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Pyroclastic density currents are volcanic granular flows that include dome collapse-derived
block-and-ash flows, and column collapse-derived pyroclastic flows. Volcanic dome-building
cycles can last for years and can produce numerous collapse events that deposit block-and-ash
flows up to 19 km from the dome. These impact surrounding communities and too-often result in
fatalities, and populations have to be evacuated. Shiveluch in Kamchatka, Russia, is one of the
world’s most active dome-building volcanoes and has produced some of the largest historical
block-and-ash flows, globally. The current eruption phase of Shiveluch volcano has been ongoing
since 2001 in a cycle of dome growth and collapse. Understanding these prolonged dome growth
episodes and characterizing the extreme end-members in deposit size and runout range is important
for investigating these hazards at Shiveluch and other similar volcanoes. This multi-spatial scale
investigation links dome activity to the block-and-ash flow deposits using satellite- and field-based
data. Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) thermal
infrared (TIR), shortwave infrared (SWIR), and visible-near infrared (VNIR) data are used to
quantify the distribution of dome collapse events and resulting deposits through time. Small-scale

deposit features are identified with field and high spatial resolution (~0.5 m) WorldView-02 and
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QuickBird-02 panchromatic data. These block-and-ash flow deposits are compared to the well-
studied Mount St. Helens 1980 column collapse pyroclastic flow deposits using historic aerial
photography and airborne LIDAR data. Although these deposits are composed of different material
that result from the different eruption styles, they contain similarities that reflect similar
depositional processes, and differences that reflect the initiation mechanisms. These remotely-
identified characteristics can help with rapid identification of the eruption style and can provide a
safe and rapid assessment of eruptive products at dangerous and/or remote volcanoes around the

world.
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1.0 INTRODUCTION

Shiveluch volcano in Kamchatka, Russia, is one of the world’s most active dome-building
volcanoes producing some of the largest historical block-and-ash flows of any volcano. They result
from partial collapse events that initiate at different locations as dome growth occurs. The
southerly distribution direction is influenced by topographic control exerted by the 1964
horseshoe-shaped crater formation and subsequent debris avalanche deposit. The dome and
resulting deposits are investigated using the Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER) thermal infrared (TIR), shortwave infrared (SWIR), and visible-
near infrared (VNIR) satellite data for the period from 2001 to 2013. Linking the deposit
distribution to the size, location, and temperature profiles of the dome collapse area provides a
basis for determining similar future hazards at Shiveluch and other dome-forming volcanoes. Eight
large block-and-ash flow deposits and collapse scars are investigated, which were formed during
eruptions or collapse events in 2001, 2004, 2005, 2007, 2009, 2010, and two in 2013. The largest
runout distance reached 19 km from the uppermost extent of the collapse scars. Over the 12 years
of this period of investigation there is no trend in size or runout distances of the flows through
time, although the largest dome collapse events occurred when the dome exceeded a relative height
(from dome base to top) of 500 m. Where data prior to the events are available, the locations of
pending collapse are preceded by a thermal anomaly, although the anomalous area does not

generally correlate with the size of the collapse event. Here, we give quantitative data for the large



deposits of a long-lived dome-forming eruption. Volcanic hazard analyses and mitigation at
volcanoes with similar block-and-ash flow emplacement behavior may be improved with detailed,
synoptic studies of the prolonged dome-building and collapse activity at Shiveluch volcano.

The 2005 and 2010 block-and-ash flow deposits are two of the largest known historic
block-and-ash flow fields, globally. The deposits were produced during retrogressive pulsatory
dome collapse events that occurred over 6-9 hour-long eruptions on 27-28 February 2005 and 27
October 2010. These events emplaced material up to 19 km from the dome and inundated areas of
24.1 and 22.3 km2, respectively. The deposit surfaces contain onlapping lobate deposits,
compaction ridges, levee and channel morphologies, degassing structures, abundant large dome
blocks, and large areas of syn- or immediately post-depositional remobilization shown by bench
scallop and arcuate scarps. The block-and-ash flows produced associated pyroclastic surges that
killed vegetation to nearly 300 m beyond the main deposits. The 2005 dome collapse event
produced a block-and-ash flow that emplaced a large fan deposit and associated surge that
destroyed a 10 km2 area of forest. The October 2010 event also produced a large fan deposit with
a distal channelized deposit that extended an additional 5.4 km beyond the fan along the Kabeku
River channel. Since deposition, fluvial erosion has resulted in large areas comprised of dendritic
and braided channel systems.

The surface morphology seen in satellite data, and cross-section stratigraphy give insight
into the pulsatory nature of the dome collapse events, the final moments of deposition, and the
subsequent erosion of the deposits in a high-latitude region where the deposits are relatively well
preserved. Investigating such large-scale block-and-ash flow fields gives a rare opportunity to
understand the extent of extreme large end-member dome collapse events and their runout

distances in channelized and non-channelized environments.



Variations in the deposit morphology of different pyroclastic density current types, such as
the Shiveluch block-and-ash flow deposits, provide insight into the late stage transportation and
deposition processes. Near-real time field-based studies on pyroclastic deposits are rare due to the
fact that they are time-consuming, costly, and very dangerous, all of which can be mitigated
through approaches using remote sensing data. Morphological features of deposits at Shiveluch
and Mount St. Helens volcanoes are described using a combination of satellite, aerial, and field
data, to identify characteristics indicative of different eruption mechanisms (column collapse and
dome collapse) and source materials (pumice and dense dome rock). Both eruption styles produce
unsteady flows that form a range of morphologies including sheet-like deposits, channel and
levees, transverse compression ridges, lobate terminations, and retrogressive stacking of deposit
pulses. The sequence of deposition is described with several phases recognized that show a general
trend in decreasing distance from vent/dome: 1) pulsatory sheet-like deposition; 2) development
of distinct lobate deposits; 3) retrogressive stacking of deposits with channel and levee systems;
4) deposit remobilization. Some of these phases repeat throughout the eruption and not all are
present in each deposit. The two deposit types are distinguished by distinctive lobe morphologies,
such as elongate lobes with distinct, steeper lobe and cleft features (pyroclastic flow) vs. fanning
deposits with tapering flow fronts containing numerous small toes (block-and-ash flow). This
comparison of variations in deposit surfaces gives insight into the development of pyroclastic
density current deposits in the final moments of deposition. These deposit surfaces are described
in outcrop-scale in the field and using high-resolution aerial and satellite imagery, evaluating the

morphologies for the purpose of characterizing deposits and interpreting late-stage flow behavior.



20 PARAMETRIC ANALYSIS OF LAVA DOME COLLAPSE EVENTS AND
PYROCLASTIC DEPOSITS AT SHIVELUCH VOLCANO, KAMCHATKA, USING

ORBITAL VISIBLE AND INFRARED DATA

2.1 INTRODUCTION

Volcanic lava domes are solidified/semi-solidified plugs of lava extruded at a volcano. The
partial collapse of these lava domes can produce block-and-ash flow (BAF) deposits, typically
with minimal to no warning (Calder et al., 2015). The prolonged eruption duration and
unpredictable nature of dome-collapse events can result in fatalities, social disruptions, or
permanent evacuations of surrounding populations either because of the BAF or related/detached
pyroclastic surges (Charbonnier et al., 2013a and references therein). Past well-known examples
of these prolonged eruptions include eruptions of Mt Pelée (Fisher and Heiken, 1982), Unzen
volcano (Miyabuchi, 1999), Soufriere Hills volcano (Cole et al., 2002), and Merapi and Sinabung
volcanoes (Surono et al., 2012; Gunawan et al., 2017). The prolonged nature of cyclic eruptions
of dome growth and destruction are disruptive to local communities, such as at Sinabung volcano
in Indonesia, where the current eruption (since 2013) has damaged or destroyed 10 villages and
two hamlets, and has displaced almost 10,000 people (Yulianto et al., 2016, Andreastuti et al.,
2017). Unlike Sinabung, Shiveluch is in a remote area of northern Kamchatka (Klyuchi, the nearest
town is 31 km from the edge of the debris fan). Shiveluch was selected for this study due to the
prolonged dome-forming eruption that has produced of BAF deposits ranging in size and
distribution. Within the current eruption period, eight dome-collapse events and the resulting BAF

deposits were selected, for which orbital VNIR, SWIR, and TIR data from the ASTER sensor are



available before and after the collapse events. By investigating these events, a range in BAF
deposit sizes are compared to activity at the dome, and the conditions that result in these
distributions are assessed.

In retrospect, the relationships between the pre-collapse areas of elevated thermal output
and the size and location of the following collapse events are investigated in order to assess the
value of TIR data for identifying pre-dome-collapse indicators at Shiveluch. For this study, |
characterize the dome-collapse scars using planimetric areal extent, location of source areas on the
dome, and temperature profiles. The deposits are then characterized using spatial distribution
(including runout distance), maximum width, and dome-collapse volume where available. By
doing this, the evolution of this long-lived dome-building eruption at Shiveluch is investigated,
through analyzing the dome-collapse events and the resulting BAF deposits. This clarifies the
impact of large BAFs over the duration of a lengthy eruption and constrains the maximum size of
deposits that result from dome-collapse events.

Study Area

Shiveluch volcano (also spelled Sheveluch) is located in the northern Central Depression
of Kamchatka, where the Kuril-Kamchatka and Aleutian subduction zones intersect (Figure 1),
and is the northern-most active volcano in Kamchatka. The edifice is divided into Old Shiveluch
(3335 m) that was partially destroyed by a >10 km? debris avalanche with an age of 10 ka, and
Young (Molodoy, in Russian) Shiveluch (2763 m) that was formed after the collapse (Belousov et
al., 1999). Shiveluch has undergone at least seven large edifice collapse events, dated at
approximately 10,000, 5700, 3700, 2600, 1600, 600 BP, and 1964 AD, with the failure frequency

attributed to the high supply rate of viscous andesite magma (Belousov et al., 1999). Such high



magma supply rates also result in rapid reconstruction of the volcanic cones following collapse

Shiveluch Volcano
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Figure 1. The location of Shiveluch at the intersection of the Kuril-Kamchatka and Aleutian subduction zones.

events. Young Shiveluch has formed in the 10 Ka collapse scar of Old Shiveluch and has
subsequently experienced six major eruptive periods, mainly consisting of dome formation
(Belousov, 1995 and references therein). A 1500 m-diameter horseshoe crater formed during a
collapse around 600 BP and domes have since cyclically filled the crater (Belousov, 1995 and
references therein). The cone of Young Shiveluch is composed of overlapping domes, short lava
flows up to 100 m thick, and volcanic breccias; a low-angle volcaniclastic fan extends to more
than 20 km to the south (Dirksen et al., 2006). The currently-active dome is situated in the most
recent 1750 m-wide south-facing collapse crater, which formed in 1964 (Figure 2). The dome was
formed through several cycles of growth and collapse during the current 16-year-long eruption.

BAFs result from partial dome-collapse and are directed to the SE and SW flanks of the volcano



by barriers consisting of two large debris avalanche blocks (Toreva blocks) that were emplaced
during the 1964 collapse (Belousov, 1995). After being directed SE and SW, the majority of the
flows then travel along the eastern and western edges of a 1964 hummocky debris avalanche

deposit fan (Figure 2a).
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Figure 2. ASTER VNIR data of Shiveluch volcano acquired 11 October 2010 (bands 3, 2, 1 in R, G, B,
respectively highlights vegetation in red and snow in white). (a) Overview image with white dashed line showing
the extent of the 1964 debris avalanche deposit (from Belousov, 1995). White box shows the area in (b). (b) The
Shiveluch dome within the 1964 debris avalanche scar. The eastern and western drainage points eroded either

side of the 1964 slide blocks at the base of the dome.

Terminology

Here, term ‘block-and-ash flow’ describes the motion of a mass of rock (breaking into
smaller fragments during movement), ash, and hot gas that results from dome-collapse (Figure 3)
(Bursik et al., 2005). The BAFs at Shiveluch are produced mainly by Merapi-type events, in which

dome-collapses are the result of gravitational failure (Bardintzeff, 1984). The term ‘pyroclastic



density current’ (PDC) is used when the initiation mechanism (such as dome or column collapse)

is unclear.

Figure 3. The 3 December 2013 block-and-ash flow on Shiveluch (view looking north). This relatively small
pulse of material is traveling past Baidarny Ridge with the bulk of the flow directed towards the west and a

smaller portion of flow freshly deposited to the east. Photograph courtesy of Yuri Demyanchuk.

For this study, we investigate eight dome collapses and the resulting block-and-ash flow
deposits for which ample orbital VNIR, SWIR, and TIR data from the ASTER sensor are available.
We characterize the dome collapse scars using planimetric areal extent, location on the dome, and
temperature profiles. The deposits are then characterized using spatial distribution (including
runout distance), maximum width, and dome collapse volume where available. Precursory thermal

activity on the dome is investigated using ASTER thermal (TIR and SWIR) data and the
8



Kamchatka Volcanic Eruption Response Team (KVERT) reports. The eruption details are
compiled from KVERT Volcano Observatory Notification to Aviation (VONA) reports available

online, as well as from various scientific publications in local Russian journals.

2.1.1 Summary of the recent eruption history of Shiveluch

Volcanic activity prior to 2001 has been described by Belousov (1995), Gorelchik (1996),
Fedotov, et al. (2004), Zharinov and Demyanchuk (2008), Gorbach and Portyagin (2011), and
Zharinov and Demyanchuk (2013). Three main recent dome-forming cycles have since occurred
in 1980-1981, 1993-1995, and 2001-onwards (Fedotov, S. A., et al., 2004). Dome growth rates
during the current cycle have ranged from 150,000 to 700,000 m®/day (approximately 2 to 8 m%/s)
(Table 1). Since 1980, the dome height has been increasing, with intermittent reductions in height
due to collapse events (Figure 4).

Since recent dome growth began in 1980, the style of growth has largely been exogenous
with intermittent periods of endogenous growth (Shevchenko et al., 2015). Through cycles of
dome growth and collapse, the dome has been constructed of overlapping lobes. Viscous, blocky
andesite lavas have formed radial, bilateral symmetrical, and irregularly spreading lobes or petals
throughout the eruption period (Dirksen et al., 2006; Ramsey et al., 2012; Shevchenko et al., 2015).
A talus cone surrounds the edifice and extends to the 1964 debris avalanche blocks. Explosions
and partial collapses commonly produce excavated explosion pits and collapse chutes or scars
(Shevchenko et al., 2015). Shiveluch also displays a range of eruptive activity including small to
regionally extensive ash plumes, pyroclastic surges, and associated lahars (Fedotov, et al., 2001;

Zharinov, and Demyanchuk, 2008; Zharinov, and Demyanchuk, 2013; Shevchenko, and Svirid,



2014). Shiveluch dome-collapse events are also hazardous to aircraft, as ash plumes can reach
flight levels and extend hundreds of kilometers from the volcano during collapse events.

Zharinov and Demyanchuk (2008 and 2013) give detailed accounts of lava dome
dimensions (heights, widths, volumes, and profiles), viscous lava extrusion, gas emissions, and
seismicity (volcanic tremor, tectonic earthquakes) from 2001 to 2012. The 0.63 km? andesite to
dacite dome (2012 volume in Shevchenko et al., 2015) began its current cycle of growth in April
2001 after a period of quiescence following activity in 1993-1995 (Gorbach, 2006; Shevchenko
and Svirid, 2014). The SiO> content of the lavas has increased over time, from 58.5% in 1964 and
about 61% in 2001 to as much as about 63% in 2007-2008 and 2013 (Table 2). The current dome
is composed of hornblende-plagioclase andesite to low-silica dacite (Gorbach et al., 2016). During
the period 2001-2013, Shiveluch has undergone two major cycles of dome growth including
multiple collapse events based on relative dome height, with the largest collapse events occurring
when the maximum height of the dome stabilized for an extended period at approximately 520 and
560 m.

The collapse events within the current eruption period have been chosen for more detailed
analysis, based on size and availability of data. The eight collapse event details, where available,

shown in Table 3, and eruption descriptions are given in Appendix A.

Table 1. Available dome growth rates from Shevchenko et al., 2015 and references therein.

Date range Rate (m3/day)
23 August to 22 October 1980 186,000
4 April to 24 August 1993 810,000
1993 to 1995 280,000
29 April 2001 to 16 May 2001 700,000
16 May 2001 to 7 October 2003 320,000
7 October 2003 to 21 August 2005 >175,000
21 August 2005 to 22 November 2010 >220,000
22 November 2010 to 12 July 2012 150,000

10
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Figure 4. Periods of dome growth and heights from September 1980 to October 2016, with the eight collapse
events indicated by the grey bars. Dome heights from 1980 to 2013 from Zharinov and Demyanchuk (2008) and

Shevchenko et al. (2015), and 2013-2016 heights are estimated from photographs taken by Yuri Demyanchuk.

Table 2. Summary of Shiveluch eruptive product composition over time.

Year wt.% SiO, Reference

1964 eruption avg. 58.49 Bindeman et al., 2004, Kepezhinskas et al., 1997,
Hochstaedter et al., 1996, Dirksen et al., 2006

1980 eruption avg. 60.33 Pineau et al., 1999, Dirksen et al., 2006

1993 eruption avg. 61.09 Tolstykh et al., 2000, Dirksen et al., 2006

1995 eruption avg. 60.62 Tolstykh et al., 2000, Dirksen et al., 2007

2001 61.27-61.81 Dirksen et al., 2006; Gorbach et al., 2016

2002 62.39 Dirksen et al., 2006

2004 62.74-64.02 Gorbach, 2006, Gorbach et al., 2016

2005 61.19-62.65 Gorbach et al., 2016

2007-08 60.55-63.48 Gorbach et al., 2016

2013 60.84-63.03 Gorbach et al., 2016
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Table 3. Available parameters for the eight Shiveluch dome collapse events.

Ash
i . i Eruption Int(.en'se Ash plume Ashfall Max. Do.me Dome Dome TOt?I Aviation
Eruption  Eruption start Eruption end activity plume height collapse . eruptive
) . length A travel area flow volume height Color References
date time time length height : 2 before 3 volume . ass/
(hours) distance/ (km?®) extent (km°) 5, reduction Code
(hours) (kmas.l) (m) (km?) volume
direction
19-May-01 17:05 2 10 20 km N- 13.7 335 0.19 0 Fedotov et al., 2001; KVERT
W (16 May 2001) report 19 May 2001;
Shevchenko et al., 2015
10-May-04 01:10 5 8-11 8.8 521 0.47 0.04 Girina et al., 2004; Shevchenko
(7 Oct 2003) and Svirid, 2014; Zharinov and
Demyanchuk 2007;Shevchenko
etal., 2015
27/28-Feb-05 18:25 6.8 1.7 8-9 24,800 17.8 520 0.11 125m 0.2 km? Red Zharinov and Demyanchuk,
2008; Shevchenko and Svirid,
2014; Gorbach et al., 2016
18/19-Dec-07 18:23 (18 Dec) 02:45 (19 Dec) 8 44-6 130kmWwW 12.7 0.36 Orange KVERT Report 19 Dec 2007;
20:00 (19 Dec) 23:00 (19 Dec) 3 300 km S-
SW
25/26-Jun-09 5 6.4 Orange KVERT Report 2 July 2009
27-Oct-10 >12 2500 over 2000 19.0 563 0.54 0.28 7.8 Red  KVERT Reports 28 Oct 2010; 30
Pacific (22 Nov 2010) million Oct 2010; Dvigalo et al., 2011;
Ocean tons Zharinov and Demyanchuk,
2013; Shevchenko et al., 2015
26-Jul-13 22:55 10 520 km SE 11.6 0.63 Red KVERT Report 1 Aug 2013;
(12 July 2012) Shevchenko et al., 2015
3-Dec-13 13:25 18:58 89  >500km N 13.6 Red  KVERT Report 3 Dec 2013;
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2.2 METHODOLOGY

ASTER Data

Several studies have applied TIR data to active volcanic domes, for example: Mount St.
Helens in 2004-05 (Vaughan et al., 2005; Schneider et al., 2008), Chaitén (Bernstein et al., 2013),
Bezymianny (Ramsey and Dehn, 2004; Carter et al., 2007), and Shiveluch (Ramsey et al., 2012).
These studies, using data acquired from ground-based cameras, airborne sensors, and orbital
instruments, determined dome-growth styles, surface structures/textures, and detected episodes of
new activity.

