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For the years 2001 to 2013 of the ongoing eruption of Shiveluch volcano, a combination of different satellite re-
mote sensing data are used to investigate the dome-collapse events and the resulting pyroclastic deposits.
Shiveluch volcano in Kamchatka, Russia, is one of the world's most active dome-building volcanoes, which has
produced some of the largest known historical block-and-ash flows (BAFs). Globally, quantitative data for de-
posits resulting from such large and long-lived dome-forming eruptions, especially like those at Shiveluch, are
scarce. We use Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) thermal infrared
(TIR), shortwave infrared (SWIR), and visible-near infrared (VNIR) data to analyze the dome-collapse scars
and BAF deposits that were formed during eruptions and collapse events in 2001, 2004, 2005, 2007, 2009,
2010, and two events in 2013. These events produced flows with runout distances of as far as 19 km from the
dome, and with aerial extents of as much as 22.3 km2. Over the 12 years of this period of investigation, there is
no trend in deposit area or runout distances of the flows through time. However, two potentially predictive fea-
tures are apparent in our data set: 1) the largest dome-collapse events occurred when the dome exceeded a rel-
ative height (from dome base to top) of 500 m; 2) collapses were preceded by thermal anomalies in six of the
cases in which ASTER data were available, although the areal extent of these precursory thermal areas did not
generally match the size of the collapse events as indicated by scar area (volumes are available for three collapse
events). Linking the deposit distribution to the area, location, and temperature profiles of the dome-collapse scars
provides a basis for determining similar future hazards at Shiveluch and at other dome-forming volcanoes. Be-
cause of these factors, we suggest that volcanic hazard analysis andmitigation at volcanoeswith similar BAF em-
placement behavior may be improvedwith detailed, synoptic studies, especiallywhen it is possible to access and
interpret appropriate remote sensing data in near-real time.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Volcanic lava domes are solidified or semi-solidified highly viscous
masses of extruded lava at a volcano. The partial collapse of growing
lava domes can produce block-and-ash flows (BAFs), often with mini-
mal warning (Calder et al., 2015). The prolonged eruption duration
and the difficult nature of forecasting dome-collapse events can result
in fatalities, social disruptions, or permanent evacuations of surround-
ing populations either because of the BAF or related pyroclastic surges
(Charbonnier et al., 2013 and references therein). Past well-known ex-
amples of prolonged eruption durations include the eruptions of Mt.
Vermillion Street, Athens, WV

.

Pelée (Fisher and Heiken, 1982), Unzen volcano (Miyabuchi, 1999),
Soufrière Hills volcano (Cole et al., 2002), andMerapi and Sinabung vol-
canoes (Surono et al., 2012; Gunawan et al., 2017). At Sinabung volcano
in Indonesia, 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). Shiveluch
is located in a remote area of northern Kamchatka (Klyuchi, the nearest
town is 50 km from the dome). Shiveluch was selected for this study
due to the ongoing dome-forming eruption (at the time of publication)
that has produced BAF deposits that range widely in area and distribu-
tion, and consequently provide new insights into this type of eruption.
In addition, unlike the case at Montserrat (Cole et al., 2002; Sparks
et al., 2002; Herd et al., 2005; Wadge et al., 2014), the BAF deposits on
Shiveluch are entirely on land and consequently, well exposed over
their full extents. Eight dome-collapse events and the resulting BAF
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deposits were selected for this study, for which visible-near infrared
(VNIR), shortwave infrared (SWIR), and thermal infrared (TIR) data
from the Advanced Spaceborne Thermal Emission and Reflection Radi-
ometer (ASTER) sensor are available before and after the collapse
events. Ranges in the BAF deposit areas and runout distances are com-
pared to activity at the dome and the conditions that result in these dis-
tributions are assessed.

The relationships between the pre-collapse areas of elevated ther-
mal output and the area and location of the subsequent collapse events
are investigated in order to assess the value of TIR data for identifying
pre-dome-collapse indicators at Shiveluch. For this study, we character-
ize thedome-collapse scars (the area excavatedduring a collapse event)
using planimetric areal extent and the location of collapse areas on the
dome. The deposits are then characterized using spatial distribution (in-
cluding runout distance), maximum width, and dome-collapse volume
where available.

