Photograph by Louis Sass, USGS.
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Airport for nearly 20 h. Although the April 4 ash fall event affected a
relatively narrow swath of the lower Kenai Peninsula from Anchor
Point to Seldovia, up to 2 mm of ash (the thickest reported ash
fall on a population center) was deposited on dry surfaces (due to
spring melt out of snow) causing longer term impacts due to
reworking of the ash by wind, clean up, and normal activities
(Fig. 17).
Fig. 17. Photograph showing active reworking of ash-fall deposit on a paved roadway in Nik
quality which poses health hazards if there is long-term exposure.
5. Conclusions

The 2009 eruption of Redoubt Volcano was similar to its previous
historical eruptions. Magmatic explosions along with dome-building
and collapse are common at this volcano. In addition to voluminous
lahars, tephra plumes and tephra fall out are the primary hazards at
this volcano. Key findings from this study include:
iski, Alaska. Reworking of ash fall occurs days to months after deposition and affects air
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(1) The 2009 eruption comprised a series of 20 short-duration
(b1–31 min) tephra-producing explosions with plume heights
between 5.2 and 19 km asl erupted over a 21 day period (Mar
15–April 4) and were distributed downwind along nearly all
azimuths of the volcano.

(2) We estimate the total mass of tephra-fall deposits at 54.6×109 kg
with a total DRE volume of 20.6×106 m3; similar to the last erup-
tion of Redoubt in 1989–90 (Scott and McGimsey, 1994).

(3) Hydro-magmatic interactions (magma–water) are considered the
primary cause of tephra-producing plumes. Plugging of the vent by
small lava domes likely pressurized the system leading to explo-
sive events (magmatically-driven). Only one tephra-producing
plume was attributed to the gravitational collapse of a summit
dome (event 19—April 4), a process thatwasmuchmore common
in the 1989–90 eruption (Scott and McGimsey, 1994).

(4) Ash aggregates comprise a significant volume of the tephra, and
are ubiquitous in all deposits regardless of origin (e.g., dome col-
lapse,magmatic explosion), size of explosion (plume height, dura-
tion), or distance from source.

(5) Particle size data showing a preponderance of fine ash, even in the
most proximal locations suggests that particle aggregation pro-
cesses caused premature fall out of fine ash.

(6) A winter-time eruption provided an unparalleled opportunity to
document primary deposits (incl. frozen aggregates and discrete
layers) preserved in the snow pack. Within a month of the erup-
tion, tephra-fall layers coalesced into a single composite layer on
the landscape and lack any evidence of having originated as mul-
tiple deposits or as layers compriseddominantly of ash aggregates.

(7) Minor ash deposits (0.8–2.0 mm) occurred in communities along
the Kenai Peninsula (80–100 km ESE) and Anchorage (170 km
NE). Trace ash deposits (b0.8 mm) were reported as far as Fair-
banks (550 km) NNE of the volcano.

(8) Impacts to communities were relatively minor and more of a dis-
traction and nuisance than a hazard, although economic losses
due to disruptions to airline travel were significant.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.jvolgeores.2012.09.015.
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