For this study, | collected archival ASTER data with minimal cloud cover (cloud absent
over the dome or the deposit of interest). The data spanned the time range preceding and following
each eruption episode (Table 4). ASTER data are acquired by three different subsystems: 15 m
resolution 0.5-1.0 um VNIR, 30 m resolution 1.0-2.5 ym SWIR, and 90 m resolution 8-12 pm

TIR.
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Table 4. ASTER VNIR, SWIR, and TIR data used in this study.

Acquisition ProductID  Product Name Day/Night Scene ID

19-May-01 AST_09T Surface Radiance TIR Night SC:AST_L1A.003:2003153825
19-May-01 AST L1B Surface Radiance SWIR Night SC:AST_L1A.003:2003153825
14-Feb-02 AST_07XT Surface Reflectance VNIR Day SC:AST_L1A.003:2006045159
11-May-04 AST_09T Surface Radiance TIR Night SC:AST_L1A.003:2023494312
4-Jun-04 AST_07XT Surface Reflectance VNIR Day SC:AST_L1A.003:2024291013
4-Jun-04 L1B Surface Radiance SWIR Night SC:AST_L1A.003:2024291013
23-Feb-05 L1B Surface Radiance SWIR Night SC:AST_L1A.003:2030456561
12-Mar-05 AST_07XT Surface Reflectance VNIR Day SC:AST_L1A.003:2028072070
12-Mar-05 AST_09T Surface Radiance TIR Day SC:AST_L1A.003:2028072070
29-Mar-05 L1B Surface Radiance SWIR Night SC:AST L1A.003:2028324137
21-Nov-07 09T Surface Radiance TIR Night SC:AST L1A.003:2062848883
22-Dec-07 AST_07XT Surface Reflectance VNIR Day SC:AST L1A.003:2064011999
23-Dec-07 AST 09T Surface Radiance TIR Night SC:AST L1A.003:2064043505
23-Dec-07 L1B Surface Radiance SWIR Night SC:AST_L1A.003:2064043505
27-May-09 AST 09T Surface Radiance TIR Night SC:AST_L1A.003:2073834400
30-Jul-09 AST 09T Surface Radiance TIR Night SC:AST L1A.003:2075202177
29-Jul-09 AST_07XT Surface Reflectance VNIR Day SC:AST L1A.003:2075176798
11-Oct-10 AST_09T Surface Radiance TIR Day SC:AST_L1A.003:2081621953
07-Dec-10 AST_07XT Surface Reflectance VNIR Day SC:AST L1A.003:2082480246
07-Dec-10 09T Surface Radiance TIR Day SC:AST_L1A.003:2082480246
23-Aug-13 AST_009T Surface Radiance TIR Day SC:AST_L1A.003:2126554976
23-Aug-13 AST_07XT Surface Reflectance VNIR Day SC:AST L1A.003:2126554976
16-Feb-13 09T Surface Radiance TIR Night SC:AST L1A.003:2122809877
30-Jan-14 AST_07XT Surface Reflectance VNIR Day SC:AST L1A.003:2130529870

The use of SWIR data allows for the analysis of higher temperatures on the dome, while

TIR data are sensitive to lower temperatures that are spatially predominant across the dome. The

SWIR data have three different gain settings available to minimize potential saturation, however

the SWIR subsystem failed in 2008 and data are no longer acquired. The archival data require

some level of additional processing to extract surface temperature. The ASTER TIR night time

data are received as the AST_09T surface radiance product, which has a saturation temperature of

approximately 97°C (Urai et al., 1999). This product is atmospherically corrected using the

Moderate Resolution Transmittance (MODTRAN) radiative transfer code, which accounts for
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temperature, water vapor, elevation, ozone, and aerosols (NASA LP DAAC, 2001). The at-surface
radiance data are finally separated into emissivity and pixel-integrated brightness temperature
using the normalization emissivity approach within ENVI software (Realmuto, 1990; Gillespie,
1995). SWIR nighttime data are processed slightly differently using the assumption that any
detected radiance is due solely to high temperature surfaces. Pixel integrated temperature is
derived from band 4 (1.6-1.7 um) using the Plank Equation and assuming an emissivity of 1. The
detection threshold for this band ranges from 283-467°C (low gain) and 250-410°C (high gain).

If nighttime data are not available (usually due to cloud cover) close to the eruption time,
daytime TIR and SWIR scenes are used. These scenes are initially processed using the same
method as the nighttime data, but require removal of solar radiance. The average temperature
difference between consecutive day-night pairs close to the acquisition date is found and removed
from the daytime data. This method is used for pixels within the dome-collapse scar, which are the
focus of this study.

Dome collapse and deposit distribution analysis

Eight BAF deposits from 2001 — 2013 are analyzed using the combination of the ASTER
VNIR and TIR data. Using ASTER VNIR data, the runout lengths (straight-line horizontal length
measured in satellite data) of the BAF deposits were manually measured in ESRI ArcMap. The
material that is the source for the BAFs comes from different areas within the ~1550 x 3500 m
dome, However, a unique starting point for each collapse is not generally known. Consequently,
by using both the top and base of the collapse scar in the dome that resulted from each event, the
resulting range in run-out distances represents the maxima and minima for each flow (Table 5).
Throughout the text the maximum runout distance is given as the length measured from the top of

the collapse scar to the distal end of the deposit. The locations of features along the deposits are
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given in kilometers from the uppermost point, or headwall scarp, of the collapse scarp, and are

therefore maximum lengths.

Table 5. Summary of dome and block and ash flow deposit parameters for the eight collapse events.

Collapse Dome

Eruption Collapse scar max. Rock BA.F runout  BAF runout . BAF deposit
scar area R distance from dome H/L Ratio )
Date (km?) width x Rem0\3/ed (km) base (km) area (km?)
length (m) (km?)
19-May-01 0.33 640 x 750 12.9-13.7 10.9 0.18 3.5
10-May-04 1.53 800 x 3500 0.004* 5.7-8.8 5.6 0.24-0.3 11.4
28-Feb-05 0.86 550 x 2400 0.11t 15.6-17.8 154 0.11-0.13 24.1
18/19-Dec-07 1.4 840 x 2650 10-12.7 9.8 0.20-0.21 5.1
25/26-Jun-09 0.46 580 x 1260 5.2-6.4 3.8 0.39-0.42 2.9
27-Oct-10 1.71 1100 x 2540 0.28** 16.4-19 15.7 0.12-0.16 22.3
26-Jul-13 0.24 330 x 1060 10.6-11.6 8.2 0.22-0.23 3.5
3 Dec 2013 0.4 550 x 1100 12.6-13.6 9.7 0.19-0.20 9.2
Max. Max. Dome pixels Preceding
Eruption deposit dome above TIR Flow Channelized Evidence
Date width temp. saturation direction Lobes deposit thermal for surge?
(m) °C) °C) Anomaly
19-May-01 485 445 10 SW N/A Y N/A Y
10-May-04 2500 406 42 S 4 Minor N/A N
28-Feb-05 2490 312.86 8 SW, W 6 Minor Y Y
18/19-Dec-07 1370 273.5 10 Sw 2 Y Y N
25/26-Jun-09 1560 N/A 10 S 4 N Y N
27-Oct-10 4100 N/A N/A S, SE N/A Y Y Y
26-Jul-13 1100 N/A 2 Sw 3 Y Y N
3 Dec 2013 1550 N/A 3 Sw 5 Y Y N

*N. A. Zharinov and Yu. V. Demyanchuk 2007
1 Shevchenko and Svirid, 2014
** Dvigalo et al., 2011; Shevchenko et al., 2015

The runout length is also calculated from the dome base where the flows exit the erosional

channels (Figure 2b) for a comparative length from a consistent location, and is given in Table 5.

The maximum temperature of the deposits and the area of the precursory thermal anomalies are
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calculated using TIR, and SWIR data where available. The precursory thermal anomalies are
interpreted by overlaying the contoured brightness temperature data on the VNIR images. Dome-
collapse dimensions (e.g., planimetric area and length) are calculated using a combination of

ASTER TIR and VNIR data.

23 RESULTS

Careful examination of the ASTER VNIR and TIR data, combined with field validation,
reveal details of the emplacement process for the eight collapse events that was not previously
known. Below the current dome and talus apron are three large (1.5 km-wide) slide blocks which
formed during the 1964 collapse (Belousov et al., 1999; Figure 2). These blocks direct the flows

to the east or west depending on the initiation location on the dome.

2.3.1 19 May 2001

This eruption produced a BAF originating from the northwestern side of the dome, forming
a0.33 km? collapse scar (Figure 5a-b) equant in shape with irregular edges. A maximum measured
temperature within this scar of 445°C registered in a single 30 m? SWIR pixel in data acquired the
same day as the eruption. This is the minimum temperature for this pixel, as it represents a mixed-
temperature surface that could contain both hotter, and cooler areas. This is the hottest collapse
scar temperature measured for all of the eight dome-collapse events, but temperatures likely

exceeded this at the top of the collapse scar where a steam plume obscured the dome rock in the
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SWIR image. The outer temperatures of the dome prior to collapse can fall below -10°C, giving a
pixel-integrated brightness temperature range of at least 455°C for the BAF source rock.

The BAF deposit (Figure 6a) is long and narrow (<485 m), following the western edge of
the 1964 debris avalanche deposit, with a total maximum length of 13.7 km (Table 5). The flow
fanned out on the talus slope until it reached the upper slide block, where it was directed through
drainage bounding the slide block’s western margin. At 5.0 km from the scar the deposit bifurcates,
with a smaller lobe extending south for another 1.9 km and then southeast around Baidarny Ridge
(Figure 2). At the tip of Baidarny Ridge a second smaller lobe extends southwest for an additional
1.3 km. The main flow entered the Baidarnaya River channel 5.4 km from the scar where it traveled
a further 8.2 km. The total deposit planimetric area is 8.8 km?. Lahar deposits extend beyond this

point, resulting from emplacement of the BAF onto snow.
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Figure 5. ASTER data of the eight collapse scars resulting from the dome-collapse events in the right column
(VNIR image with the TIR-derived temperature contours of the dome-collapse scars overlain in the right
column). The BAF event (month and year) are labeled in the left column. Acquisition dates and other
information given in Table 6. Temperature contours are in 10-degree C increments as shown in (b) and all

images are oriented with north to the top, as shown in (a).

Table 6. ASTER TIR and VNIR scenes used for dome collapse scar analyses.

Figure Eruption date TIR date Days a.f ter VNIR date Days a.fter
eruption eruption

3a-b 19-May-01 19-May-01 0 14-Feb-02 271
3c-d 10-May-04 11-May-04 1 4-Jun-04 26
3e-f 27/28-Feb-05 12-Mar-05  * 4 12-Mar-05 13
3g-h 18/19-Dec-07 23-Dec-07 6 22-Dec-07 5
3i-j 25/26-Jun-09 30-Jul-09 36 29-Jul-09 35
3kl 27-Oct-10 7-Dec-10 * 42 7-Dec-10 42

3m-n 26-Jul-13 23-Aug-13  * 28 23-Aug-13 28
30-p 3-Dec-13 16-Feb-14 133 30-Jan-14 59

* ASTER TIR day time image

21



22



Figure 6. ASTER VNIR data of the eight block and ash flow deposits investigated in this study (all images are
orientated north): a) 19 May 2001; b) 10 May 2004; c) 27-28 February 2005; d) 18-19 December 2007; e) 25-26

June 2009; f) 27 October 2010; g) 26 July 2013; h) 3 December 2013.

2.3.2 10 May 2004

Following the eruption, a portion of the southern flank of the Shiveluch dome-collapsed to
produce a scar with an aerial extent of 1.53 km? (Figure 5c-d). In an ASTER TIR scene acquired
one day later, 42 pixels (3.78 km?) within the collapse scar are above the ASTER TIR saturation
temperature and the maximum detected SWIR temperature is 406°C. The eruption deposited hot
material on the east and west slopes of the dome and talus slope. The majority of the material
traveled to the east of the slide blocks and then continued south to produce a fan deposit with a
maximum width of ~2.5 km and a total area of 11.4 km? (Figure 6b). The main body of the deposit
terminates with four lobes, each up to 1 km in length. At 3 km from the dome base, a narrow
section of deposit continues for 3 km southeast from the main deposit body. The maximum runout
length is 8.8 km. To the west, a section of the flow traveled up and over the 1964 collapse crater

rim and down a valley, emplacing another 3-km-long deposit over an area of 1.42 km?.

2.3.3 27-28 February 2005

The SWIR data acquired on 23 February show three areas with elevated temperatures on
the western side of the dome. The retrospective analysis of these data show that these areas largely
coincide with the area of subsequent collapse. Data acquired five days after the eruption show an
elongate scar that was cut out of the southeast portion of the dome by the collapse event. This scar

has an area of 0.86 km? and maximum dimensions of 0.55 x 2.4 km (Figure 5e-f). The uppermost
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area of the collapse scar overlaps the thermal anomalies detected earlier. The scar has a central
elongate trough up to 170-m-wide and 2.1 km long, with lateral terraces ~160 m wide and ~1.2-
km-long along the eastern side. A smaller western terrace up to 65-m-wide by ~0.6-km-long is
also present. Within the trough is a 1.6-km-long, <160 m-wide zone. TIR data acquired on 12
March show eight pixels (an area of 720 m?) within the scar that remained above the saturation
temperature of 97°C; whereas, the ASTER SWIR data acquired 29 March have pixels within the
scar area that have a maximum temperature of 312°C.

The 27-28 February 2005 BAF traveled through the western drainage system and continued
to the south and southwest for a distance reaching 17.8 km from the dome scar (Figure 6¢). A
smaller flow overtopped the eastern side of the western drainage system and deposited a lobe that
extends further south for 2 km. The entire BAF covers an area of 24.1 km2. It traveled to the
southwest alongside the Baidarnaya River then fanned out and emplaced the material of the upper
fan with a maximum width of ~2.5 km. At a distance of 10.3 km from the scar, the deposit is
largely confined to the ~190 m wide Baidarnaya River channel for ~2 km towards the west, before
fanning out to emplace the lower fan deposit (which has a maximum width of 2.04 km). At 10.8
km from the scar, a portion of the BAF overtopped the channel and continued towards the
southwest for another 4.2 to 5 km. This smaller deposit section has a maximum width of 900 m,
and an area of 1.9 km2. The lower fan deposit terminates with five lobes up to 2 km long. The main
2005 deposit fan is surrounded by a rim of dead trees up to 300 m-wide that were killed by a fine-

grained pyroclastic surge that continued past the BAF deposition area.
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2.3.4 18-19 December 2007

The 18-19 December 2007 collapse occurred on the western side of the dome and talus
slope (Figure 5g-h). Prior to the collapse, a thermal anomaly was visible near the summit of the
dome in the area that would become the upper area of the collapse scar. The VNIR and TIR data
show a collapse scar with an area of 1.4 km?2. The maximum temperatures on the failed dome
surface exceed the saturation temperature for the TIR over ten pixels (900 m?). The maximum
SWIR-derived temperature is 273.5°C within the collapse scar.

The BAF was directed to the east of the 1964 slide blocks where it fanned out to form a
deposit 4.5 km in length with a maximum width of 1.37 km (Figure 6d). At the end of the Baidarny
Ridge, 6.5 km from the scar, the BAF turned towards the west and then to the south, and continued
along the edge of the 1964 debris avalanche fan. The flow was briefly confined within the channel
for 7 km, and ultimately formed a 5.1 km? deposit, with a maximum runout distance of 12.7 km.
The VNIR data show that prior to the collapse and BAF emplacement, the top of the scar had

largely been filled by a 670 x 900 m dome and associated talus.

2.3.5 25-26 June 2009

The BAF deposit emplaced during the 25-26 June 2009 eruption is the smallest included
in this study. In my retrospective examination of TIR data, which was acquired on 27 May 2009,
| detected an elongate thermal anomaly that measures ~0.45 x 1.33 km on the upper southern dome
slope. The dome-collapse occurred in the southeast portion of the dome area of collapse coincided

almost exactly with the location of the pre-existing thermal anomaly, producing a scar with an area
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of 0.46 km? (Figure i-j). Four days after the eruption, ten pixels (900 m?) exceed the ASTER TIR
saturation temperature of 97°C.

Deposition began after the BAF exited the eastern drainage system and emplaced material
to the south over an area of 2.9 km? (Figure 6€). The runout length is a maximum of 6.4 km from
the dome scar and it has a maximum width of 1.56 km. The deposit terminates in four lobes. The
eastern-most lobe flowed up and over a topographic high at a bend in the drainage, located 4.4 km

from the scar, while the other three lobes extend from the deposit fan.

2.3.6 27 October 2010

In my retrospective analysis of TIR data acquired on 11 October 2010, 16 days before the
27 October eruption, | identified a 640 x 645 m thermal anomaly near the summit of the dome.
The eruption produced a 1.1 x 2.54 km scar along the eastern side of the dome and talus slope,
with an area of 1.71 km? (Figure 5k-1). The thermal anomaly | identified was located near the
center of this scar area. The maximum depth of the scar was ~180 m, calculated from a
photogrammetry-derived DEM in Shevchenko et al. (2015).

The 27 October 2010 eruption produced a BAF deposit that covered a total area of 22.3
km? (Figure 6f). The deposit includes: an area of relatively thin and patchy deposition in the
proximal area down to ~10.6 km from the scar; the main deposit fan that extends from ~10.6 to
~16.2 km from the scar; a channelized deposit that followed the Kabeku river for an additional 5.4
km to the east; and two lobes that were emplaced over the eastern side of the 1964 collapse crater
to distances of 4 and 7.5 km. The total length of the deposit including the channelized section
reaches a maximum of 19.0 km from the collapse scar. The main deposit body covers an area of
16.2 km?, with 11.6 km? emplaced on top of the 1964 debris avalanche deposit. The deposit has a
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maximum width of 4.1 km. The distal edge of the main deposit fan is defined by the continuation
of the flow for an additional 0.4 to 1 km into linear furrows or depressions in the underlying 1964
debris avalanche deposit. There is evidence of a dilute surge cloud component from the October
2010 BAF in the Kabeku River channel, as shown by the trees killed on the hillsides surrounding

the channel.

2.3.7 26 July 2013

The 26 July 2013 dome-collapse event occurred on the northwest flank of the dome,
producing the smallest collapse scar observed in this study with an area of only 0.24 km? (Figure
5m-n). In imagery prior to the eruption, steam can be seen to emanate from the collapse area and
elevated temperatures surround the future collapse area, although other areas of the dome are also
elevated in temperature. In the collapse scar, two pixels (180 m?) exceed the TIR saturation
threshold in data that was acquired on 23 August 2013, with the hottest area located just to the
south of the future scar center.

The BAF that resulted from this collapse traveled down the western side of the dome and
through the western drainage system, and emplaced material to the southwest of the dome
alongside the Baidarny Ridge and then down the Baidarnarya River channel (Figure 6g). The
portion of the flow that emplaced the main deposit body fanned out below the dome and terminated
in three distal lobes. The distal portion of the BAF continued as a channelized flow along the
Baidarnaya River channel and in places shows evidence of superelevation (flowing up and over a
topographic high) and overtopping the confining channel walls. It is uncertain whether this deposit
was entirely emplaced during the 26 July eruption, or if it also includes material produced by
subsequent activity in August (KVERT online report, 31-2013), because cloud cover prevented
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imaging during the weeks following the eruption. The main deposit body has a total length of 3 to
4.3 km, and a maximum width of 1.1 km. The channelized portion of the BAF entered the
Baidarnaya River channel 6.3 km from the scar and continued for an additional 4.65 km
downstream. The flow then overtopped both channel walls at 7.9 km from the dome after a bend
in the channel, and again at 9.9 km where the channel shallows. The maximum total length of the

deposit 11.6 km from the scar, and it covers an area of 3.5 km?.