1.1. Study area

Shiveluch volcano (also spelled Sheveluch) is located in thenorthern
part of the Central Depression of Kamchatka, where the Kuril-
Kamchatka and Aleutian subduction zones intersect, and is the
northern-most active volcano in Kamchatka. The volcano is divided
into Old Shiveluch (3335m), a Pleistocene-age edifice that was partially
destroyed by a N 10 km3 debris avalanche with an age of 10 ka, and
Young Shiveluch (Molodoy in Russian, 2763 m) that subsequently
formedwithin this collapse scar, and is wheremodern volcanismoccurs
(Belousov et al., 1999). Shiveluch has undergone at least seven large ed-
ifice collapse events, dated at approximately 10,000, 5700, 3700, 2600,
1600, 600 BP, and 1964 CE, with the high frequency of failure events at-
tributed to the high supply rate of viscous andesite magma (Belousov
et al., 1999). Such high magma supply rates also result in rapid recon-
struction of the edifice following these collapse events.

The cone of Young Shiveluch is composed of overlapping domes,
short lava flows up to 100 m thick, and volcanic breccias, and a low-
angle volcaniclastic fan extends to N20 km to the south (Dirksen et al.,
2006). Young Shiveluch has experienced six major eruptive periods,
largely consisting of dome formation and collapse (Belousov, 1995
and references therein). The currently-active dome of Young Shiveluch
is situated within the most recently-formed 1964 CE 1750-m-wide
south-facing collapse crater (Fig. 1), and has formed through several cy-
cles of growth and partial collapse during the currently-16-year-long
eruption. The northern part of the dome has grown against the 1964
Fig. 1. Annotated ASTER VNIR data of Shiveluch volcano acquired 11 October 2010 (channe
(a) Overview image with white line in the lowermost center of the image showing the exte
indicates the location of Baidarny Ridge. The thin white arrows indicate the Baidarnaya and Ka
the black box in the inset image, modified ESRI Basemap Copyright: © 2014 National Geog
1000 km. (b) The Shiveluch dome that is located within the 1964 debris avalanche scar. The
located at, and below, the base of the current dome, and are indicated by the white arrows.
collapse scarp and a talus cone surrounds the southern portion of the
dome and extends down to two large (1.5 km-wide) slide blocks that
formed during the 1964 collapse (Belousov et al., 1999; Fig. 1b). These
blocks direct the flows to the southeast or southwest depending on
the collapse location on the dome. After being directed SE and/or SW,
the majority of the flows then travel along the eastern and western
edges of a 1964 hummocky debris avalanche deposit fan.

1.2. Terminology

Here, the term ‘block-and-ash flow’ describes the motion of a mass
of rock fragments and hot gas released during dome-collapse (Fig. 2)
(Bursik et al., 2005). The BAFs at Shiveluch are produced mainly by
Merapi-type events, in which dome-collapses are the result of gravita-
tional failure (Bardintzeff, 1948). The term ‘pyroclastic density current’
(PDC) is used when the initiation mechanism (solely dome collapse or
also including eruption column collapse) is unclear.

2. Summary of the recent eruption history of Shiveluch

Volcanic activity prior to 2001 has been described by Belousov
(1995), Gorelchik et al. (1997), Fedotov et al. (2004), Zharinov and
Demyanchuk (2008), Gorbach and Portnyagin (2011), and Zharinov
and Demyanchuk (2013), and volcano activity reports are available on-
line (KVER/VONA Weekly Release, n.d). Three main recent dome-
forming cycles have occurred in 1980–1981, 1993–1995, and 2001-
onwards (Fedotov et al., 2004). Dome growth rates during the current
2001-onwards cycle have ranged from 150,000 to 700,000 m3/day (ap-
proximately 2 to 8 m3/s) (Table 1). Since 1980, the dome height has
been increasing with intermittent reductions in height due to collapse
events (Fig. 3).