2.3.8 03 December 2013

The 3 December 2013 BAF is the result of a dome-collapse event originating from the
northeast section of the dome (Figure 50-p) in the same location as the 19 May 2001 and 26 July
2013 events. TIR data acquired on 16 February 2014 show that there was an elevated thermal
signature on the dome within a pre-existing collapse scar approximately 0.4 km? in size, with
maximum dimensions of ~1.1 x ~0.55 km. Three pixels (270 m?) exceed the saturation threshold
of 97°C.

The BAF emplaced mainly to the western side of the 1964 slide blocks, with a small portion
of the flow traveling to the eastern side of the dome, which produced a 3.4-km-long TIR signature
in the post-collapse image. A narrow thermal signature on the western edge of the talus slope
extends 3 km in the image before widening below the dome and depositing the bulk of the material
over another 5.3 km to 8.6 km from the scar, after which a narrow portion of the flow continued
down the Baidarnaya River channel to the maximum runout distance of 13.6 km (Figure 6h). A
portion of the flow emplaced an additional long and narrow deposit for 2.3 km from the southeast
edge of the main deposit body, to 11.6 km from the scar. The deposit has a maximum width of 1.5

km.
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Webcam images (taken from the Kamchatkan Volcanological Station in Klyuchi village,
45 km to the SSW of the dome and 30 km from the deposit fan) at one-minute intervals show five
smaller avalanches in the two hours preceding the emplacement of the largest deposit. Over the
three hours of the eruption event during daylight hours (13:13 to 16:07, local time) there were at
least six pulses of collapse, with only three of those at 13:21, 13:42, and 14:14 appearing to
transport material to the distal extent of the deposit. The initial flows did not extend beyond the
end of Baidarny Ridge (6.6 km from the scar). Figure 3 shows one of the BAF pulses moving

alongside Baidarny Ridge. Smaller avalanches or flows continued into the night.

24  DISCUSSION

Extended periods of dome activity have occurred at Soufriére Hills volcano on Montserrat
from 1995 to 2010 (e.g. Wadge et al., 2014), Unzen volcano in Japan in 1990 to 1995 (e.g.
Tadahide et al., 1999, Miyabuchi, 1999), and Sinabung volcano, Indonesia (December 2013 to
present; Gunawan, et al., 2017; Pallister et al., 2017). Similar activity is ongoing at Shiveluch
volcano and the dome-collapse events and their resulting BAF deposits are detailed to evaluate
relationships between dome growth and dome-collapse distribution. The analysis of these data
clarify the impact of large BAFs over the duration of an eruption and document the variability of
dome-collapse and related BAFs sizes over the course of a long-lived dome-forming eruption.
Identification of systematic patterns in the distribution and size of BAF emplacement over
durations of eruptions could reduce uncertainty in evaluating risk at other dome-building

volcanoes around the world (Ogburn et al., 2015). In order for such patterns to be useful in hazard
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evaluations they must be statistically robust, requiring many such studies of dome forming
eruptions.

Dome-collapse BAF deposits on Shiveluch

The recent deposits on Shiveluch are predominantly of the BAF type. The 2005 and 2010
deposits were confirmed to be BAF deposits during a field campaign in 2015 (Chapter two),
however, due to the poor accessibility on the remote and dangerous volcano and time since
emplacement, other deposits were not examined in the field. A study carried out by Shevchenko
and Svirid (2014) concluded that events in May 2004, December 2007, and October 2010 were
gravitational in nature based on morphological investigation of the dome scars. They identified
collapse scarps, strongly tapering-downward scars, lack of an explosion craters, and an absence of
ballistic trajectories. Based on these observations, | assume that all BAF deposits studied here are
largely due to dome-collapse rather than column collapse. The last confirmed pyroclastic flow
generated by column collapse was in 1964 during the eruption that produced a Plinian column,
with no dome present (Belousov, 1995). Shevchenko and Svirid (2014) explored the
morphological evidence on the dome for a collapse origin of May 2004, December 2007, and
October 2010, and concluded that these were due to gravitational processes rather than explosive
eruptions, even though some events were accompanied by explosive activity. Here, remote
sensing data confirm this analysis. Evidence of ash plumes and deposition associated with the
collapse events are seen in several satellite images. Lightning strikes associated with these ash
plumes are also recorded by the World Wide Lightning Location Network (WWLN) during the
February 2005, June 2009, and October 2010 events (over 11 minutes, 17 hours, and 1.5 hours,

respectively). The pumiceous component of the May 2001 and July 2013 deposits suggest that
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partial collapse of dome material in some cases exposed deep or fresh parts of the dome which
may have undergone vesiculation due to gravitational unloading.

Pre-eruption thermal anomalies

Examination of precursory thermal anomalies over the eight eruptions allows assessment
of their value in improving forecasts of the size of collapse. Prior to six of the eight events thermal
anomalies in the TIR pixel-integrated brightness temperature data occurred within, or partially
overlap, the area of future dome-collapse (Figure 7). The thermal anomalies occur within the area
of the future collapse but are smaller in size, except for the thermal anomaly preceding the June
2009 event that almost exactly marks the size and area of the future collapse. Increased thermal
output on a lava dome can be the result of the heat radiating outward from cracks that form as lava
moves towards the surface, lava extrusion onto the surface, active faults that reach surface,
increased fumarole temperatures, and the exposure of inner, hotter material by collapse or
explosions (e.g., Kaneko et al., 2002; Schneider et al., 2008; van Manen et al., 2010; Bernstein et
al., 2013; Wessels et al., 2013). Gravitational sliding processes that result in fault movement and
headwall fractures have previously been described at Shiveluch (Shevchenko and Svirid, 2014).
The formation of headwall scarps may account for the thermal anomalies preceding the collapse

events, especially the events where the anomaly occurs at the top of the subsequent collapse.
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Figure 7. ASTER TIR scenes preceding six of the eruptions included in this study with the dome-collapse scar
boundaries that followed them overlain in color. The maximum temperature or the number of pixels that
exceed the ASTER TIR saturation temperature of 97°C. The 9 July 2013 scene has the weakest thermal

anomaly, and a steam/gas plume covers the top of the area.
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Here, | discuss the limitations of using these data for thermal precursory analysis. These
pre-eruption thermal data are based on a single data point (one ASTER TIR scene) for each
eruption since data are limited to only a few data acquisition times during the days to weeks
preceding and following collapses. Cloud cover and gas and steam plumes over the dome area
further reduces this data availability. A greater density of data and a closer linkage to other
monitoring data is recommended for a better understanding of thermal precursory signatures.
Because the depth of instability, and therefore, collapse, cannot be determined in advance of an
eruption, it would be difficult to forecast deposit size based on the surficial manifestations of dome
activity, such as areas of elevated thermal activity. An additional problem with long-lived dome-
forming eruptions is the occurrence of thermal anomalies on the dome surface that do not lead to
collapse events. The KVERT online reports commonly note persistent thermal anomalies over the
area of the lava dome at Shiveluch. Between the dates 19 May 2001 to 6 December 2013 there
were 287 ASTER TIR scenes showing elevated temperatures on the dome. This includes scenes
only partly covering the dome, and scenes containing thin cloud or gas/steam through which the
thermal anomaly is visible. Satellite observations are thus limited by the repeat time and scenes
free of atmospheric cloud and gas/steam plumes obscuring the dome area. For a complete
evaluation of the value of thermal imaging for identifying areas susceptible to collapse, a higher
density of data is needed, either satellite- or ground-based, leading up to an eruption. In retrospect,
this could allow the identification of the duration and any increase in thermal output in the pre-
collapse area to be quantified. To improve the understanding and applicability of the link between
thermal anomalies to active lava extrusion, the integration of additional monitoring datasets, such

as seismicity, gas flux measurements, and deformation data, is recommended. Therefore,
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quantifying the relative roles of active dome-growth processes, as opposed to other external
factors, is important to forecasting.

BAF deposit distributions

BAF maximum runout distances vary from 6.4 to 19.0 km, producing deposits that range
in area from 3.5 to 24.1 km?. Additional surge deposits occur in the May 2001, February 2005,
and October 2010 deposits at Shiveluch, extending up to 300 m beyond the main deposit
boundaries. The larger values are impressive in comparison to collapse events and deposits at other
volcanoes around the world (Table 7). The 2005 and 2010 BAF deposits are the two largest in both
runout distance and deposit area. Prior to 2015, the largest published historical dome-collapse
volume was the 12-13 July 2003 failure at Soufriére Hills volcano, with a volume of 0.21 km?3
(Herd et al.,2005). The October 2010 collapse exceeds this with a volume of 0.28 km? prior to
bulking (increasing in size) by entraining accidental material during flow transportation, calculated

by Dvigalo et al., 2011 (Shevchenko et al., 2015).
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Table 7. Block and ash flow maximum runout distance and maximum deposit area for Shiveluch and other

dome-producing volcanoes around the world.

Max.
BAF 'I\)nea:;sit
Volcano Eruption Date runout Area Reference
distance (km?)
(km)
Shiveluch 19-May-2001 13.7 3.5
10-May-2004 8.8 11.4
28-Feb-2005 17.8 24.1
18/19-Dec-07 12.7 5.1
25/26-Jun-09 6.4 2.9
27-0Oct-2010 19 22.3
26-Jul-2013 11.6 3.5
3-Dec-2013 1 9.2
Merapi 18/19-Dec-30 13.2 8.5 Bourdier and Abdurachman, 2001; Ogburn, 2012.
7/8-)Jan-69 13 7.8 Bourdier and Abdurachman, 2001; Ogburn, 2012.
14-Jun-2006 7.8 1.136 Thouret et al., 2010; Thouret et al., 2015
5-Nov-2010 15.5 6.53 Surono et al., 2012, Charbonnier et al., 2013b; Solikhin et al.,
2015
Unzen 1990-1995 5.5 Miyabuchi, 1999
Tarawera 1305 AD 9.4 Nairn et al., 2001; Hanenkamp, 2011
Chaiten 19-Feb-2009 6 Major et al., 2013
Soufriere
Hills 1995-2010 / 10 Cole et al., 2002; Sparks et al., 2002
Sinabung**  2010-2015 4.9 Yulianto et al., 2016
Augustine**  Jan-Mar 2006 5 4.42%* Vallance et al., 2000
Colima 19-Jan-1913 15 0.07 Saucedo et al., 2005

* Area includes all deposit components (block and ash flow plus surge).
Data for other volcanoes sourced from Ogburn (2012) and Hartnet et al., (2017).
** Flows entered the sea, therefore, runout distances are minimum values.
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Although the results of this study show a relationship between deposit size/runout distance
and the dome-collapse scar areas from 2001-2009, a much stronger relationship emerges after 2009
(Figure 8). The lack of a simple relationship between size of the collapse scars and the size of the
resulting BAFs in our data suggest that additional controlling factors are involved, such as the
depth of instability (in addition to the area affected) of the dome rock that controls the BAF deposit
size, and runout distance is affected by the transportation path geometry (channelized or open area)
that the flow takes. This is reflected in the H/L values from 0.13 to 0.27, a parameter that has been
used to compare the mobility of granular flows (e.g., Hayashi and Self, 1992). The May 2004 and
December 2007 collapses produced relatively large collapse scars on the dome, which could be
due to a shallow collapse depth over a broad area. The February 2005 collapse produced a deep
collapse scar on the dome, resulting in a relatively small scar area. The depths of dome-collapse
scars on Shiveluch should be quantified and compared to deposit size for further analysis.
Channelization enhanced the runout distance of the May 2001, December 2007, October 2010,
July 2013, and December 2013 flows where the flows continued for over 5 km beyond the main
fan deposit, with the length of the channelized deposit accounting for up to 60% of the total deposit
length. These deposits that have significant channelized sections have a poor relationship between
collapse area and runout distances. Channelization of a BAF that occurred on 5 November 2010
at Merapi volcano also enhanced the runout distance, from 8.4 km (non-confined) to 15.5 km down

the Gendol River channel (Komorowski et al., 2013).
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Shiveluch block and ash flows
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Figure 8. The block-and-ash flow (BAF) area (km?), runout distance (km), and planimetric dome collapse areas

(scar area, km?) of the eight collapse events.

Dome height and large collapse events

The largest collapse events, in 2005 and 2010, correspond with a maximum relative dome
height (Figure 4). The dome height 10 days before the 27 February 2005 eruption was 517 m, and
the dome height prior to the 27 October 2010 eruption was 563 m (Zharinov and Demyanchuk,
2013). These maximum heights remained stable for over a year before the large collapse events.
Based on a photograph of the dome taken on 21 October 2016, the current dome height is ~610 m,
the largest to date (Figure 9). The increase in height has occurred in the area of the 27 October
2010 eruption collapse scar, which has been filled with new dome material. The continued analysis
of dome height and eruption data over time will show whether this is a continuing trend for the

Shiveluch dome-growth and collapse cycle.
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Figure 9. Photo of the Shiveluch dome taken from the southwest on 21 October 2016 (solid black line denotes
the dome surface in this view). The dashed black line depicts the dome surface four days prior (17 October
2010). Following the eruption on 27 October 2010, the dome surface changed dramatically, shown by the white

line (after Zharinov and Demyanchuk, 2013). Photo courtesy of Yuri Demyanchuk.

2.5 CONCLUSIONS

Shiveluch has produced eight large BAFs between 2001-2013, including the largest dome-
collapse volume and the two largest BAF deposit sizes (in terms of runout and deposit area) in
recorded history. Using ASTER data, this study 1) investigated the relationships between the

dome-collapse events and the deposits that they produced, 2) described the distribution and long
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runout of these large BAF deposits, and 3) investigated the relationships between areas of elevated
thermal output leading to the collapse events, and the ensuing collapse scars. Here, | described
BAF deposits with areas that range from 3 km? to 24 km?, and have maximum runout distances of
6.4 to 19 km. There is direct evidence of a detached surge component for the May 2001, February
2005, and October 2010 BAFs, shown by the destruction of vegetation and the emplacement of
fine-grained material surrounding the deposits. Precursory elevated thermal anomalies occur in six
out of eight events with some correlation between size and collapse area, especially with the 2009
failure. However, thermal precursors cannot currently be used to predict dome-collapse events as

thermal anomalies occur on the dome regularly that are not followed by dome failure.
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3.0 THE 2005 AND 2010 BLOCK-AND-ASH FLOW DEPOSITS ON SHIVELUCH

VOLCANO, KAMCHATKA

3.1 INTRODUCTION

Shiveluch, the northernmost and one of the most active volcanoes in Kamchatka, Russia,
has produced some of the largest dome collapse-derived block-and-ash (BAF) deposits in
historical times. The current eruptive episode began in 2001 and has included the gravitational
failure of dome rock, which results in a wide range in deposit types, from small rockfalls that do
not extend beyond the dome, to major dome failure events with collapse volumes reaching 0.28
km? (Dvigalo et al., 2011; Shevchenko and Svirid, 2014). Eight large block-and-and-ash flows
occurred on 19 May 2001, 10 May 2004, 27-28 February 2005, 18-19 December 2007, 25-26 June
2009, 28 October 2010, 26 July 2013, and 3 December 2013, and are described in Chapter one.
The two largest deposits were emplaced during the February 2005 and October 2010 events
(Figure 10) investigated by remote sensing methods using orbital Advanced Spaceborne Thermal
Emission and Reflection Radiometer (ASTER) Visible-Near Infrared (VNIR), and high-resolution
WorldView-02 and QuickBird-02 sensor datasets. Here, we present a detailed analysis of the
surface morphology and stratigraphy of the deposits, and utilize the resulting data to understand
the processes responsible for the distribution of these extreme large end-members of dome-
collapse related pyroclastic density currents. In addition to this, the LAHARZ model is used to

assess the applicability of the inundation simulation model to these large BAF flows. The results
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are compared to the distributions of the 2005 and 2010 deposits to check the simulated results to

the physical deposits that were produced.

A
N

Figure 10. The Shiveluch 2005 and 2010 block and ash flow deposits originating from partial dome collapse.
Left image is a WorldView-02 scene (panchromatic band) acquired on 29 September 2010. Right image is a

QuickBird-02 scene (panchromatic band) acquired on 27 August 2013.

Experiments and numerical simulations of granular flows are increasingly used in
combination with geological information to understand the runout extent and distribution of
hazards associated with volcanic eruptions (e.g. Charbonnier and Gertisser, 2009; Oramas-Dorta
etal., 2012). Data for large end-member BAFs that include inundation areas and runout distances
are limited, yet they are valuable for hazard assessment (Widiwijayanti et al., 2009). Prior to the
2011 published 0.28 km?® volume for the Shiveluch 2010 dome collapse (Dvigalo et al., 2011), the

largest published BAF known was from Soufriere Hills volcano, Montserrat. However, the distal
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part of this flow was emplaced offshore (Cole et al., 1998; Calder et al., 2002; Cole et al., 2002),
consequently, the full extent is unknown. This 2003 Soufriere Hills flow was produced a dome
collapse and has an on-land volume of 0.21 km?. It was emplaced over an 18-hour eruption (Herd
et al., 2005). In contrast, the October 2010 Shiveluch collapse event has a volume of 0.28 km?®
(Dvigalo et al., 2011; Shevchenko et al., 2015). The Shiveluch 2005 collapse volume (0.11 km?)
was less than half of the 2010 event (Shevchenko and Svirid, 2014). These are minimum deposit
volumes as they do not take into account bulking (increases in volume) due to entrainment of
accidental material from pre-existing deposits. We note that bulking is observed in entrainment of
lower density andesite clasts in deposits of the 1964 eruption and erosional channels closer to the
dome, and consequently, we cannot rule out some degree of bulking in the 2010 and 2005 flows.

BAFs are a result of the partial collapse of a lava dome and can be triggered by volcanic
and non-volcanic processes such as eruptions, earthquakes, or rainfall, which can make them
difficult to forecast (Carn et al., 2004). However, with the advent of near-real-time satellite and
ground based observations of features that reflect dome stability, it is now possible to issue
probabilistic forecasts of dome-collapse and related pyroclastic flows (Wright et al., 2017).

The hornblende-plagioclase andesite Shiveluch lava dome (Gorbach et al., 2016) has
temperatures that range over of hundreds of degrees, from a cooler outer carapace to the hotter
interior Chapter one). The inner and hotter dome material likely degassed to a lesser extent,
resulting in pore-pressure-induced autobrecciation, in addition to the mechanical breakage from
clast interactions during transportation. The role of explosive and mechanical-based fragmentation
has been discussed in work by Dellino and La Volpe (1995), Bursik et al. (2005), and Mackaman-
Lofland et al. (2014). These workers document a range of transitional facies between debris

avalanches and vesicular pyroclastic flows with BAFs somewhere in between. Perhaps, the mix of
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gravitational failure with hot, explosive fragmentation leads to BAF deposits that share some
similarities with both debris avalanches and column-collapse pyroclastic flows? In this chapter, I
discuss the morphology of flow surfaces, deposit stratigraphy, fan and channelized characteristics,

and the distribution of large dome blocks carried by the flows.

3.2 METHODOLOGY

The 2005 and 2010 BAF deposits were examined in detail using panchromatic high
resolution data (Table 8). The deposit surfaces were characterized based on surface morphology,
roughness, and block content using the Esri ArcMap program. Areas of interest were identified
and investigated further in the field, along with stratigraphic profiles where available. Aerial
images were collected using a drone by A. Belousov and M. Belousova in the summer of 2016.

Componentry samples were also collected and analyzed by A. Belousov and M. Belousova.

Table 8. Parameters for the high resolution data sets used in this chapter.

: I Spatial Resoluti
Satellite Acquisition Spectral Range patial Resolution

sensor Date (nm) /swath W.Idth (at Deposit imaged
nadir)
WorldView-02  12-Mar-05 Panchromatic 0.46 m/16.4 km Shiveluch 2005 BAF
450-800
Panch i
QuickBird-02  27-Aug-13 P eneos  065m/168Kkm  Shiveluch 2010 BAF
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3.3 RESULTS

The 2005 and 2010 deposits share similarities in surface morphology due to the similar
eruption style, flow transportation processes, and depositional processes. | have assigned nine

facies groups across the two deposits that share similar physical characteristics (Figure 11).

6]
8
5]

Figure 11. The nine facies that represent surface characteristics across the 2005 and 2010 main deposit fans

and channelized deposits. The colors and numbers correlate to the descriptions on the next page.
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Low-relief with rare to
absent surface blocks

1
Low-relief with surface
blocks
2
Composite Lobes
3
Feathery terminations
4
Herringbone
-
Parallel linear scarps
6
Arcuate scarp
7
Curvilinear bench and
scarp facies
8
Surface erosion
9

Figure 2. continued.

Description

Contains rare large surface blocks and
low surface relief with no features
casting shadows onto the deposit
surface. Faint lobe terminations in places.

Surface blocks common. Low surface
relief with no features casting shadows
onto the deposit surface. Faint lobe
terminations visible in places.

Series of overlapping lobes with varying
sizes, extents, and shapes. Levees and
channels may be present. Lobes have
ridge and furrow morphology. Surface
blocks are variable.

Occurring at the distal end of the main
deposit fan. They are block-poor with
low-relief, and contain bands of low-
density entrained material around the
boundaries.

Sequence of repeating v-shaped features
or ridges, with the vertexes pointing
upstream.

Repeating, near-parallel curvilinear
scarps. Block contents are variable.

Singular or repeating scarps. Irregular
remobilized deposit surfaces within and
downstream of the scarp. Terminations
are often lobate or rounded.

Multiple arcuate scarps, often joined or
in subsequent steps. Areas below the
scarps are irregular, and sometimes
contain lobate features within the
remobilized material.

Fluvial erosion has occurred in sheets, or
has formed meandering and braided
channels. Surface block contents are
variable, higher within channels.
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3.3.1 Shiveluch 2005 BAF deposit

The 2005 BAF deposit is composed of fragmented dome material, and accidental lithic
clasts that are seen on the surface. The locations of the following figures are given in Figure 12.
The deposit comprises an ash and lapilli-supported matrix with sub-angular to sub-rounded blocks,
in some cases exceeding 6 m in length. This surge deposit is well-sorted (Figure 13), normally-
graded and is composed of lapilli to very fine ash with a maximum deposit thickness of 75 cm
(sample locations are shown in Figure 14). The surge deposit also contains accretionary lapilli,
charred and uncharred wood, dome-rock clasts up to 5 cm in diameter, and degassing pipes. The
surface of the BAF deposit contains numerous curvilinear bands that are composed of lower-
density andesite clasts from the underlying 1964 pyroclastic flow deposit, and wood fragments
with various degrees of charring. These bands both bifurcate from, and merge towards, each other

as well as remain nearly parallel to each other (Figure 15).
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Figure 12. The Shiveluch 2005 BAF main deposit fan area (panchromatic WorldView-02 scene acquired on 29
September 2010). The white boxes and letters indicate areas where the photographs in the following section
were taken. The black boxes and letters indicate the areas of the figures that are enlargements of this
WorldView-02 scene. a) Figure 15; b) Figure 16b; c) Figure 17; d) Figure 18; e) Figure 19; f) Figure 20; g)

Figure 21; h) Figure 22; i) Figure 23; j) Figure 24; K) Figure 25.
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Photo of sampled | Grain-size distributions with relative abundances | Sample descriptions

section (measured using the phi scale)
Surge 2/1 Surge 2/2 Surge 2/1 — normally graded
. medium-fine grained sand with
clasts up to 5 cm, thickness of
25 cm.
Surge 2/2 — A diffuse boundary
above a fine-grained sand with
degassing pipes and traces of
S 83:2 10 122345 5 <3 5 <1 0 1, 2:8:4 5 accretionary lapilli, thickness of
phi 20 cm.

Surge 3/1 — medium to fine
grained ash with few clasts in
the lower section - vague
degassing pipes. Rare clasts of
pumice on the surface.

Surge 3/1 Surge 3/2

” ?_j

-5-4321012345

Surge 3/2- more fine grained
ash with diffuse boundary,
thickness of 8 cm.

L

5-4-3-2-10123435
phi

At the boundary of the living
forest.

Surge 7 — well-sorted fine
grained ash with a thickness of
6.5cm.

Surge7 Surge 8

4

40
30

20
Surge 8 well-sorted fine grained

ash with a total thickness of 12

"54-3-2-1012345 °-54-3-21012345 cm.
phi
Surge 10/1 - well-sorted
Surge10/2 Surge10/1 medium-grained ash with

50 1 charred and uncharred wood,
40 - thickness of 15 cm.
30 -
Surge 10/2 — ash and lapilli
s with no laminations, thickness
of 40 cm.

54-3-2-1012 3435 -543-21012345
phi

.
5]
IE
o ©

Surgell - well-sorted fine-
grained ash with charred wood,
90 thickness of 15 cm.

Surgell Surgel2

60 surge 12- fine-grained ash,
thickness of 5 cm.

o
w
o

] 0
5-4-3-2-1012 3435 54-3-2-1012 3475
phi phi

Surge 14 - fine- grained ash,

S| 14
LIES thickness of 10 cm.

-5 -4 -3 -2-181 2234 5
|

Figure 13. Pyroclastic surge deposit sections with grain-size distributions with relative abundances (measured

in the phi size scale) and corresponding sample site. Locations shown in Figure 14.
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Surge10/1, 10/2
oy

Surgell —;

7

Surgel2

Figure 14. Locations of the surge samples that are described in Figure 13.
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Figure 15. a) surficial lineaments of lower-density andesite clasts on the surface of the 2005 deposit; b) the low-
density bands were deposited along flow fronts (field notebook for scale); c) multiple flow fronts lined with the

low-density clasts seen in drone footage (three people for scale in the black circle).
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The proximal deposit area extends S-SW from the dome for 9.5 km along the western
boundary of the 1964 debris avalanche deposit and the 1964 pumiceous pyroclastic flow deposit.
The proximal area comprises an upper fan section that covers ~9.2 km? and has a length of 5 km
and maximum width of ~2.3 km. South of the upper fan, the deposit is concentrated in the
Baidarnaya River channel for ~2 km, after which it extends westward into a main deposit fan,
including a smaller 1.9 km? section that was emplaced slightly to the south where the BAF traveled
over the channel wall.

The distal area comprises the bulk of the material in the main deposit fan where material
was emplaced beyond the 1964 debris avalanche fan. The emplacement destroyed 10 km? of forest,
and buried the preexisting Baidarnaya River channel. The main deposit fan terminates in five lobes
and has a surrounding fringe of singed trees that are clearly visible in satellite data and aerial
photographs (Figure 16). Friable clastic material stranded on top of blocks protrude over 3 m above

the surface and impact marks on standing trees indicate that the BAF was inflated to at least 3 m

thicker than the resulting deposit.

Figure 16. a) Aerial photograph (looking west) of the 2005 main deposit fan. Band of singed trees (mostly larch
and stone birch) up to several hundred meters wide bounds the toes of the 2005 block-and-ash flow deposit.
The trees were damaged by low-energy, hot, and fine-grained pyroclastic surge that accompanied the block-

and-ash flow. Helicopter views from the N (a) and SW (b).
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Areas of undisturbed deposit surface (Figure 17) are composed of the composite lobate
facies with long and narrow (to ~180 m wide and exceeding 2,000 m long) sinuous channelized
features with ridge and furrow morphology (levees are also sometimes present). Other areas are
comparatively smooth with relatively diffuse boundaries. The channels and lobes radially spread
out from a central channel in a dendritic-like pattern. The thickest deposit area is the northern
section of the main fan, which is composed of a series of overlapping lobes with varying size,
extent, and shape that become shorter towards the central apex, here termed composite lobate
features (Figure 18). The composite lobate features contain numerous flow fronts that are visible
throughout the deposit fan area. The easternmost/upstream end of the composite lobate feature

contains two visible channels with the uppermost channel slightly offset from the underlying

channel (Figure 18a).

Figure 17. Sinuous lobate deposit surface with erosional channels on the 2005 main deposit fan. WorldView-02

image acquired on 29 September 2010.
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Figure 18. Singular pulses of material are indicated by bands of low-density material that were deposited at the
flow front. a) Thin black lines annotate the bands, thick black lines are major flow boundaries, yellow lines
outline channels, and white arrows indicate areas of remobilization; b) the white bands are visible in the

QuickBird-02 scene acquired on 27 August 2010.
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3.3.1.1 Vegetation damage

Trees that were overcome by the flow were either buried, or removed and transported to
the distal edges of the deposit. Trees were generally deposited singularly or as tree dams where
snags accumulated in piles with blocks exceeding suspended >2-3 m above the current surface of
the flow (Figure 19). Logs and tree limbs are also observed in deposits that are piled against and
wrapped around standing trees. Many of the standing and felled trees are stripped of their limbs
while others still have branches attached. In addition, many of the trees have segments where
ranches were removed down to the bark collar, are frayed and sometimes charred, and surfaces
contain impact marks and varying degrees of bark damage or complete removal. Some impact
marks are charred. The degree of charring varies from completely charred (relatively rare) with
portions of the wood burned away, charred at the base of snag in contact with the deposit, and
charred smooth-topped stumps (possibly as a result of burning while upright in the hot deposit,
causing the tree to topple). The highest degree of charring is found along the distal edge of fine-
grained surge deposits (Figure 19a). There is a perimeter around the main body of the flow where

the trees are killed but left standing, indicating of the extent of the detached pyroclastic surge.
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Figure 19. a) knocked down and partly burned trees along the lateral edge of the 2005 deposit. Some of the
trees withstood the dynamic action of the block-and-ash flow, but fell down some time later when the bases of
their trunks were charred on the contact with the deposit.; b) tree dam at the distal edge of the 2005 main
deposit fan, man in circle for scale; c¢) trees broken and wrapped around a standing tree; d) Bark and branches
removed on the stoss side of the tree up to the height of 3.5 m above the surface of the 2005 deposit. The elevation

of the damaged tree trunk indicates the thickness of the gas-inflated BAF before its final deposition.

Examination of trees in the perimeter of the northernmost lobe of the main deposit fan
showed no evidence of burning and some scattered trees survived. The deposit surface contains
abundant 1964 vesicular andesite fragments and broken tree trunks and branches. This suggests
that the surge was short-lived and not in contact with the trees long enough to cause carbonization.

In 2015, it was noted that vegetation is beginning to re-grow in this area. Along the post-2005
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eroded Baidarnaya River channel 12 km from the dome, the surge traveled upstream along a
tributary channel and killed trees 640 m from the main deposit. Here, the trees are stripped of
foliage by the flow but most remain standing. From a cursory inspection in the field, they do not
appear to have any scorching or blackening of the outer surfaces. Nearby, the BAF left a 0.2 km?
patch of living trees on a topographic high, surrounded by felled trees (Figure 20). On the southern
slope of the topographic high the felled trees are largely pointing towards the southwest (directly
away from the volcano), whereas, the surface patterns formed by the lower density accidental
clasts indicate the direction the flow immediately prior to deposition to be towards the northwest.
Some of these trees are still attached to their root wads by strands of wood or appear to have been
bent over but not severed. These trees still have the papery bark largely attached and do not have

surface charring.
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Figure 20. Four zones of vegetation damage: 1) complete tree removal and/or complete burial by deposit; 2)
tree stumps remaining/felled trees in situ; 3) singe zone where dead trees remain standing reaching over 280 m

from the BAF deposit; 4) No tree damage.
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3.3.1.2 Deposit remobilization

The surface of the thickest area of the 2005 deposit contains a series of four arcuate scarps
over an area of 0.11 km? (Figure 18). The scarps are 3-4 m high and open to the west. Small parallel
ridges that are perpendicular to flow direction are visible on the surface within the arcuate scarps.
There ridges are visible in both the field and in the satellite data. These scarps are interpreted to be
headwall scarps, and the surface that contains ridges is remobilized material. The three uppermost
scarps are nested, indicating that they originated through a series of closely-spaced remobilization
events. The fourth arcuate scarp is near the flow terminus and opens to the northwest into an open

plain.

3.3.1.3 Degassing Structures

Thicker regions of the 2005 BAF deposit contain circular areas a few meters in diameter
and consist of a finer-grained, well sorted facies of the deposit with multi-colored precipitate rings
consisting of organic growths and mineral precipitants (white to orange to green from the center
to the edge, but, not all colors in every area). The surfaces surrounding these circular areas are
comprised of finer-grained, ash (typically a few cm thick, to as much as 4 cm in the one structure).
Some plants (<20 cm tall) have grown within a few meters of some of the degassing structures.
The degassing structures have a higher thermal output than the surrounding deposit surface (they
are still warm to the touch), and one that | visited was producing the smell of tar (Figure 21). The
hottest of these structures was 52°C on the surface and had a maximum temperature of 83°C at 16
cm depth. The temperature of the BAF deposit nearby (but outside of the structure) at the same
time was 13°C and was the same temperature from the surface down to 30 cm. These temperatures
were measured using an infrared thermometer in 2015. These circular areas are interpreted to be

the surface manifestations of degassing structures along the apex of deposit ridges.
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Figure 21. a-b) The surface manifestations of degassing structures along the thickest area of the 2005 deposit
(Figure 3), with surface discoloration and colored rings (field notebook for scale in white circle); c¢) a line of
degassing structures (indicated by arrows) along the 2005 composite lobate feature, taken by done near the

area of 14a and are similar size of those in the photographs.

3.3.1.4 Erosion and redeposition

Approximately 40% of the 2005 main deposit fan (a total area of ~10 km?) surface
underwent erosion over 4.5 years between February 2005 and September 2010, when | visited the
deposit. In 2010, reworked deposits were exposed in cross sections that cut through the 2005
deposit (Figure 22). The eroded areas are also visible in high-resolution panchromatic high
resolution WorldView-02 satellite data as lighter in color (flatter areas reflecting more light) and
covered with meandering and braided channels (Figure 23). Because erosion has preferentially
removed fine-grained materials, the channels have an increased abundance of blocks. The edges

of some channels are lined with lobate zones of low density vesicular andesite and wood that are
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much higher in concentration, thickness, and width than the linear bands of vesicular andesite from
primary depositional processes. This suggests that the andesite clasts floated at the top of the
floods/lahars and spilled out over their channel walls. In places, the 2005 deposit is capped by
laminated fine-grained reworked flood deposits and lahar deposits (distinguished by larger clasts
and relatively fines-poor character) that overlie a sharp boundary. These laminated deposits show
variations in grainsize but are mainly composed of ash and lapilli with intermittent beds or lenses
containing larger clasts and vegetation. On the northern side of the Baidarnaya River channel, the

reworked capping deposits are thicker (Figure 22), and in some areas of the southern wall they are

absent or only a few centimeters thick.

Figure 22. a) laminated water flow deposits with dispersed lenses of coarser clasts (above the white line) in the
northern eroded channel which is up to 40 m-wide at this location. The channel is 1~ km long and erodes into
the pre-2005 substrate, to a depth of over 18 m in places; b) erosion and deposition (above the white line) into
the 2005 deposit along the southern boundary. The dashed line is where erosion took place into preexisting
reworked deposits; c) the eroded surface exposing a higher number of blocks and with sheets of 1964 andesite;

d) an eroded channel in the 2005 deposit up to 45 m wide (people for scale).
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Figure 23. The eroded surface of the 2005 block and ash flow deposit with braided and dendritic patterns.

WorldView-02 image acquired on 29 September 2010.

3.3.1.5 Stratigraphic exposures

A stratigraphic section that was eroded into the southwestern section of the 2005 BAF
deposit exposes the toe of the 2005 deposit where it overlies a pyroclastic flow deposit that was
emplaced ~250 BP (Ponomareva et al., 2007) (Figure 24). This section is located 13 km from the

dome. There is a sharp boundary between the underlying pyroclastic flow and the 2005 BAF, with
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roots protruding out of a thin paleosol between them. The lowermost 2005 unit at this locality is
fines-poor and has a relatively thick distal flow front. Here, a sharp boundary the 2005 lower unit
from the upper unit, which is matrix supported and consists of two weakly-reverse-graded units.
The base of a tree and its roots are also exposed here, and the trunk is truncated at the contact

between the two 2005 deposit units, showing that the tree was sheared off the upper matrix-

supported unit.

% Slumped 2005 deposit
250 B.P. Pyroclastic flow
B Tree stump

Figure 24. The distal end of a lobe located along the southern edge of the 2005 deposit. The underlying unit is
fines-depleted and has a thicker termination, also visible on the other side of the erosional channel. The fines-

poor unit is overlain by a matrix-supported unit.
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The largest vertical exposure through the 2005 deposit is present along the northern margin
of the 2005 main deposit fan (Figure 25), where fluvial erosion has formed the new 25- to 50-m-
wide by >1km long Baidarnaya channel. Multiple stages of erosion have cut terraces into the
deposit in this area. On the southern wall of this channel, the river channel exposes a stratigraphic
section of the deposit that is more than 20 m thick, while the northern wall of this channel is almost
entirely composed of older pre-2005 deposit, including newly-dissected 7000-year-old maar
deposits (A. Belousova, pers. comm.). Exposures near the distal end of the channel reveal a rapid

thinning of the deposit towards its northern distal end.

Figure 25. The southern wall of a cross section cut by the Baidarnaya River with reversely-graded units

indicated by white arrows. Note that no fresh deposits are on the northern (right) side of the channel.
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3.3.2 Shiveluch 2010 BAF Deposit

The eruption description and distribution of the October 2010 dome collapse and resulting
BAF deposit are described in Chapter one. The following results discuss the 2010 BAF main
deposit fan and the channelized deposit that continued to the SE for 5.4 km beyond the distal edge
of the fan. The locations of the following figures are given in Figure 26. The deposit above the fan
is visible in ASTER TIR data and appears to be thin and patchy. This is evident from the lower
degree of snow melt in this area after post-emplacement snow deposition in ASTER VNIR images,

and is not discussed further here.

i{T ‘- rr T ; i \\
Flow
Direction

Channelized
section

Figure 26. The Shiveluch 2010 BAF deposit (panchromatic QuickBird-02 scene acquired on 27 August 2013).
The white boxes and letters indicate areas where the photographs in the following section were taken. The black
boxes and letters indicate the areas of the figures that are enlargements of this WorldView-02 scene. a) Figure
27a, c; b) Figure 27b, d; c) Figure 28a d) Figure 28b; e) Figure 29; f) Figure 30; g) Figure 31; h) Figure 32
(WorldView-02 scene acquired on 19 March 2011 used in Figure 29 due to shadow in the 17 August 2013 scene);
i) Figure 33.
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The 2010 main deposit fan covers an area of 16.2 km?. Approximately 9.5 km from the
dome, the main deposit fan has two large composite lobate features with differing flow lobe
morphologies and overlapping relationships (Figure 27). These two composite lobes vary in size
(>750 m wide) and distance from source (to 12 km). Within these composite lobes, the largest
singular lobes display dendritic ridge and furrow morphologies, and some levee and channel
features >30 m wide. Most of the furrows and channels have been filled by deposits of slightly
younger flows. Lobes vary in surface roughness, block contents, and degree of toe development.
In some areas, larger surface blocks are concentrated in these channels. Blocks of dome rock with
diameters up to 7.5 m were deposited at the distal reaches of the flow, at distances of >12 km from
the dome. The composite lobe surfaces contain arcuate scarps upstream of areas of rough deposit

surfaces and of smaller lobes. These are interpreted to be zones of shallow deposit remobilization.

Figure 27. a) The main deposit fan of the 27 October 2010 block and ash flow deposit and the channelized
section that continued for 5,400 m; the composite lobate features are shown in b and ¢ with black lines in d and
e indicate the lobe fronts. White arrows indicate the location and direction of remobilization. Images are of the
QuickBird-02 scene acquired on 27 August 2013.
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Evidence of the flow interacting with underlying topographic highs is present in the main
deposit fan, with bifurcating flow and herringbone features (Figure 28), and material onlapping
onto, or depositing around, underlying hummocks. The southern perimeter of the 2010 main
deposit body has a higher proportion of vesicular andesite, within both sheet-like and elongate
lobate deposits. The distal fan deposit area also contains elongate lobes (up to 130 m- wide but
usually under 30 m) and they have diffuse feathery flow boundaries (Figure 29). The surfaces of
these deposits have very few large blocks; only a few large enough to be visible in the high-
resolution satellite data. The feathery lobes deposited onto the underlying 1964 debris avalanche

deposit and in places were redirected by the hummocky surface topography that includes linear

ridges and troughs.