The style of dome growth has largely been exogenouswith intermit-
tent periods of endogenous growth, which has constructed a dome
consisting of overlapping lobes (Shevchenko et al., 2015). The viscous,
blocky andesite lavas have formed radial, bilateral symmetrical, and ir-
regularly spreading lobes or petals throughout the eruption period
(Dirksen et al., 2006; Ramsey et al., 2012; Shevchenko et al., 2015).

Shiveluch also produces pyroclastic surges, associated lahars, and
small to regionally extensive ash plumes (Fedotov et al., 2001;
Zharinov and Demyanchuk, 2008; Zharinov and Demyanchuk, 2013;
Shevchenko and Svirid, 2014). Explosions and partial collapses com-
monly excavate explosion pits and collapse chutes or scars
(Shevchenko et al., 2015). Shiveluch dome-collapse events are
ls 3, 2, 1 in R, G, B, respectively, which highlights vegetation in red and snow in white).
nt of the 1964 debris avalanche deposit (from Belousov, 1995). The thick white arrow
beku River channels. The white box shows the area given in (b). The area is indicated by
raphic Society, i-cubed. The distance from the top to the bottom of the inset image is
eastern and western drainages bound either side of 1964 debris avalanche slide blocks

Image of Fig. 1


Fig. 2. The 3 December 2013 BAF on Shiveluch (view looking towards the north). A relatively small BAF pulse is traveling past Baidarny Ridge (annotated BR) with the bulk of the flow
directed towards the west (black arrow) and a smaller portion of flow freshly deposited to the east (white arrow). Photograph courtesy of Yuri Demyanchuk.
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hazardous to aircraft, as associated ash plumes can reach flight levels
and extend hundreds of kilometers from the volcano.

Zharinov and Demyanchuk (2008, 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 N0.63 km3 dome (2012 volume
in Shevchenko et al., 2015) began its current cycle of growth in April
2001 after a period of quiescence that followed the 1993–1995 activity
(Gorbach, 2006; Shevchenko and Svirid, 2014). The SiO2 content of the
lavas has increased over time, from58.5% in 1964 and about 61% in 2001
to as much as about 63% in 2007–2008 and 2013 (Table 2). The dome is
composed of hornblende-plagioclase andesite to low-silica dacite
(Gorbach et al., 2016). During the 2001–2013 period, Shiveluch has un-
dergone two major cycles of dome growth including multiple collapse
events, 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 eight collapse events within the current eruption
period have been chosen for more detailed analysis based on the large
deposit size (large enough to be visible in satellite images) and the
availability of satellite data around the collapse date, before subsequent
flows bury the deposit. The eight collapse event details, where available,
are shown in Table 3.
Table 1
The available Shiveluch volcano dome growth rates from Shevchenko et al., 2015 and ref-
erences 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 N175,000
21 August 2005 to 22 November 2010 ≥220,000
22 November 2010 to 12 July 2012 150,000
3. Methodology

The eight deposits were chosen for their large size to minimize the
error in calculating the areas and travel distances using the 15 m pixel
resolution of the ASTER VNIR data. The dome collapse scars (the area
of collapse on the dome) and the BAF deposits are identified visually
using VNIR data along with identifying areas of increased temperature
in TIR data. The visual identification was done by comparing before
and after scenes and identifying the contrast in color between the de-
posit and the background (the earlier deposits or snow cover) and the
clear scar boundaries are visible on the dome due to the steep scarp
walls cutting into the dome carapace. The visual interpretations were
frequently comparedwith ASTER TIR data because the deposits and sur-
faces within the scars produce higher temperatures than the surround-
ing areas. The higher temperatures are due to the hot inner dome
material that is exposed when a portion of the dome collapses, and
then subsequently forms the hot deposits. This contrast is increased
during the winter months when background surface temperatures on
the volcano can drop below −20 °C. The area of the deposits and the
dome collapse scars were interpreted manually in ArcMap, using both
VNIR and TIR data, with 15 m and 90 m pixel resolution, respectively.
The 2005 deposit was interpreted using high resolution panchromatic
WorldView-02 datawith a pixel resolution of 0.46m2, giving amore ac-
curate area. The 2010 and 2013 deposits were interpreted using high
resolution QuickBird-02 data with a pixel resolution of 0.65 m2. Based
on the spatial resolution of the data and incorporating human error
with manual tracing, conservative error estimates are ±250 m2 for the
areas calculated using ASTER, and ±30 m2 and 50 m2 for the
WorldView-02 and QuickBird-02 data, respectively. The June 2009 de-
posit has a higher level of uncertainty as the deposit was partially cov-
ered in snow by the time a cloud-free scene was acquired, so this
deposit boundary was largely identified using ASTER TIR data.