Figure 28. Herringbone structures on the 2010 deposit a) 8,000 m and b) 8,500 m from the dome (QuickBird-

02 scene acquired on 27 August 2013).
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Figure 29. Feathery lobes in the 2010 deposit, 11,000 m from the dome. Here, the distal deposit was emplaced

onto the hummocky 1964 debris avalanche deposit (QuickBird-02 scene acquired on 27 August 2013).

3.3.2.1 2010 channelized deposit

The 2010 BAF traveled down two river channels at the distal reach of the BAF, converged
into the Kabeku River channel, and then flowed for an additional 5.4 km (Figure 30). The
Quickbird-02 scene data show the surface of the channelized section. Lobe and remobilization
features similar to those on the main fan deposit are present in this area. The scarps are arcuate,
and the surface of the remobilized material is irregular, and the terminations are lobate. The current
river has exposed an outcrop through the entire deposit (Figure 31) showing a mainly massive,
poorly sorted, matrix-supported deposit. Some areas contain discontinuous horizontal
concentrations of blocks, usually in the upper portion of the deposit. The channel is up to 11 m
deep, with over 6 m of deposit visible above the talus slope. The base of the channel is likely at or
near the old channel bed as indicated by presence of regrown plants, assumed to be due to the
recovery of pre-deposition root-stock. At this locality, nearly 14 km from the dome, the channel is

~170 m wide. The lower few meters of the exposed deposit has a grey ash-rich matrix,
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Figure 30. Grain-size distributions with relative abundances measured in phi. The samples pf2010b and 2010/2

were overlying 2010a and 2010/1, respectively. Locations are shown on the QuickBird-02 scene acquired on 27

August 2013.

whereas, the upper 90-100 cm contains a brown ash-rich matrix with a gradational boundary
between the two subtle changes in color, likely due to the upper surface being oxidized. In one
area, there is a horizontal section containing a higher concentration of subangular to subrounded
blocks at the otherwise gradational boundary. The deposit with the grey ash-rich matrix appears to

contain a higher proportion of relatively large clasts up to 20 cm in diameter. The Kabeku River
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channel contains greater amounts of clasts of vesicular andesite and variably-charred wood
fragments on the surface that were emplaced as thin sheet-like deposits. The 1964 andesite clasts
are light brown in color, as opposed to the usual white that the dominant clast type of the deposit
fan. Small surface hummocks are present on the channelized deposit surface; they are especially

common at a bend in the river channel.

Figure 31. Cross section through the channelized 2010 deposit ~14,000 m from the dome where the deposit is

cut down to the original riverbed surface.

In the Kabeku River channel, the trees along the upper valley walls are scorched
(blackened) and bent in the direction of flow, indicating an inflated zone of high temperature flow.
The amount of damage to the vegetation within the channel is varies locally, with damage ranging
from felled trees (still attached to the base) but no signs of burning, to carbonized and charred
snags, and to trees that are removed completely (no longer attached at the base). All of these tree
types are exposed within a short distance of each other. The degree of damage to the bark varies

from none, with the papery bark remaining, to completely stripped. Within a section of the newly
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eroded channel (down to the previous river bed) remaining tree stumps display no burning of the
basal ~0.5 m, whereas the sections above this level are charred and then above this level, the top

of the trees were removed completely at 2-3 m. Roots are exposed at the base of these trees.

3.3.2.2 Ridges and scarps

An area of the 2010 deposit (Figure 32) ~9.7 km from the dome contains multiple parallel
ridges that are perpendicular to flow direction. Here, the surface block abundance varies sharply
within short distances. The surface of the lowermost unit in this section that contains these ridges
has a moderate surface block content overlain by a ~50 m long section containing a much larger
range of block sizes (up to ~5 m in length), and the uppermost layer has only a few scattered

blocks, grading to areas with no surface blocks present.

Block-poor

v

-

-

*

Block-rich

Figure 32. Varying block contents over a short distance with the smoother block-poor deposit surface in the
upper left of the image. Black arrow indicates flow direction and white arrows indicate deposit remobilization

(QuickBird-02 scene acquired on 27 August 2013).
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Bench and scallop topography is common in the 2010 deposit. In the northeastern section
of the 2010 main deposit fan there is a series of around 30 parallel benches up to 400 m-wide with
a maximum of 80 m between them (Figure 33). The lowermost bench has a height of 180 cm. Field
investigations revealed numerous degassing structures and small hummaocks in this area. Narrower
benches occur to the west of this section. South of these benches, the scarps are more scalloped or

arcuate in shape. These structures such as these are present over a significant proportion of the

2010 deposit.

Figure 33. Bench and Scallop topography (area indicated in inset image) with black arrows indicating four out

of the ~30 benches present. Black specks in the image are large blocks on the deposit surface.
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3.3.2.3 Erosion

A QuickBird-02 scene acquired nearly three years after the emplacement of the October
2010 deposit (on 27 August 2013) shows that fluvial erosion was limited to the areas around the
thickest deposit regions and to a strip along the northernmost fan boundary that was up to 500 m

wide. Over this time, 15% of the deposit surface was eroded, and shallow sinuous channels formed.

3.3.2.4 Degassing structures
Degassing structure surfaces occur on the 2010 deposit fan, and have the same
characteristics as those described in the 2005 deposit. The features appear in clusters along the

thickest areas of deposit and below the benches described above.

3.3.2.5 Surface block content

Outsized blocks up to 12 m in diameter litter the deposit surfaces of both the 2005 and
2010 deposits (Figure 34). The blocks are dome rock that are characterized by oxidation and
vesicle banding. In the composite lobate areas, surface blocks are sometimes concentrated within
the central channels of channel and levee formations. Surface block abundance rapidly change
over a short distance. Concentrations are expectedly much higher in eroded areas as finer material
has been removed, and suggesting that some of the blocks were formerly embedded within the
deposits. Many blocks show evidence of clast interactions and stress during transportation in the
flow such as randomly-oriented impact marks and fracture networks. Some blocks are fractured to
the extent that fragments can be broken off by hand (probably containing microfractures). The

impact marks on the block surfaces are both rounded and elongate.

72



Figure 34. Large blocks of dome rock, a) 12 km from the dome base on the 2005 deposit, b) 15 km from the
dome base in the 2005 deposit, ¢) 10 km from the dome base in the 2010 deposit, and d) 13 km from the dome

base in the 2010 deposit.

3.4  DISCUSSION

The parameters of the 2005 and 2010 BAF deposits are summarized in Table 9. The 2005
and 2010 BAF deposits were produced during gravitational collapse of the active Shiveluch dome
over the course of 6.8 hours and 6.7 hours, respectively (Ovsyannikov and Manevich, 2010,

Kamchatka Volcanic Eruption Response Team (KVERT report 28 October 2010). As discussed,
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the two deposits are composed of fragmented heterogeneous dome material and entrained material
from the underlying 1964 debris avalanche and pyroclastic flow. There is no evidence that the
collapse involved dome rock with significant melt as the deposits contain no observable breadcrust

bombs.

Table 9. Summary of the 2005 and 2010 block and ash flow (BAF) deposits. Deposit and collapse scar values

are from Chapter one.

27-28 February 2005 28 October 2010
Collapse scar area (km?) 0.86 1.17
Collapse scar max. width x length (m) 550 x 2400 1100 x 2540
BAF runout distance (km) 15.6-17.8 16.4-19
BAF runout from dome base (km) 15.4 15.7
BAF deposit area (km?) 24.1 22.3
Maximum deposit width (m) 2490 4100
Flow direction SW, W S, SE
Channelized deposit length (m) 2000 5400
Main deposition begins (m from dome base) 9500 7300
Breadcrust bombs? No No
Levee/channel Yes Yes

There is little evidence of strongly hydrothermally altered rock (yellow-orange colored,
disintegrating, and containing clay) from the dome. The presence of rounded and elongate impact
marks on the surfaces of boulders indicate both collisional and longer-duration frictional
interactions during transportation (Dennen et al., 2014). Rare elongate impact marks show
evidence for impact-induced melting with an outer glassy (psudotachylite) layer. This is also seen
on blocks in 1998 BAF deposits on Merapi volcano, and in the 1995-1999 BAF deposits on
Soufriere Hills (Grunewald et al., 2000; Schwarzkopf et al., 2001).

In Chapter one, footage of the December 2013 eruption event showed multiple pulses of

collapse that formed the BAF deposit. In previous sections (in this chapter), the morphology and
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stratigraphy of the 2005 and 2010 BAF deposits are characterized using field and satellite data to
explore this unsteady, retrogressive, pulsatory collapse mechanism occurring during these larger
events. BAFs are unsteady currents with instabilities that originate both from the source via
unsteady collapse (Cole et al., 2002; Loughlin et al., 2002), and from kinematic waves developing,
which has described for BAFs and debris flows (Iverson, 1997; Schwarzkopf et al., 2005). It is
likely that both of these processes contributed to the resulting deposits.

A pulsatory dome collapse event could be expected at a large dome that has been extruding
viscous lava and is producing ash explosions around different locations, as Shiveluch has been
doing since 2001. Events such as this likely created instability in the dome rock, and the steep
walls of the collapse scars because unstable and continued to collapse over periods of hours during
the eruption to produce multiple BAF units that formed one large eruption deposit. Supporting
evidence includes different degrees of fragmentation and thermal heating (oxidation banding)
within blocks in the deposits, which likely represent different areas of the dome — such as hot,
more gas-rich inner parts of the dome, and the outer/older, cooler, degassed dome carapace.

The variations in surface block abundances across similar distances from the dome show
differences in the ability of dome rock to break apart during transportation. Because the blocks
traveled the same distance over the same or very similar surfaces, this implies that the cause for
the difference in abundance is due to heterogeneity the collapsing dome rock. The areas containing
higher concentrations of large dome blocks likely originate from areas of the dome that have
undergone higher degrees of degassing (outer and/or older areas of the dome). Areas lacking
surface dome blocks are likely from the more gas-rich areas of the dome, resulting in more

extensive fragmentation due to gas-related autobrecciation during transportation.
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Several stratigraphic sections were cut through the 2005 deposit by fluvial erosion to
expose sections to over 20 m thick (Figure 35). In some places, these sections contain
discontinuous units, which laterally grade into massive and containing no units. The deposit
sections contain units that underlie the overlapping lobate deposit surfaces, while the massive
deposit sections that lack the internal units underlie the areas lacking surface lobes. The
stratigraphic data are limited as the eroded sections are parallel to the direction of flow, and no
perpendicular sections are available. The erosion in the 2010 main deposit fan area is still shallow
and not as extensive as the 2005 deposit. Time in the field was also limited due to the dangerous
nature of Shiveluch volcano. More time would have allowed a more extensive investigation, and
allowed more features identified in the satellite data to be described. During previous field work,
exposures were cut into the surge deposits that surround the 2005 BAF main deposit fan area. They
contain degassing pipes which gives evidence for the high gas content during deposition. The surge
traveled up to 300 m from the BAF deposit, Killing vegetation out to a sharp boundary that is
visible in aerial photograph and orbital remote sensing data. Detached pyroclastic surges have
traveled further than this on other volcanoes. The November 2010 eruption of Merapi volcano in
Indonesia produced a BAF with an associated surge that extended up to 10 km from the main

deposit (Cronin et a., 2013).
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Figure 35. Three stratigraphic sections in the 2005 main deposit fan that show the discontinuous nature of the

units within a 550 m distance.

The BAFs were highly erosive and entrained significant amounts of 1964 pyroclastic flow
material. Lower-density material bands of 1964 materials and wood fragments in the Shiveluch
BAFs are present in the earliest and latest surfaces emplaced during the eruption, which suggests
that substrate entrainment occurred throughout the eruption, even as the flow was waning to

produce shorter runout distances and emplace material towards the rear of the thickening deposit
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(Figure 5). Channel and levee structures (most apparent in the 2010 deposit) indicates that the
system formed as a result of levee breakouts, similar to levee breaches seen on the Mount St.
Helens ignimbrite fan (Branney and Kokelaar, 2002). Ridge and furrow structures along with the
concentration of low density material at deposit margins was also described by Cole et al. (2002)
in the unconfined regions of the Soufriere Hills 1995-1998 eruption deposits. The authors attribute
this to: (1) the flow front entraining low-density material (which concentrates towards the upper
surface and front of the flow); (2) the lower flow region decelerating and emplacing material, while
the overlying material continues forward; and (3) the final deposit being emplaced such that
material is stranded on large blocks. Such a transport model can also be applied to the Shiveluch
BAFs. In addition, and similar to, the BAFs at Merapi volcano (Schwarzkopf et al., 2000), the
features described here indicate that the 2005 and 2010 Shiveluch BAFs were unsteady granular
flows that deposited starting at the flow front and progressing rearward and upward.

The remobilized surface features are groups into three facies: 1) parallel linear scarp, 2)
arcuate scarp, and 3) curvilinear bench and scarp facies. Secondary lobate deposits occur below
the arcuate scarp, and scarp and bench facies, both in the main deposit fans and the 2010
channelized deposit section. During or soon after deposition (while subsequent material was still
being transported and emplaced) portions of these thick lobes were transported forward, forming
deposits that continue for over 500 m from the scarps, and terminated either in lobate deposits
similar to the primary deposition features or in more rounded bulbous lobes with several ridges
parallel to the lobe front. The areas below the scarps are often rough compared to the smoother
primary deposit surfaces, and contain short ridges (meters wide) perpendicular to flow direction.
Direct evidence for syn-depositional remobilization is seen in the 2010 deposit, where one of the

earlier lobes shows evidence of remobilization (ridged surface, scarp flanks, and new lobes
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emanating from these areas). These syn-depositional features are likely due to inflation of the BAF
as a consequence of initially high gas content. Evidence for high gas content is also shown by the
presence of degassing structures on the deposit surfaces. Secondary pyroclastic density current
deposits have also been noted in the 12 June 1980 Mount St. Helens pumice plain hours after the
eruption and they occurred within the 1991 Pinatubo ignimbrite deposits for as long as two years
after emplacement (Rowley et al., 1981; Torres et al., 1996).

Different flow pulses are also recognized on the basis of varying surface block contents
(Figure 19). The concentrations of large dome blocks differ in onlapping sections of the deposit,
indicating different degrees of fragmentation in subsequent flow pulses. A retrogressive, pulsatory
dome collapse style is further supported by data from cross-sections through the deposits.
Extensive cross-sections have developed along the northern edge, within the center, and along the
southern edge of the 2005 deposit. The presence of stacked, multiple reversely-graded units
coincide with areas of overlapping lobate deposits and areas lacking internal structure coincide
with areas lacking such surface features. Thus, when studying older deposits in the field, it should
be noted that: (a) stratigraphic subunits within large BAFs are discontinuous and therefore may be
completely lacking in some areas (so may be missed), and (b) if reversely-graded units are visible
in cross-sections they may be interpreted as smaller BAF events, but could be part of a much larger
eruption with multiple subunits within one larger eruption deposit. This has obvious implications
for determining the eruption history at volcanoes where individual eruption size is being
determined in order to estimate future volcanic hazards and the distribution and magnitude of
potential eruptions.

The channelized section of the 2010 deposit occurred before the final stages of

emplacement. Prior to the 27 October 2010 event, the Kabeku River channel extended much closer
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to the dome, providing a large distance (over 7 km) where the flow may have entered the channel.
The point of entry is no longer visible as deposition that occurred later in the eruption sequence
was emplaced over the channel area. This includes a thick composite lobe. The channelized section
is determined to be primary (not remobilized material) due to: 1) the lobes present on the surface
that are not emanating from a scarp source, 2) the presence of small hummocks that are also seen
in the main deposit fan area, 3) the remobilized deposit features on the deposit surface, 4) the
subsequent deposition of BAF material in the main deposit fan area, and 5) the dead trees that were
killed and bent towards the direction of flow up the Kabeku River channel walls above the deposit
surface, probably from an overriding ash plume. The channelized section of the 2010 deposit also
shows evidence for unsteady flow behavior through localized changes in tree damage. Exposed
tree snags in the eroded channel incurred burning to the top of the tree, but none at the base. This
could be due to the initial pulses of flow mixing with snow and ice and cooling before it got to this
point >15 km away from the dome. Whereas, subsequent flow pulses moved over the that deposit
while retaining more heat. Alternatively, the initial pulses of the flow comprised a large volume
of the outer cooler carapace of the dome, and later pulses incorporated a larger proportion of the
inner, hot dome material.

Confirmation of a pulsatory collapse style at Shiveluch was provided by KVERT webcam
photos taken of the 3 December 2013 BAF event, and documented three large collapse pulses that
caused energetic pulses that extended to the end of the deposit, as well as numerous smaller pulses
occurred before, between, and afterwards. This eruption produced a deposit with a maximum
runout distance of 13.6 km, from a dome collapse scar with a planimetric area of 0.4 km?. This
smaller episode was recorded over six hours before nighttime prevented further observation

(chapter one).
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Small hummocks are present on surfaces of both deposits. On several hummocks, blocks
or log pieces are seen protruding from the interior. These appear to be small-scale hummaocks like
those described by Glicken (1996), where increased basal shear stress decelerates the material (in
this case due to a block or log deposited on the surface) and causing it to pile up around the object
(Figure 36). Small hummocks were noted at the northernmost point of the 2010 deposit (8.2 km
from the dome), and in the channelized portion 13.4 km from the dome, and were less common on

the 2005 deposit although this could be due to extensive erosion.

H mm—

low Direction

Figure 36. a) small surface hummocks are formed over and around blocks or portions of logs; b) 0.9 x 3.7 m
hummock in the channelized 2010 deposit >14 km from the dome (rock hammer for scale in white circle). A
portion of tree trunk/branch is protruding out the side; c) small surface hummaocks (white arrows) on the 2010

deposit >8 km from the dome. Flow direction is indicated by the arrows.
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Implications of these results from Shiveluch should be considered in field investigations of
other dome collapse deposits, and in numerical modeling efforts. These large deposits contain
discontinuous units that are absent in many cross-sections. Many BAFs undergo rapid erosion that
remove sections containing internal structures that are important for interpretation, for example by
removing evidence of multiple pulses during eruption. Or multiple units could be misinterpreted
as indicating separate smaller eruptions if more complete sections are not exposed. Physical
models should take into account that such large deposits as those at Shiveluch can be emplaced in

multiple stages throughout an eruption to form a single large deposit.

3.4.1 Application to LAHARZ model

The LAHARZ model was developed for automated mapping of lahar-inundation hazard
zones on volcanoes (lverson et al., 1998; Schilling, 1998). Using a GIS platform and a Digital
Elevation Model (DEM) along with user-specified volumes, the program maps out potential routes
of lahar inundation zones. Widiwijayanti et al. (2009) assessed this model for the application to
BAFs, and calibrated the two main model equations A=(0.05 to 0.1)V 2/3 and B=(35 to 40)V 2/3,
where A is cross-sectional area of inundation, B is planimetric area and V is deposit volume. The
applied the model with their calibrated equations to Merapi and Soufriére Hills volcanoes to test
against documented BAF deposits. Here, | applied this model to the Shiveluch 2005 and 2010 BAF
deposits with the volumes specified in this chapter. The model was run in Matlab using the code
written by Escobar-Wolf (personal communication). The study by Widiwijayanti et al. (2009) used
10 m and lidar-derived DEMs for the Montserrat model (the resolution for Merapi not defined but
appears to be a similar resolution). In this study, a SRTM DEM was used, which has a pixel
resolution of approximately 140 m in this area (manually measured in ArcMap). The lower
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resolution DEM is a limitation in this study as the smaller-scale details may be omitted, but the
surface hydrology rater that was produced in the LAHARZ model did show the stream networks
that the BAFs traveled through. The parameters that provided the best fit to the two BAF deposit
sizes and shapes are given in Table 10, and the areas produced using these parameters are given in

Figure 37.

Table 10. Best-fit parameters for the two BAF deposits used in the LAHARZ model.

2005 BAF 2010 BAF
Volume (7) 0.11 km?3 0.28 km?
Cross-sectional area (4) 0.05 0.09
Planimetric area (B) 130 85
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Figure 37. The two best-fit LAHARZ simulated inundation results for the Shiveluch 2005 and 2010 BAF

deposits on the SRTM DEM. The deposit outlines are shown in black.