3.1. ASTER data

Several studies have used TIR data to study active volcanic domes,
for example: Mount St. Helens in 2004–05 (Vaughan et al., 2005;

Image of Fig. 2


Fig. 3. Periods of dome growth and the resulting relative domeheights (calculated from the base of the dome) from September 1980 to October 2016. The eight selected collapse events for
this study are indicated by the grey bars with the collapse dates given. The dome height values from 1980 to 2013 are published by Zharinov and Demyanchuk (2008) and Shevchenko
et al. (2015), and the 2013–2016 dome heights are estimated during this study from photographs taken by Yuri Demyanchuk.
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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 used data acquired from ground-based cam-
eras, airborne sensors, and satellite instruments to determine dome-
growth styles, surface structures/textures, and to detect episodes of
new activity.

Archival ASTER data scenes were selected based on minimal cloud
cover (cloud absent over the dome or the deposit of interest) and acqui-
sition dates as close to the event dates as possible. The selected data
spanned the times preceding and following each event (Table 4).
ASTER data are acquired by three different subsystems: 15m resolution
0.5–1.0 μmVNIR, 30m resolution 1.0–2.5 μmSWIR, and 90m resolution
8–12 μmTIR, and all three of these are used in this study. All sceneswere
checked for geolocation accuracy to ensure spatial consistency by
checking several designated pixels that have not undergone change
through time (i.e. areas outside of the changing dome and deposit fan).
Table 2
Summary of the published Shiveluch eruptive product compositions over time.

Year wt% SiO2 Reference

1964
eruption
avg.

58.5 Bindeman et al., 2004, Kepezhinskas et al., 1997,
Hochstaedter et al., 1996, Dirksen et al., 2006

1980
eruption
avg.

60.3 Pineau et al., 1999, Dirksen et al., 2006

1993
eruption
avg.

61.1 Tolstykh et al., 2000, Dirksen et al., 2006

1995
eruption
avg.

60.6 Tolstykh et al., 2000, Dirksen et al., 2007

2001 61.3–61.8 Dirksen et al., 2006; Gorbach et al., 2016
2002 62.4 Dirksen et al., 2006
2004 62.7–64.0 Gorbach, 2006, Gorbach et al., 2016
2005 61.2–62.7 Gorbach et al., 2016
2007–08 60.6–63.5 Gorbach et al., 2016
2013 60.8–63.0 Gorbach et al., 2016
TIR data were predominantly used to detect elevated temperatures,
and higher temperatures were detected using SWIR data, however the
SWIR subsystem failed in 2008 so SWIR data are not available for events
that occurred after 2008. Night time data is preferable as it eliminates
the additional input of solar radiation. The ASTER TIR night time data
are downloaded as AST_09 T surface radiance products, which have a
saturation temperature of approximately 97 °C (Urai et al., 1999). This
product is atmospherically corrected using the standard Moderate Res-
olution Transmittance (MODTRAN) radiative transfer correctionmodel,
which accounts for temperature, water vapor, elevation, ozone, and
aerosols to estimate atmospheric scattering, emission, anddownwelling
radiance (NASA LP DAAC, 2001; Tonooka and Palluconi, 2005). The at-
surface radiance data are finally separated into emissivity and pixel-
integrated brightness temperature using the standard normalization
emissivity approach within ENVI software, and are accurate to within
2 °C (Realmuto, 1990; Gillespie et al., 1998, Gustafson et al., 2006).
The standard ENVI Calculate Emittance Parameters were used, except
that the Assumed Emissivity Value was changed to 0.98 for each TIR
scene analysis. 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 μm)using the Plank Equation and assuming an emissiv-
ity of 1. The detection threshold for temperatures in this SWIR band
ranges from 283 to 467 °C (low gain) and 250–410 °C (high gain), de-
pending on which of these gain settings was used during data acquisi-
tion. The temperatures reported are the minimum temperatures for a
given pixel, as they represent a mixed-temperature surface that could
contain both hotter, and cooler areas.