To get these best-fit simulated inundation models, different cross-sectional area and
planimetric area values were required. The Widiwijayanti et al. (2009) study examined BAFs that
were channelized, while the Shiveluch BAFs produced fan and channelized deposits. The
simulated inundations fot ehe fan areas for the Shiveluch deposits are not accurately portrayed,
either creating cross-sectional widths too narrow or too wide. The simulated inundation results for
the Shiveluch 2010 BAF deposit could not portray both the correct runout distance for the main
deposit fan and the extended channelized deposit. For the simulated inundations that did manage
to extend down the Kabeku River channel, the runout distance for the main deposit fan was

overestimated by over 2.5 km.
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It is likely that the inability of the model to incorporate the changes in topography that
occurred due to the multiple pulses of deposition within the eruptions, reduces the applicability of
this model to these large fan deposits. The Shiveluch BAFs are not channel confined (except for
the distal 2010 BAF deposit section), and singular collapse pulses likely change the topography,
and therefore, the subsequent direction of later flows. This model simulates the entire collapse
volume descending through the flow paths in one event, using the topography present before the

eruption began.

3.5 CONCLUSIONS

The 27-28 February 2005 and 28 October 2010 BAF deposits were produced by two of the
largest historical dome-collapse events on Earth. The deposit morphology is relatively well
preserved, with 40% of the 2005 deposit surface eroded over the 4.5 years preceding the data used
for this study. The deposits contain thicker areas composed of numerous onlapping surficial lobes
outlined by lower density entrained clasts. Stratigraphic sections reveal that these are
discontinuous stratigraphic units. Thicker areas of the deposits contain degassing structures and
areas of syn- or immediately post-depositional shallow remobilization. Large blocks up to 12 m in
length litter the surface of the deposits, having traveled considerable distances from the dome.
Field and satellite data show evidence of pulsatory collapses, such as the presence of large
composite lobate fans, discontinuous units, and variable surface block contents. We infer that the
dome collapsed in multiple phases over the hours of each of the two eruptions, such that each

produce a single large and composite deposit. This study shows how extensive large dome
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collapses can be, and that the transition from open to channelized topography plays an important

role in extending flow for a significant distance beyond the main area of deposition.
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40 A COMPARISON OF COLUMN COLLAPSE-DERIVED PYROCLASTIC FLOW
DEPOSITS ON MOUNT ST. HELENS VOLCANO, USA, AND DOME-COLLAPSE-

DERIVED BLOCK-AND-ASH FLOWS ON SHIVELUCH VOLCANO, KAMCHATKA

4.1 INTRODUCTION

The term ‘pyroclastic density current’ encompasses the range of volcanic granular flows
that are produced by collapse of a vertical ash column, pyroclastic material boiling over from a
vent, remobilization of hot material accumulated around a vent, or lava-dome collapse. The final
moments of deposition of a pyroclastic density current are recorded on the surface of the deposit.
Morphological features formed on the surface of these deposits are often rapidly altered due to
erosion or covered by subsequent deposits. High resolution aerial photography and orbital satellite
data acquired prior to erosion offer a chance to investigate these surface features across deposit
types. This paper discusses the similarities and contrasts between dome-derived BAF (BAF)
deposits at Shiveluch volcano in Kamchatka, and column-collapse pyroclastic flow deposits at
Mount St. Helens (MSH) volcano, WA, United States (Figure 38). These deposits were
characterized using high-resolution aerial photograph, and orbital remote sensing data, before field
studies to further examine the deposit surfaces.

Compared to other pyroclastic density current end members, relatively little is known about
BAFs because of the “seemingly uniform and bland appearance” and rapid erosion of their
deposits. (Schwarzkopf et al., 2005). Recently, new insights have come from studies undertaken
shortly after dome collapse events (e.g., Charbonnier etal., 2012; Cronin et al., 2013; Komorowski,

etal., 2013).
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North Fork Toutle River

Figure 38. a) Mount St. Helens volcano (ASTER VNIR data acquired 08 August 2001. The white box outlines
the area of the pumice plain area that is the focus for this study (see Figure 39 for more detail). False color
image RGB: 3,2,1) and; b) Shiveluch volcano with the 2005 and 2010 main deposits with black outlines, and

the 2013 deposit outlined in white. ASTER VNIR data acquired 06 June 2013. False color image RGB: 3,2,1).
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Significantly more data from studies of column-collapse pyroclastic flows have resulted in
sophisticated physical models for transportation and deposition of these deposits (e.g., Branney
and Kokelaar, 2002; Burgisser & Bergantz, 2002; Neri et al., 2007; Cas et al., 2011). The eruption
deposits of MSH that were produced during the 1980 eruption are some of the most
comprehensively studied deposits in the world (e.g., Criswell, 1987; Rowley et al., 1985; Hoblitt,
1986; Brantley and Wait, 1988; Mackaman-Lofland et al., 2014). Because studies have focused
on column-collapse events, a comparison to BAFs is expected to highlight their similarities and
differences, and identify the relative importance of the vent/dome dynamics versus the flowage
dynamics that occur during transportation. The different deposit types share similarities in flow
and deposition, but they also have characteristics that reflect their distinct componentry and
different initiation types. The results of this study indicate that these characteristics are reflected
in the deposit surfaces. Aerial photographs taken by USGS in the initial years following the 1980
eruption were recently digitized and | used these digital images to map characteristics of the
pyroclastic flows of the Pumice Plain that resulted from column collapse. Access to these early
1980 images allowed a new digital analysis of the Pumice Plain column collapse deposit area prior
to the erosion of the surface features. High resolution satellite data with a comparable spatial
resolution is available for the 2005, 2010, and 2013 Shiveluch BAF deposits that result from dome
collapse events. The 2005 and 2010 deposit morphology and cross-sections have been analyzed
using field and satellite data (Chapter two). These high-resolution datasets are used to compare
and contrast the surface features of these deposits, which resulted from the two different eruption
styles and initiation types.

The morphologies described for the MSH and Shiveluch deposits in this study are also

recognized in pyroclastic density current systems from other volcanoes. In the following sub-
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sections, | provide a compilation of these similar features and demonstrate how links between
surface morphology and characteristics can be used to rapidly assess pyroclastic density current
deposits from satellite and aerial data, and thereby provide information on changes in the flows

produced through time.

4.1.1 The 1980 eruption of Mount St. Helens

The 18 May 1980 eruption of MSH began at 08:32 Pacific Daylight Time (P.D.T) with a
magnitude 5.1 earthquake related to flank collapse, when three slide blocks travelling towards the
north and then west to form a 2.5 km® hummaocky debris avalanche deposit (e.g. Christiansen and
Peterson, 1981; Glicken, 1996). The flank collapse depressurized the cryptodome, resulting in an
explosive eruption that produced a lateral blast and devastated an area of 600 km?, and emplaced
a dilute density current (“blast deposit” with a maximum thickness of approximately 1 m near the
volcano (Lipman and Mullineaux, 1981). The afternoon of the 18 May 1980 eruption produced a
series of column-collapse pumiceous pyroclastic flows (Christiansen and Peterson, 1981; Rowley
et al., 1981). The pyroclastic flows traveled up to 8 km north in a fan-shaped (500 m wide, 1500
m long) succession of sheet, lobe, and toe deposits, that cover an area of 15.5 km? with a volume
of 0.12 km® (Rowley et al., 1981). Individual flow unit thicknesses are 0.25-10 m with a total
thickness of as much as 40 m (Rowley et al., 1981). Subsequent eruptions during the summer of
1980 produced pyroclastic flows by collapse of Plinian ash columns as well as by collapse or
“boiling over” of low ash columns up to (<1 km above the vent) (Rowley et al., 1981; Hoblitt,
1986).

An eruption on 12 June commenced around 21:11 PDT and produced pyroclastic flows
with a total volume of 0.01 km?, an extent of 8.3 km?, and a maximum thickness of 5-8 m. At least
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two separate flows were emplaced onto the Pumice Plain during this eruption. Within these
deposits, extensive remobilization of surface material occurred during and soon after these flows
were emplaced, forming secondary pyroclastic flow deposits. Where these secondary flows broke
away from the just-emplaced deposits arcuate linear scarps in the earlier flow deposits were
produced (Rowley et al., 1981).

An eruption on 22 July eruption produced pyroclastic flows after 18:35 that were emplaced
to a distance of 6.5 km north-northeast toward Spirit Lake. A subsequent eruption the same day
(after 19:01) produced flows that extended 7 km north and northwest towards a large phreatic
explosion pit that had formed in the 18 May deposits. The deposits formed an 800 m-wide sheet-
like deposit, with the furthermost extent nearly reaching the explosion pit. They have a volume of
0.006 km?, an aerial extent of ~4.8 km?, and maximum thicknesses of 2-4 m (thicker in the
explosion pit area) (Rowley et al., 1981). Descriptions and a series of photographs of the 12 June
and 22 July pyroclastic flows while in motion are given in Hoblitt (1986).

The pyroclastic flow deposits produced by successive eruptions during the summer of 1980
show trends of decreasing volumes and porosity, and (slightly) more mafic composition (Banks
and Hoblitt, 1981; Christiansen and Peterson, 1981; Lipman and Mullineaux, 1981; Rowley et al.,
1981; Kuntz et al., 1981). The deposits consist of pumice, dense dacite lithics, and ash, with poorer
sorting and a higher block and lapilli to ash ratio with time (Rowley et al., 1981). The area that is
underlain by debris avalanche and overlying pumiceous pyroclastic flows is called the ‘Pumice
Plain’, which extends from the base of the MSH cone to Spirit Lake and the North Fork Toutle
River, and has a surface slope of 2-3° (Rowley et al., 1981).

This paper focuses on the pyroclastic flow deposits emplaced on the afternoon of 18 May,

and on 12 June, and 22 July. The 12 June and 22 July deposits comprise the upper units of the
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Pumice Plain. The pyroclastic flow morphologies and surface characteristics of the Pumice Plain
are distinct in aerial photographs from USGS aerial surveys of 8 July 1980 and 31 July 1980.
Fieldwork and interpretation of these images led Rowley et al. (1981) to conclude that the
difference between sheet and lobe morphologies are a result from variations in abundance of block-
sized pumice, volumes of the flows, and underlying surface morphology. According to Rowley et
al., deposits with a higher proportion of pumice blocks formed long, narrow lobes with high, steep

margins, and resulted in a lower flow mobility and velocity.

4.1.2 Shiveluch 2005, 2010, and 2013 eruptions

The following Shiveluch dome collapse events and BAF deposits distributions are
described in detail in Chapter one. Descriptions of the eruption events are provided in Appendix
A, and the eruption parameters are summarized in Table 3 (Chapter one). The 2005 and 2010 BAF
deposits were investigated in the field and are characterized using this data, and high resolution
orbital satellite data, in Chapter two.

The Shiveluch 2005 BAF was emplaced during a 6.8-hour eruption on 27-28 February.
The flow was produced by the gravitational collapse of the long-lived summit lava dome of
Shiveluch and it traveled 17.8 km. The resulting 24.1 km? deposit terminates in a large pyroclastic
fan located southwest of the volcano. The maximum width of the fan is 2.5 km.

The Shiveluch 2010 dome-collapse BAF deposit was emplaced on 27 October and it
extends 19 km east from the source collapse scar on the dome. The bulk of the material was
emplaced in a pyroclastic fan deposit with a maximum width of 4.1 km. A portion of flow

continued an additional 5.4 km down the Kabeku River channel to the east from the fan.
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I include information about the 26 July 2013 dome collapse because it produced a much
smaller deposit because it is comparable in size to the MSH deposits. This deposit extends 11.6
km from the dome scar, and covers an area of 9.2 km?. It also produced a pyroclastic fan deposit
and an additional channelized deposit.

The Shiveluch 2005 and 2010 block-and-ash-type PDC deposits are composed of poorly-
sorted, fragmented dome material. The deposit surfaces and cross-sections are described in detail
in Chapter two. Here, | briefly summarize key features of the eruptions and their deposits. The
2013 deposit is smaller than those of 2005 and 2010, and although | have not examined the deposit
in the field, I assumed that it is composed of the same material, because of a similar dome-collapse
initiation type (chapter one) and because the appearance in high-resolution images is similar to

that of the larger flows.

4.2 METHODS

On the MSH Pumice Plain, the majority of the 1980 pyroclastic flow deposit surfaces are
now altered or removed as a result of post-eruption lahar erosion and deposition and due to fluvial
reworking of the loose pumiceous deposits. As noted previously, | re-mapped the pre-erosion
deposit surfaces of the pyroclastic flow deposits using newly-digitized 1980 USGS aerial
photographs to better characterize the surface morphology of the deposits. These high-resolution
(approximate pixel size of 20 cm) photographs were taken on 7 July 1980 and 31 July 1980. They
were manually geolocated using a bare-earth 1-m-resolution lidar survey that was acquired on 16-
20 September 2009 (Mosbrucker, A.R., 2014). Elevation profiles were compiled using this lidar

survey in the ESRI ArcGIS platform. A section of the pumice plain containing mostly 18 May
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deposit, and minor 12 June deposit, surfaces that have been preserved between erosional gullies
(Figure 39). This area was visited in the field in 2016 to investigate lobate morphologies that were
characterized using aerial photographs, and to compare flow fronts to those seen on Shiveluch.

Two large 27-28 February 2005 and 27 October 2010 BAF deposits, and a smaller deposit
that was emplaced during the dome collapse event on 26 July 2013 at Shiveluch were imaged by
high-resolution orbital satellite images (Table 11). A scene acquired by the QuickBird-02 satellite
sensor (0.65 m pixel resolution) on 27 August 2013 was used to analyze the 2005 BAF deposit,
and scene acquired by the World-View-02 satellite sensor (0.46 m pixel resolution) on 29
September 2010 was used to analyze the 2010 and 2013 deposits.

Deposit samples were collected and were prior to this research. The MSH sample data is
from Pallister et al. (2017), and the Shiveluch samples were previously collected and processed by

A. Belousov and M. Belousova.
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Figure 39. The preserved area of the pumice plain pyroclastic flow deposits are shown in the while box (in a
and within inset) in a) the 2009 lidar data; and b) an OrbView-3 image (Table 11) acquired on 5 October 2004.
Erosional channels are visible throughout the pumice plain.
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Table 11. High resolution data used in this study with technical parameters.

Spatial Resolution

Satellite Acquisition  Spectral Range /swath width (at Deposit imaged
sensor Date (nm) .
nadir)

WorldView- Panchromatic Shiveluch 2005 BAF
02 12-Mar-05 450-800 0.46 m/16.4 km deposits
QuickBird- Panchromatic Shiveluch 2010 and
02 27-Aug-13 4o 900 0.65m/16.8Km 113 BAF deposits

MS1: Blue Pumice Plain, Mount

OrbView-3 5-Oct-04 450-520 4 m*/8 km St. Helens pyroclast|c
flow deposits

MS2: Green

520-600 4 m*
MS3: Red

625-695 4m*

* Pan-sharpened to 0.2-0.3 m pixel resolution

43 RESULTS

The Shiveluch deposits are remarkable due to their size (>24 km?), extent of transport (>19
km from the source dome), and by the long distance that large dome blocks were transported
(blocks that exceed 6-m-diameter traveled >12 km from the dome). In addition, they lack
breadcrust bombs and peripheral forest damage indicates that they were accompanied by dilute
pyroclastic surges. My remote sensing and field data indicate sequential emplacement of flow
lobes as a result of regressive dome collapse eruption, and are described in detail in Chapter two.
The Mount St. Helens pumice plain deposits have been newly interpreted using aerial photographs
(Figure 40) for the purpose of comparing the two deposit types. Here, | compare the surface
morphology of the Shiveluch and MSH column collapse deposits and to features in the published

literature.
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As describe below, | propose that the two different eruption styles - column collapse or
“boiling over” from the vent at MSH, and dome collapse at Shiveluch, both produce unsteady
flows that emplace deposits with varying morphologies and componentry. These factors vary with
distance from the vent, and laterally across the deposits. | propose that the variation in surface
morphology discussed in this chapter results mainly from changing flowage dynamics, and that
changes in rock components that form the flows results from both changing conditions at the dome

or vent, as well as from changes in flowage dynamics.
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Figure 40. The Mount. St. Helens Pumice Plain shown in three overlapping aerial photographs. The 18 May 1980 (black outlines), 12 June 1980 (pink

outlines), and 22 July 1980 (blue outlines) delineate pyroclastic flow deposits. Yellow boxes indicate areas shown in Figure 44.
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4.3.1 Componentry and composition

The Shiveluch BAFs are composed of fragmented dense andesite dome material, and
accidental lithic clasts from the underlying 1964 pyroclastic flow deposits. Large blocks as large
as 12 m in diameter were transported with the flows and are present on the surfaces of the BAF
deposits. The dome is composed of 60.4-63.9 wt.% SiO: silicic andesite (Table 2, Chapter one).
The silica content of the dome has increased over the temporal development of the dome.

The Pumice Plain deposits are composed of poorly sorted ash (pumice, glass shards, and
fragmented phenocrysts), pumice (white dacitic with 63-64 wt.% SiO; and denser grey andesitic
pumice with 61-62 wt.% SiO>), and lithic clasts (dense dacite) (Rowley et al., 1981; Criswel,
1987). Through time, the eruptions produced smaller pyroclastic flow volumes with poorer sorting,
larger particle sizes, and lower porosity pumice clasts (Kuntz et al., 1981). The coarsest clasts are
concentrated in lateral levees and lobe margins.

Because they are more commonly exposed at the surface, in this image analysis data is
included for the upper units of the PDCs from MSH and Shiveluch (Figure 41) that are most likely
to contribute most to the surface morphology that we observe in the remote sensing data. Relative
to the upper units of the 12 June 1980 MSH deposit, the Shiveluch 2005 and 2010 upper units all
have a lower proportion (<50%) of lapilli-sized clasts (-2 to -6 phi, or 4 to 64 mm) (Figure 42). In
contrast, the MSH 12 June upper sample has a higher proportion of lapilli (75%), due to a
concentration of pumice lapilli. Grain-size data is not available for the 2013 Shiveluch BAF
deposit; however, satellite images shows a concentration of coarser blocks along some of the lobe
boundaries. The componentry data presented here is based on only brief reconnaissance field
studies at Shiveluch and MSH. Although adequate to provide first-order ground truth for my
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remote sensing interpretations, more detailed componentry analyses would

interpretation of details in the surface morphology of the deposits.
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Figure 41. Componentry plots for the Mount St. Helens 12 June pyroclastic flow deposit, and the Shiveluch

2005 and 2010 deposit. Plot titles indicate original sample names.

Shivgluch

Weight %

b

Weight %

E

20

10 A

20 A

0,
5 -4-3-2-101231435

Pf2010b Upper

pf2010/2 Upper

Pf2010a Lower

pf2010/1 Lower

phi

0,
<54 32210 1 2345

phi

Figure 41. continued.

100



Ash and Lapilli %

pf2010/2

pf2010/1

pf2010b -«

pf2010a

05-pf9/3

05-pf9/2

05-pf9/1

05-pf6/3

05-pf6/2

05-pf6/1

05-pf5/2

05-pf5/1

05-pf1/3

05-pf1/2

05-pf1/1

June 12 Primary, upper

June 12 Primary, middle

June 12 Primary, lower

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Lapilli Ash ll Upper-most unit 1

Figure 42. Abundance of ash and lapilli in the Shiveluch 2005 (-05-pf) and 2010 (pf2010) BAFs (Chapter two);
b) and Mount St. Helens June 12 pyroclastic flow deposits (Pallister et al.,2017). The upper-most units are

outlined and indicated by arrows.
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4.3.2 Aerial Deposit Distributions

The Shiveluch and MSH Pumice Plain deposits have a range of areal distributions (Table

12). The Shiveluch BAFs traveled over a greater distance and elevation before producing fan

deposits. They traveled maximum distances of 17.8 and 19.0 km and descended 2.4 and 2.2 km in

2005 and 2010, respectively. The 2013 Shiveluch deposit extends as much as 11.6 km from the

dome, and 4.6 km of this extent is as a channelized flow beyond the main fan. The MSH pyroclastic

flows traveled as much as 8 km from the vent, and descended up to 1.7 km from the crater floor

and over the Pumice Plain.

Table 12. Shiveluch 2005, 2010, and 2013; and Mount St. Helens (MSH) 18 May, 12 June, and 12 July deposit

distributions.

Max. Deposit Elevation Deposit
. . Max
Deposit Flow initiation Runout Area change H/L Volume Reference
(km) (km2) (km) (km3)

Shiveluch Shevchenko et al., 2015;
2005 Dome collapse 17.8 24.1 2.4 0.13 0.11%* Krippner et al. (in Prep.a)
2010 Dvigalo et al., 2011;

Shevchenko et al., 2015;
Dome collapse 19 22.3 2.2 0.16 0.28* Krippner et al. (in Prep.a)
2013 Dome collapse 11.6 3.5 2.07 0.23 N/A Krippner et al. (in Prep.a)
MSH18May  column collapse 8 15.5 0.12 Rowley et al., 1981
12 June Column collapse 7.5 8.3 0.01 Rowley et al., 1981
12 July .
Column collapse Rowley et al., 1981; Hoblitt,
from 400-800 m 7 4.8 1.2-1.7 0.26 0.006 1986

4.3.3 Sheet-like deposits

Sheet-like deposits at both volcanoes fan out over a broad areas and contrast with the

smaller lobate units that are morphologically diverse. The lowermost visible 18 May pyroclastic
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flow deposits at MSH are sheet-like with lower-relief or smooth deposit surface (Figure 43).
Surfaces of these flows are marked with flow bands — multiple linear and curvilinear bands that
are lighter in color in aerial photographs. Higher-relief lobate deposits overlie these sheet-like
deposits. The 22 July 1980 MSH lobate deposits have an underlying section made up of small

lobes near the perimeter of the deposit, but they generally lack the distinctive morphological

features of the overlying lobes that were deposited later in the depositional sequence.

Figure 43. Differing degrees of surface relief in the 18 May deposits: a) thicker lobate deposits with shadows
visible in the aerial images due to the thickness of the lobes; b) low-relief surface morphologies formed by

thinner deposit in the darker areas of the 18 May deposits. Photographs from the USGS 31 July 1980 survey.
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The Shiveluch 2005 and 2010 deposits both contain areas that were deposited in a sheet-
like manner, spreading out to form a relatively uniform surface that lacks distinct lobate
morphologies. On the sheet-like deposit surfaces the morphological features are low-relief banding
(Figure 43b), in contrast to the lobate deposits with ridge and furrow morphologies (Figure 43a),
and channel and levee features. As at MSH, the sheet-like deposits also underlie the areas with
more distinct morphological features.

The distal 2 km of the Shiveluch 2013 deposit has a lower surface relief with feathery lobes
and faint lineations. Emplaced later in the eruption episode is the uppermost section (closer to the
dome) of the 2013 deposit. This area contains well-developed channel and levee systems, and
lobate morphologies, where coarser clasts are concentrated along the lateral edges. These are

discussed further in section 4.3.5.

4.3.4 Composite lobate deposits

The Shiveluch and MSH deposits both contain sets of stacked lobes and individual deposit
pulses where deposition occurred sequentially in the same location to build up a thicker deposit.
The Pumice Plain contains two main composite lobate features, one within the 18 May deposits,
and the other within the 22 July deposits. The 18 May composite feature is 580- to 780 m-long and
contains a range of lobate morphologies (Figure 44a). Stratigraphically, the lowermost lobes tend
to have cats-paw or lobe and cleft terminations, while the upper lobes tend to be more elongate
and are draped over underlying topography. The southeastern section is eroded or remobilized and
covered by 12 June deposits. The 22 July deposit composite lobate feature (Figure 44b) is
approximately 680 x 700 m in area. The lobes within this feature are more elongate and distinct
than the in the 18 May deposit and they overlap each other. The long lobes have smaller lobes or
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toes developed along the lateral edges. Some underlying lobes and smaller lateral lobes have a

higher concentration of coarser clasts. Levees are present in some areas.

Figure 44. Composite lobate features in the: a) 18 May 1980 deposit; and b) 12 June 1980 deposits on the Pumice

Plain. Locations given in Figure 40.
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The Shiveluch composite deposits are described in Chapter two. Individual flow pulse-
boundaries are evident within the Shiveluch deposits due to the low-density of accidental material
that outlines each flow pulse and shows in detail the sequence of deposition. The composite
deposits on Shiveluch are comparable in size, but are more elongate than the Pumice Plain
deposits, with dimensions of as much as 750 x 2000 m. The flow boundaries are less pronounced
than their Pumice Plain analogues and they have tapering, irregular flow fronts. They also contain

levee and channel formations.

4.3.5 Lobate morphologies

The deposits on the MSH Pumice Plain contain lobes with different degrees of relief.
Higher relief lobate features display shadowing in the images, and have distinct boundaries in the
imagery. Thicker lobes with higher relief have steep flow fronts that are clearly visible in the field.
The lobate morphologies are much more diverse on the MSH Pumice Plain than in the Shiveluch
deposits. They include overlapping, elongate lobes with some levee and channel development;
stacked sets of elongate lobes visible along the lateral edges of deposits; lobes with numerous

rounded toes (Figure 45).
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40 m oo ; 40 m

Figure 45. Lobate morphologies in the 18 May 1980 pyroclastic flow deposits with white arrows showing flow
direction: a) lobe set with stacking of deposit material in the same place and each subsequent pulse is shorter;
b) cats-paw or lobe and cleft morphology; c) stacked sets of narrow, elongate lobes forming off the side of a
flow; d) entire section of stacked lobes with black arrows indicating feature locations; €) elongate overlapping
lobes originating from the same feeder channel; ) sheet-like deposit with poorly-defined lobate terminations

perpendicular to the main flow direction. Images are from the 31 July aerial survey.
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In contrast, the Shiveluch deposits have more diffuse and tapering (gradually decreasing in
thickness) flow boundaries. It would be difficult to distinguish flow boundaries in the field without
the presence of bands of low-density clasts and wood fragments that were emplaced along them.
The Shiveluch flows’ irregular boundaries also contrast with the smooth boundaries of the Pumice
Plain flows, and they do not form elongate singular lobes with sharp flow fronts. Distal deposits
at the end of the main 2010 Shiveluch deposit fan contain low-relief elongate lobes with few
surface blocks and feathery edges. Lobate terminations are also present in the remobilized 2005
and 2010 Shiveluch deposit. These terminations are bulbous or rounded in shape, similar to
terminations of the primary lobes.

The Shiveluch 2013 deposit contains lobes with both feathery and sharp lobate
terminations. The lobes with sharp terminations (Figure 46a-b) contain well-developed channel
and levee structures and a higher concentration of coarser blocks along the levees and flow fronts.
The feathery/diffuse flow boundaries occur further downstream in the deposit and have few surface
blocks. They are similar in these respects to the 2010 deposit (Figure 46¢-d). Multiple sets of lobes

occur along different intervals of the deposit.
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Figure 46. Lobes of the 26 July 2013 Shiveluch BAF deposits, a) sharp terminations with coarser clasts
concentrated along the flow boundaries 620 m from the dome; b) well-defined leves and sharp flow boundaries
1070 m from the dome; c) diffuse flow boundaries 1600-1800 m from the dome, d) diffuse flow boundaries 3150

m from the dome.
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4.3.6 Primary and secondary levees and channels

Channel and levee systems form on both pyroclastic flow and BAF deposit types. In both
deposit types at Shiveluch and MSH, they occur within areas of overlapping lobes within these
composite deposits. Levees on the MSH Pumice Plain deposits were described by Rowley at al.
(1981) and Wilson and Head (1981). The MSH Pumice Plain surface also contains a system of
levees that do not correlate with pyroclastic flow deposits (Figure 47), but instead are composed
of blocks derived from the underlying deposit (Figure 48). In the field, they look nearly identical
to primary pyroclastic flow levees and they vary in width to as much as 2 m-wide. They occur as
straight or sinuous linear levees, or as V-shaped structures where redirected around a topographic
high (Figure 10). The levees are not present in aerial photographs taken on 27 July 1981, but they
are present in an aerial photograph taken on 23 March 1982, indicating that they formed between

these times, likely by floods that swept the Pumice Plain surface in this area.

Figure 47. Secondary levees at MSH. a) As mapped in a 2009 lidar survey image and; b) the same location with

levee locations overlain on a USGS 31 July 1980 aerial photograph.
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Figure 48. Secondary levees at MSH with locations shown by the black (a) and white (b) arrows on the Google

Earth image in c.

4.3.7 Shallow deposit remobilization

The 12 June MSH deposit contains large areas with scalloped scarps and remobilized
material extending from the scarps (Figure 49). These formed soon after deposition and are
described by Rowley et al., 1981.

Remobilized areas in the 2005 and 2010 Shiveluch deposits are described in Chapter two.
Headwalls of these remobilized areas occur as arcuate and curvilinear scarps, where they formed
in thicker composite lobate areas and sheet-like areas (Figure 50a, c). Arcuate scarps are observed
at the upslope edge of the remobilized areas in the thicker composite lobate features (Figure 50b,
d). The 12 June MSH scarps are more rounded (scalloped) than the scarps in the Shiveluch

deposits.
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Figure 49. Scalloped remobilization scarp in the 12 June 1980 pyroclastic deposit on the Pumice Plain. Area is
show in the white box in (b), which is an aerial photograph taken during a USGS survey on 8 July 1980. Black

arrows indicate flow direction.

Figure 50. Remobilization scarps in the Shiveluch deposits: a) scarp headwall of a curvilinear scarp (area
indicated in the white box shown in c) in the northern section of the 2010 deposit; b) the sidewall of the arcuate
scarp (area indicated in the white box in d) with person (in white circle) for scale; c) bench topography above

the curvilinear scarp in the 2010 deposit fan; d) nested arcuate scarps in the 2005 deposit
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4.3.8 Ridges

The 18 May MSH deposits contain thinner sheet-like deposits that overlie darker, smooth,
extensive sheet-like deposits, which formed earlier in the day (Figure 51). These smaller-volume
deposits underlie the 18 May lobate deposits that were emplaced immediately to the south. They
contain several areas in which ridges perpendicular to the flow direction are visible on the surface.
The most extensive set of these ridges are shown in Figure 52, where they are observed over a
minimum area of 250 x 130 m (they may extend further in the subsurface, beneath overlying lobate
deposits). Lidar images show that the ridges elevated above the deposit surface and many are
coupled with depressions forming an elongate, parallel, ridge-and-trough pattern. A section to the
north of this area and within this same sheet flow deposit, contains three narrow elongate areas
with surface ridges (Figure 53). These areas also have ridge-and-trough features that occur
perpendicular to flow direction. In Figure 53, the section with line A-A’ is a part of the same sheet-
like deposit as the ridged area in Figure 52. Lines B-B’ and C-C’ are within the section and
immediately underlie this sheet deposit.

In the northern area of the 18 May deposits (Figure 51) is an elongate lobe that contains
rounded, parallel, perpendicular to flow ridges with smaller lobe toes along the outer edges (Figure
54). They also show evidence of being compressional in nature, because lidar data show the same
ridge-and-trough morphology. Here, the center of each ridge is convex downstream to the direction

of flow. They are rounded on both outer edges, with some smaller toes present. There are several
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of these features emplaced in the same location so that multiple toes are visible around the lateral

lobe boundaries due to the stacked deposits.
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Figure 51. The MSH 18 May sheet-like pyroclastic flow deposits that contain the surface ridge-and-trough
features shown in more detail in: a) Figure 52; b) Figure 53; and c) Figure 54. The area is indicated by the

white box within the inset image.
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Figure 52. The USGS September 2009 data series 904 Lidar survey over the sheet-like section that contains
surface ridges. Small black arrows (in a and b) indicate a few examples where a ridge is immediately followed

by a furrow. An aerial photograph from the 31 July 1980 survey is shown in (c) over the same area.
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Figure 53. Elevation profiles across the NW section of the MSH 18 May pyroclastic flow deposits taken from
the USGS September 2009 Lidar survey (data series 904) and overlain on a USGS aerial photograph taken in

the 31 July 1980 survey.
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Figure 54. Elongate lobe containing multiple parallel ridges and toes along the lateral edges within the 18 May
deposit: a) Lidar surface morphology sections shown in b; b) 2009 lidar survey with surface survey lines; c)
aerial photograph taken 8 July 1980, the same area shown in b, yellow triangle indicates the photograph d; d)

side view of the NE section showing multiple lobes overlaying each other. Area of interest is shown in inset.

Ridges are also observed with herringbone morphologies where there is a topographic high
in the underlying topography. This occurs within the MSH Pumice Plain deposits where lobes
bifurcate around thicker deposit areas that were emplaced in the same flow sequence.

In the Shiveluch deposits, compression ridges are not as common. However, herringbone
features occur in the 2010 deposit, where they form repeating parallel VV-shaped sections (Figure
55a-b). No such features are preserved in the 2005 deposit. Smaller discontinuous ridges are
present on the surface of some remobilized zones (Figure 55c¢c-d). Compression ridges also occur
in one location where a 2010 deposit pulse ‘bulldozed’ into the underlying deposit, forming

elongate ridges perpendicular to the flow direction.
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Figure 55. a-b) Herringbone features in the Shiveluch 2010 deposit upstream from topographic highs, from

Chapter two; b) compression ridges in the remobilized deposit within the arcuate scarps in the Shiveluch 2005
deposit; d) compression ridges on the surface of 2010 deposit. White arrows show flow direction, black arrows

indicate examples of compression ridges.

44  DISCUSSION

Similarities between the two deposit types are present despite the differences in initiation
mechanism (column-collapse versus dome-collapse), different eruption lengths, and different
materials. The Shiveluch BAF deposits are predominantly ash and lapilli formed from low-
vesicularity dome rock, while the MAH pumice plain deposits are predominantly composed of
coarser vesicular pumice clasts. The Shiveluch BAF deposits formed during multiple collapse
pulses over six to eight hours, while the MSH 22 July deposit was emplaced in a single event that
occurred in five to ten minutes (Pallister et al., 2017). Instabilities in the flows are considered to
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be a result of both source effects (fluctuations in dome or column collapse) and path effects
(transportation prior to deposition). Pallister et al. (2017) discuss the formation of wave packets
due to the development of roll waves, which are instabilities in the flow. The following sections
discuss the similarities and differences seen across the two deposit types (Figure 56), and the

implications of these results.
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Figure 56. Examples of the similar morphological features across the MSH and Shiveluch PDC deposits, where present.
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4.4.1 Composite lobate features

Retrogressive stacking of flow lobes in the same location to form larger composite lobate
features is seen in the Shiveluch 2005 and 2010 deposits, and in the MSH Pumice Plain deposits
(Figure 56). The BAF lobe fronts gradually taper in thickness and fan out, while the column-
collapse deposits have steep lobe fronts and lateral boundaries, giving them a well-defined
appearance in the field and in aerial photographs. The individual lobes are believed to have formed
during the sustained collapse of an ash column that developed instabilities at the source, or through
the development of kinematic waves during flow (lverson, 1997; Major, 1997). In the case of
Shiveluch, the lava dome has been shown to undergo multiple partial collapses during a single
eruption (Chapter two), in addition to the kinematic wave development. The two eruption types
probably have vent or dome instabilities during the initiation of the flows, but the similarities in
morphological features in both deposit types suggests that they are also a consequence of shared

transportation processes.

4.4.2 Lobate morphology

Both deposit types contain lobes and smaller toes along lobe edges. However, the MSH
Pumice Plain lobate deposits are thicker have much better-defined boundaries with steeper walls
and snouts than their analogues at Shiveluch which are diffuse and tapering (Figure 56). Rowley
etal. (1981) recognized that the more elongate lobes with steeper flow fronts at MSH have a higher
proportion of larger clasts. This is also evident in the 2013 Shiveluch BAF deposit; lobes that have

low-relief, tapering, feathery flow boundaries also have a low proportion of blocks. Whereas,
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elongate lobes with a higher relief (steeper flow fronts) contain a high concentration of blocks,
which are visible in the flow fronts and levees. The higher concentration of coarser clasts decrease
the flow mobility and velocity, which promotes migration of the clasts to flow fronts and lateral
levees (Rowley et al., 1981; Johnson et al., 2012). This occurs in both the pumiceous low-density
flows at MSH and the higher-density block and ash flows at Shiveluch.

A range of lobate morphologies formed in the deposits included in this study, with varying
degrees of rounding, definition (sharp or diffuse), size, and length, and they occur singularly or in
stacks or clusters. Similar features have also been produced during eruptions at other volcanoes
(Figure 57). Lobate deposits have also been described in the 1993 Lascar pyroclastic flow deposits
that occurred as a result of the collapse of a 23 km-high sub-Plinian column (Sparks et al., 1997;
Jessop et al., 2012). These elongate lobe deposits extended as much as 8.5 km from the Lascar
vent. They developed channel and levee structures, and they occur in numerous overlapping lobes
with sharp terminations. Fountain-collapse and dome-collapse eruptions also produced lobate
deposits during the 1997 eruption of Soufriere Hills volcano, Montserrat (Cole et al., 2002). The
narrow and sinuous lobes have coarse, fines-depleted levees and snouts, similar to the MSH
Pumice Plain deposits. Similar features occur in lobes formed on Ngauruhoe volcano during the
1975 Vulcanian eruption by column collapse and the remobilization of material that accumulated
near the vent (Lube et al., 2007). Lube et al. (2007) concluded that the morphology of the levee
and channel facies are affected by the underlying slope and the degree of lateral confinement
(channelized or non-channelized). The 1990-1995 Unzen dome-forming eruption produced BAFs
that extended to 5.5 km from the dome (Miyabuchi, 1999). The resulting deposits formed elongate,

overlapping lobes, with most lobes up to 10 m-wide (maximum 20 m-wide) and tens of centimeters
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Figure 57. a) Lascar 1993 lobate pyroclastic flow deposits (Jessop et al., 2012); b) lobate dome collapse BAF
deposits from the 11 April 1997 eruption of Soufriere Hills volcano (Cole et al., 2002); c) lobate flow front within
the 2006 BAF on Merapi volcano (Gomez et al.,2009); d) BAF lobate deposits of the April 16-17 1991 eruption
of Colima volcano; e) multiple distal lobes in the 1993 Lascar column collapse pyroclastic flow deposits (Sparks
et al., 1997); f) distal lobate ends of the 1990-1995 Unzen volcano BAF deposits (Miyabuchi, 1999); g) lobate

deposits

thick. Small-volume BAF deposits were generated by dome collapse at Colima volcano on 16-17
April 1991 and extended to 4 km from the vent (Rodriguez-Elizarrards et al.,1991). These deposits
formed a succession of overlapping lobes with steep flow fronts and levees. Dome collapse
eruptions on Merapi volcano in 2006 produced channel-confined BAFs that extended to 7.78 km
from the dome collapse site (Gomez et al., 2008, Thouret et al., 2010). During this Merapi eruption,
lobes formed within the channelized deposit from 4.13 to 7.78 km distance from the dome (Thouret
et al., 2010). Overlapping lobate morphologies have also formed in pyroclastic deposits generated
by explosive lava-ice/water interactions on Klyuchevskoy volcano (Belousov et al., 2011). These
deposits extend 2 km from the site of interaction, and reach 2 m in thickness with have steep lateral
margins and lateral levees.

As described above, it is evident that lobate morphologies form in pyroclastic flow deposits
produced by a range of processes and from eruptions characterized by Plinian or sub-Plinian
column collapse, Vulcanian column collapse, collapse of lava domes or accumulated dome
material, as well as from pyroclastic flows that are formed by lava-water/ice interactions. It is
apparent that a range of PDC source mechanisms produce similarities in deposit morphology,
which argues that deposit morphology is strongly controlled by transportation processes that are

similar across PDC types.
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The most prominent difference between the Shiveluch and MSH deposits is the sharp
versus diffuse character of the flow boundaries. The MSH deposits have thick, sharp flow fronts
with a concentration of coarser clasts, whereas, the 2005 and 2010 Shiveluch deposits have
tapering flow fronts and margins and these lack coarse clasts. Remarkably, the smaller 2013
Shiveluch deposit contains lobes similar to those observed in the MSH deposits, consequently, |
suggest that in addition to the concentration of larger clasts sizes within the flow, the size of the

flow pulse itself likely controlled these features.