For the analysis of surface temperatures on the dome it was some-
times necessary to use day time TIR datawhen the domewas not visible
in night time data due to cloud cover. Daytime TIR and SWIR scenes
were collected as close to the eruption date as possible in addition to
the closest consecutive day and night pair (one day time and one
night time scene collected within a 24-hour period). These scenes are
initially processed using the samemethod as the nighttime data, but re-
quire additional removal of solar radiance. The solar radiance input was
calculated under the assumption that the amount of solar radiance for
the scene of interest would be the same as the average temperature

Image of Fig. 3


Ta
bl
e
3

Th
e
av

ai
la
bl
e
pa

ra
m
et
er
s
fo
r
th
e
ei
gh

t
Sh

iv
el
uc

h
do

m
e
co
lla

ps
e
ev

en
ts

fr
om

th
is
st
ud

y
(a
nn

ot
at
ed

w
it
h
*)

an
d
fr
om

ex
is
ti
ng

lit
er
at
ur
e.

Er
up

ti
on

da
te

Er
up

ti
on

st
ar
t

ti
m
e

Er
up

ti
on

en
d
ti
m
e

Er
up

ti
on

du
ra
ti
on

(h
ou

rs
)

In
te
ns

e
ac
ti
vi
ty

du
ra
ti
on

(h
ou

rs
)

A
sh

pl
um

e
he

ig
ht

(k
m

a.
s.
l.)

A
sh

pl
um

e
tr
av

el
di
st
an

ce
/d
ir
ec
ti
on

A
sh

fa
ll

ar
ea

(k
m

2
)

M
ax

.
BA

F
ex

te
nt

D
om

e
he

ig
ht

be
fo
re

(m
)

D
om

e
vo

lu
m
e

(k
m

3
)

D
om

e
co

lla
ps

e
vo

lu
m
e

(k
m

3
)

D
om

e
he

ig
ht

re
du

ct
io
n

To
ta
l

er
up

ti
ve

m
as
s/
vo

lu
m
e

A
vi
at
io
n

Co
lo
r

Co
de

Re
fe
re
nc

es

19
-M

ay
-0
1

17
:0
5

2
10

20
km

N
-W

13
.7
*

33
5

0.
19

(1
6

M
ay

20
01

)

Fe
do

to
v
et

al
.,
20

01
;K

V
ER

T
re
po

rt
19

M
ay

20
01

;
Sh

ev
ch

en
ko

et
al
.,
20

15

10
-M

ay
-0
4

01
:1
0

5
8–

11
8.
8*

52
1

0.
47

(7
O
ct

20
03

)

0.
04

G
ir
in
a
et

al
.,
20

04
;S

he
vc

he
nk

o
an

d
Sv

ir
id
,2

01
4;

Zh
ar
in
ov

an
d
D
em

ya
nc

hu
k
20

07
;S

he
vc

he
nk

o
et

al
.,

20
15

27
/2
8-
Fe

b-
05

18
:2
5

6.
8

1.
7

8–
9

24
,8
00

17
.8
*

52
0

0.
11

12
5
m

0.
2
km

2
Re

d
Zh

ar
in
ov

an
d
D
em

ya
nc

hu
k,

20
08

;S
he

vc
he

nk
o
an

d
Sv

ir
id
,2

01
4;

G
or
ba

ch
et

al
.,
20

16
18

/1
9-
D
ec
-0
7

18
:2
3

(1
8
D
ec
)