4.4.3 Compression ridges versus levees

The PDC deposits at Shiveluch and MSH both display features that are indicative of a rapid
reduction in velocity during the final moments of deposition. These compressional ridges are a
result of deposition during flow deceleration where the interaction with the underlying medium
increases frictional resistance, causing the top of the flow to accumulate in linear ridges (Figure
49) (Dufresne and Davies, 2009). This friction between the lower material that was no longer in
motion, and the overlying material as it comes to rest, results in the formation of these ridges and
troughs.

This occurs as the material within the flow deposits from the bottom-upwards. In the field,
these can appear to be stacked levees or breakaway scarps. Primary lateral levees are formed during
rapid deceleration of clasts along the edges of flows due to the interaction with a relatively
stationary substrate. The velocity gradient between the two (moving and stationary material) will
slow the outer margins of the flow where coarser clasts accumulate due to grain-size segregation

(Dufresne and Davies, 2009; Johnson et al., 2012). The foremost difference between compression
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ridges and primary levees is that compression ridges occur perpendicular to flow direction, and

stacked levees form parallel to flow direction.

c)

d)

50 m

Figure 58. Sequence showing the formation of the rounded ridges in Figure 15. a) a flow front of the pyroclastic
flow section moving with relatively similar velocities across the front; b) friction possibly caused by interaction
with underlying topography, or material being emplaced directly ahead, causing the center to slow down; c)
the material towards the edges slows and forms a rounded; d) the lateral edges of the lobe have curved around
the central material and a smaller toe has broken out through the outermost edge. This sequence has occurred

multiple times from the front to the back of the feature, and stacking from the base to the top.

Secondary levees may also form by lahar or flood processes and look like primary flow

levees in the field in situations where they are composed of the same material. Secondary V-shaped
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ridges form when a flow bifurcates around a topographic high, and may look similar to levees in
the field. It is also possible that additional componentry analysis of these levees could distinguish

them from primary levees, as fines may have been removed during the secondary flowage event.

4.4.4 Secondary remobilization

Differentiating pyroclastic deposits that were produced by late depositional versus certain
types of post-depositional processes can be difficult to distinguish in the field, but in certain
situations they can be distinguished using remote sensing data. In places, the secondary material
forms lobate morphologies similar to primary deposit features. PDCs at both volcanoes have
undergone gravitational remobilization the uppermost layers of the deposits, creating break-away
deposits that extend downslope from scarps. This is likely due to the high gas content within the
fresh deposits, allowing the fluidization of the material. The high gas content within the MSH
Pumice Plain deposits is described by Wilson and Head (1981) where they experienced the release
of gas over a few seconds (sometimes in a jet) when applying a load to the deposit for several
weeks after emplacement. A similar process was noted in the 2013 Shiveluch deposit where
remobilization of gas-rich material occurred when pressure was applied (Gorbach et al., 2013).

The BAF and column-collapse deposit types contain morphological similarities over
different deposit sizes, runout distances, and eruption styles, but changes in characteristics such as
componentry and flow size result in distinct differences that are apparent in the lobate deposits.
This investigation shows that the depositional processes that control the morphology of pyroclastic
density currents are similar across initiation types, but they have distinct characteristics that

differentiate them. Although both PDC types likely contain instabilities in column and dome
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material collapsing, the similarities discussed here strongly suggest that the flow dynamics control

the surface morphology.

45  CONCLUSIONS

The column-collapse and dome-collapse pyroclastic flow deposit morphologies at MSH
and Shiveluch are the result of unsteady deposition caused primarily by flowage dynamics, with
influence from an unsteady eruption rate or variable rates of dome collapse. They are composed
of different material (vesicular pumice versus dense dome rock), of different compositions (dacite
versus andesite). Even though the initiation type and physical material properties are different,
they share similar morphological features and emplacement patterns. Both flow types result in: 1)
pulsatory sheet-like deposition; 2) development of distinct lobate deposits; 3) retrogressive
stacking of deposits with channel and levee systems; and 4) deposit remobilization. These
similarities in morphologies across the different eruption types suggests that the flow
transportation dynamics largely control the features, as opposed to the eruption dynamics.

The differences in lobate morphology is likely a result of the higher concentration of
coarser clasts along lobe edges in the MSH deposits, causing the flow fronts to be steep and well-
defined, while the ash-sized material in the Shiveluch BAF deposits produces a tapering margin
that is less distinct. The smaller Shiveluch 2013 deposit has coarser blocks within the levees of the
upstream lobes, resulting in sharp boundaries, while the block-poor downstream lobes are less
defined, tapering, and feathery. This confirms the relationship between block size and boundary

sharpness.
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Compression ridges are formed on the surface of both deposit types through friction
between the material that is nearing deposition, and the underlying material that deposited
immediately before. This produces repeating lineations that differ from remobilization scarps as
the ridges are raised, often with a depression or trough immediately behind (upstream). This is
enhanced when the flow reaches a topographic high, forming herringbone (V-shaped) ridges or

the redirection of flow lobes.
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5.0 CONCLUDING REMARKS

Using remote sensing tools coupled with field studies to examine explosive volcanic
deposits provides insights into a volcano’s recent eruptive history and eruption mechanisms. This
information can be important to provide a safe and rapid assessment of eruptive products at
dangerous and/or remote volcanoes around the world. The spectrum of pyroclastic density currents
(PDCs) range from dense debris avalanches and block and ash flows (BAFs), to dilute pyroclastic
flows and surges, resulting from different eruption, transportation, and depositional processes.
Investigating these deposits from outcrop-scale in the field to aerial and satellite imagery, enables
evaluation of eruption deposits for the purpose of characterizing deposits and interpreting late-
stage flow behavior.

This research has focused on quantifying the distribution of eight dome collapse events,
their related BAF deposits, and precursory thermal anomalies on the dome, on Shiveluch volcano
in Chapter one; then described the two largest Shiveluch 2005 and 2010 BAF deposits using high-
resolution- and field-data in Chapter two; and compared these results to the 1980 pyroclastic flow
deposits at Mount St. Helens volcano in Chapter three. This study utilized a range of spatial and
wavelength and scales: from orbital Advanced Spaceborne Thermal Emission and Reflection
Radiometer ASTER Thermal Infrared (TIR, 90 m? pixel size) and ASTER Visible-Near Infrared
(VNIR, 15 m? pixel size) data; to high-resolution WorldView-02 and QuickBird-02 panchromatic
(0.46 and 0.65 m? pixel size, respectively), Lidar (1 m? pixel size) and aerial photography (~ 0.2
m? pixel size) data; down to observations of the deposits in the field. Shiveluch volcano was
selected because of the range of BAF deposit sizes that have been emplaced since 2001, and the
availability of ASTER data to image the deposits and dome collapse scars. Mount St. Helens
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volcano was selected because of the great wealth of data collected and analyzed during and after
the eruptions. This is an excellent opportunity to compare two different PDC deposit types to
identify the similarities and differences in order to determine source (eruption) versus path
(transportation) effects on the resulting deposit morphology.

Thermal data were collected for dates prior to six of the eight Shiveluch partial dome
collapse events to investigate whether were any increases in thermal output in the collapse areas
could be retrospectively identified (Chapter one). Thermal anomalies were identified in the upper
or middle regions of the associated dome collapse, although all except one (the 2009 collapse
event) did not correspond with the area and size of the collapse. This increase in thermal output
prior to the events may be due to the opening of fractures that exposes hot interior dome material
leading to the collapse.

The BAFs are a result of partial collapse events and their flow direction is controlled by
the location of collapse on the 1,350 m-wide dome, and the topography at the base of the dome.
The BAF deposits on Shiveluch volcano have long runout distances, emplacing material to 19 km
from the collapse scars, including large blocks with >11 m maximum diameter to distances greater
than 11 km. Runout distances were often increased due to the BAF material entering channels,
forming an elongated narrow deposit section beyond the main deposit fan. The 2010 BAF
produced a large fan deposit, and an additional 5.4-km-long channelized deposit in the Kabeku
River channel. Evidence for pulsatory dome collapse events is present in the surface morphology
of the BAF deposits, and in stratigraphic sections that show discontinuous units within the 2005
deposit (described in Chapter three). This hypothesis was confirmed in webcam footage of the 3
December 2013 collapse event. The footage showed three large collapse pulses with multiple

smaller pulses between them, that together formed the BAF deposit.
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The Shiveluch 2005 and 2010 BAF deposits are two of the largest historical deposits of
this type. They were emplaced through multiple stages of retrogressive dome collapse and both
have evidence for associated dilute pyroclastic surge deposits, surrounding the 2005 deposit and
up the walls of the 2010 channelized section. The surface facies and discontinuous stratigraphic
units are described in Chapter two. This study shows how extensive dome-collapse BAFs can be,
and how topography can play an important role in extending the flow for a significant distance
beyond the main depositional area. Understanding these prolonged dome growth episodes and
describing the largest of these deposits to understand the extreme end of the deposit size and runout
range is important for determining the maximum hazard extent of other dome collapse events.

The comparison of the BAF and pyroclastic flow deposits at Shiveluch and Mount St.
Helens volcanoes show the similarities in surface morphology, even though they are composed of
different material. Additionally, differences that allow the remote identification of the two
different initiation mechanisms are described. The two flow types produced deposits that share
similar emplacement patterns: 1) pulsatory sheet-like deposition; 2) development of distinct lobate
deposits; 3) retrogressive stacking of deposits with channel and levee systems; and 4) deposit
remobilization.

This work demonstrates the additional understanding of deposits that can be gained through
using a range of spatial and wavelength scales acquired in remote sensing data. This, coupled with
field studies, provides a basis for identifying the eruption type, and the sequence of deposition.
This is especially useful in the large Shiveluch BAF deposits, where the extensive size makes it

difficult to understand these larger-scale processes in the field.
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APPENDIX A

SHIVELUCH ERUPTION DESCRIPTIONS

Al PRE-2001 ACTIVITY

Activity increased in 1964 and culminated in the formation of a horseshoe-shaped crater
during a 70-minute-long eruption on 12 November of that year, involving a large-scale edifice
collapse towards the south and a Plinian eruption that emplaced pumiceous fall and pyroclastic
density current deposits (Belousov, 1994; Gorelchik, 1996). The fan-shaped hummocky debris
avalanche deposit has a volume of 1.154 km® and an aerial extent of 98-100 km? (Belousov, 1995).
The Plinian eruption produced an eruption column about 15 km high and deposited 0.3-0.5 km?® of
vesicular andesite pyroclastic density current material over a 50 km? area around the eastern and
western edges of the debris avalanche deposit, with thicknesses up to 30 m (Belousov, 1994;
Gorelchik et al., 1996).

Activity from late 1964 to August 1980 was limited to fumarolic activity (Gorelchik et al.,
1996). Activity resumed with three dome-forming cycles: 1980-1981, 1993-1995, and 2001-
onwards (Fedotov, S. A., et al., 2004). The first cycle of extrusive dome growth began in late
August 1980, with no recorded precursory seismic activity (Gorelchik et al., 1977; Zharinov, N.
A. and Y. V. Demyanchuk, 2008; Zharinov, N. A. and Y. V. Demyanchuk, 2013). Dome growth
began in the 1964 collapse crater and from 1980 to 1981, a 0.0198 km?® dome formed (Belousov,

1994 and references therein). The maximum extrusive dome growth rate was observed through
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August-September 1980, which ceased by the end of 1981 (Gorelchik et al., 1996). Dome growth
occurred without any notable explosive activity, gravitational collapses, or pyroclastic density
current formation. Minor activity occurred between the first two dome-forming cycles with
explosive activity (producing small avalanches and block and ash flows) on the stagnated dome in
1984 and episodic ash plumes until 1992. The 1993-1995 dome-forming cycle began on 21 April
1993 with the most vigorous eruption since 1964 producing an ash plume up to 18 km with
pyroclastic density currents and lahars extending to a distance of 15-20 km, erupting a total volume
of 0.05 km3 (Gorelchik et al., 1997). During this time, the maximum discharge rate was up to 1.25
million m3 per day (Zharinov and Demyanchuk, 2008). Other dome processes over the study

period (2001-2013) have been summarized by Gorbach et al. (2016).

A2 19 MAY 2001

The following account of the activity leading to the 2001 activity is from Fedotov et al.
(2001) and others where referenced. Prior to 2001, Shiveluch had been in a period of quiescence
since January 1995 with occasional tremor and steam/gas emission occasionally containing ash.
The renewed activity commenced with emissions in early January, intensifying fumarolic activity
in February, and weak seismic swarm events in March with a significant increase in intensity in
late April occurring several kilometers below the summit. Extrusive dome-building was preceded
by an increase in seismic activity. Another sharp increase in seismicity occurred on 29 April 2001
and marked the extrusion of an andesitic lava flow. Ash emissions began on 1 May with and the

eruption evolved to produce pyroclastic density currents on 7 May that extended southwest to 1.5-
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2 km from the dome. On 12 May, a new extrusive dome was observed on the western side of the
older dome. The 2-hour long May 19 paroxysmal eruption produced an ash column to 10-20 km
a.s.l., a block and ash flow, and a lahar that traveled over 30 km, covering an area of 70 km? up to
10 m thick (Fedotov et al., 2001). Explosive eruptions over 19-22 May largely destroyed the newly
formed dome and part of the old 1980-1995 dome. A field excursion by Fedotov et al. (2004) noted
a deposit thickness up to 8 m and temperature of 120°C at 1 m depth, two months after
emplacement. The composition of the deposit is mainly of rounded juvenile pumiceous

amphibole-plagioclase andesite clasts and dense dome material.

A3 10 MAY 2004

Endogenous dome growth occurred through 2003 and reverted to extrusive activity around
the time of the 10 May 2004 eruption (Shevchenko and Svirid, 2014). An explosive eruption began
either immediately before or after the dome collapse commenced, with ash-producing eruptions
occurring over the following two days. The 10 May eruption began around 0110 local time with
the most active phase continuing for ~5 hours producing an ash plume up to 8-11 km a.s.l. (Girina
et al., 2004). A lahar produced by hot deposits melting snow destroyed a bridge over the Bekesh
River (Girina et al., 2004). Activity at the dome subsided (no visible activity was recorded) for 5-
7 months until a 400 m-long, 100 m-wide viscous lava flow extruded from May to August, which

subsequently collapsed in September (Zharinov and Demyanchuk, 2008).
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A4 27-28 FEBRUARY 2005

By early February the dome was the largest it had been since dome growth began in August
1980 (Zharinov and Demyanchuk, 2008. Based on seismic data the explosive eruption commenced
at 18:25 (local time) on 27 February and the most intense activity occurred from 2334 on the 27,
to 0115 on 28 February, after which the seismic station located on an elevated area 7.5 km
southwest of the dome (station SVL) stopped recording due to being destroyed by the block and
ash flow. The 8 hour and 50-minute eruption comprised multiple explosions and block and ash
flows, lowering the dome height by 125 m. After this, seismic signals were difficult to distinguish
from those produced by nearby Klyuchevskoy volcano. The eruption produced the second largest
block and ash flow on Shiveluch (which was later exceeded by the 27 October 2010 eruption) with
a dome rock volume of 0.11 km? (Shevchenko and Svirid, 2014). An ASTER TIR scene acquired
29 days after the eruption registered the largest thermal anomaly ever recorded in Kamchatka over
the dome and deposit area (Carter and Ramsey, 2010). Phreatic explosions occurred within the
deposit over 3-5 May due to the interaction between meltwater and the hot dome material at a
distance of 10-12 km from the dome (Zharinov and Demyanchuk, 2008).

A viscous lava flow grew from the location of the dome collapse from March to July
reaching a length of 400 m (Girina and Nuzhdaev, 2013, Zharinov and Demyanchuk, 2013).
Geochemical data suggests that the explosive-extrusive activity of 2004-2005 was due to the
introduction of a high temperature melt, with rapid crystallization leading to an increase in volatile
content and heating of the magma chamber. This is supported by the presence of gabbro-diorite
inclusions in the 2005 lavas (Gorbach, 2006). By August 2005 a new dome with a width of 300 m
had grown in the collapse scar, and a crater formed in the center of the dome due to explosive

activity in June and July (Ramsey et al., 2012; Girina and Nuzhdaev, 2013; Zharinov and
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Demyanchuk, 2013). An explosive eruption from the southwest side of the new dome occurred on
22 September over 8.6 hours, producing a narrow 4-5 m thick block and ash flow deposit that
extended 20 km down the Baidarnaya river channel recently formed within the 28 February deposit
(Girina and Nuzhdaev, 2013).

Following the 27-28 February eruption, the activity at Shiveluch consisted of 3-4 ash
eruptions per year until an increase to 21 ash eruptions in 2007. Over 2006 there was little change
in the dome height with activity limited to lava extrusion on the eastern side of the dome and
moderate fumarolic activity. Explosive ash eruptions recommenced in December 2006 (Zharinov
and Demyanchuk, 2008, KVERT reports) and in November 2007 lava extrusion returned to the

southwest side of the dome (Zharinov and Demyanchuk, 2013).

A5 18-19 DECEMBER 2007

Prior to the 18-19 December 2007 collapse event, ash and lava discharge and avalanches
from the dome were frequent with nightly incandescence visible from January to November. The
maximum dome volume of 360 million m® was reached by October (Zharinov and Demyanchuk,

2008, KVERT reports).

A6 25-26 JUNE 2009

There was a decrease in explosive activity over 2008 with a total of six ash explosions and

a lava flow on the southern side of the dome that extruded from January to May-October (Zharinov
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and Demyanchuk, 2013). Over 2007-2008 the dome height grew by 96 m on the eastern side
(Zharinov and Demyanchuk, 2013). Explosive and extrusive activity increased in late-January to
early March 2009, increasing the dome height by an additional 38 m (Zharinov and Demyanchuk,
2013). The 25-26 June 2009 eruption occurred after a week of elevated activity, producing block

and ash flows and ash plumes up to 5 km a.s.l.

A7 27 OCTOBER 2010

Over the 13 days prior to the 27 October 2010 dome collapse there was a sharp decrease in
seismicity, which elevated again on October 26 to ‘slightly above background level’ (Shevchenko
and Svirid, 2014). The 27 October eruption is one of the most explosive eruptions at Shiveluch
since activity renewed in August 1980 (Zharinov and Demyanchuk, 2013) and at the time of
writing Shiveluch has not produced a larger eruption since. The collapse formed an elongate scar
in the eastern side of the dome and talus apron, which was calculated by Dvigalo et al., 2011
(Shevchenko and Svirid, 2014) to have a volume of 0.28 km®. The eruption generated an ash plume
that deposited ash over 2000 km?, with a total eruptive mass of 7.8 million tons (Zharinov and

Demyanchuk, 2013).

A8 26 JULY 2013

Prior to the 26 July 2013 eruption, a lava flow was extruded on the northwestern to northern

and northeastern flank of the dome. The activity leading to the 26 July eruption consisted of lava
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extrusion, moderate to strong fumarolic activity, small avalanches, and explosive eruptions
(KVERT reports). The 26 July eruption began at 2255 (local time) producing ash plumes up to 10
km that traveled 520 km to the southeast of Shiveluch, and a pyroclastic density current deposit.
The deposit contained hot pumiceous andesite clasts in a fine matrix that remobilized when
touched due to the high gas content (Gorbach et al., 2013). After the 26 July eruption, moderate
ash eruptions continued until December, when a new dome began to grow on the northwestern

side of the previous dome.

A9 3 DECEMBER 2013

Activity continued until December 2013 with viscous lava extrusion on the northwestern
flank of the dome, ash explosions, fumarolic activity, and hot avalanches (December 2013 KVERT
reports). A strong explosive event began at 1325 on 3 December. Ash plumes reached 8-9 km a.s.l.
and extended 200 km north of Shiveluch, and large pyroclastic flows descended from the
southwestern and northwestern flanks of the dome. This deposit was also investigated by Reath

(2017).
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