02
:4
5

(1
9
D
ec
)

8
4.
4–

6
13

0
km

W
12

.7
*

0.
36

O
ra
ng

e
K
V
ER

T
Re

po
rt

19
D
ec

20
07

;

20
:0
0

(1
9
D
ec
)

23
:0
0

(1
9
D
ec
)

3
30

0
km

S-
SW

25
/2
6-
Ju
n-

09
5

6.
4*

O
ra
ng

e
K
V
ER

T
Re

po
rt

2
Ju
ly

20
09

27
-O

ct
-1
0

N
12

25
00

ov
er

th
e

Pa
ci
fic

O
ce
an

20
00

19
.0
*

56
3

0.
54

(2
2

N
ov

20
10

)

0.
28

7.
8
m
ill
io
n

to
ns

Re
d

K
V
ER

T
Re

po
rt
s
28

O
ct

20
10

;3
0
O
ct

20
10

;D
vi
ga

lo
et

al
.,

20
11

;Z
ha

ri
no

v
an

d
D
em

ya
nc

hu
k,

20
13

;S
he

vc
he

nk
o

et
al
.,
20

15
26

-J
ul
-1
3

22
:5
5

10
52

0
km

SE
11

.6
*

0.
63

(1
2

Ju
ly

20
12

)

Re
d

K
V
ER

T
Re

po
rt

1
A
ug

20
13

;S
he

vc
he

nk
o
et

al
.,
20

15

3-
D
ec
-1
3

13
:2
5

18
:5
8

8–
9

N
50

0
km

N
13

.6
*

Re
d

K
V
ER

T
Re

po
rt

3
D
ec

20
13

;

119J.B. Krippner et al. / Journal of Volcanology and Geothermal Research 354 (2018) 115–129
background difference between the consecutive day-night pair, in the
same location (excluding the pixels showing elevated temperatures
due to dome activity). The average background temperature difference
between the two day-night pair scenes was calculated and removed
from the daytime data using the bandmath function in ENVI.

3.2. Dome collapse and deposit distribution analysis

Eight BAF deposits from 2001 to 2013 are analyzed using the combi-
nation of the ASTER VNIR and TIR data described above. Using ASTER
VNIR data, the runout lengths (the straight-line horizontal length) of
the BAF depositsweremanuallymeasured in ESRI ArcMap. Thematerial
that is the source for the BAFs comes from different areas within the
steep, ~1550 × 3500 m dome and across distances as much as 3.5 km,
therefore, there is no singular point of origin for the entire material
that spans a single deposit. Consequently, by using both the top and
base of the collapse scar on the dome that resulted from each event,
the resulting range in run-out distances represents the maximum and
minimum flow lengths and this range is given in Table 5. However,
throughout this report the maximum runout distance is given as the
length measured from the top of the collapse scar to the distal end of
the deposit for simplicity. The locations of the features within the BAF
deposits are given in kilometers from the uppermost point, or headwall
scarp, of the dome collapse area, and are, therefore, maximum lengths.
The runout length is also calculated from the dome base where the
flows exit the erosional channels (Fig. 1b) for a comparative length
from a consistent location, given in Table 5, because the dome scars
are not visible at later dates after subsequent dome growth. The maxi-
mum temperatures of the deposits and the area of the precursory ther-
mal anomalies are calculated using ASTER TIR data, and SWIR data
when the scenes are available, and the number of days that lapse be-
tween the collapse dates and the data acquisition are given in Table 6.
The longer the time between the collapse event and the data acquisition
allows more time for the dome rock to cool, and the temperatures are
considered to be minimum temperatures for the surface dome rock.
The precursory thermal anomalies on the dome surface are interpreted
by analyzing pre-collapse images, calculating the surface temperatures,
creating temperature contours of the areas of elevated temperature,
then overlaying the contours onto the VNIR images that show the
dome collapse area. Dome-collapse dimensions (e.g., planimetric area
and length) are calculated using a combination of ASTER TIR and VNIR
data. The TIR and VNIR scene dates and the number of days that the
scene was acquired after the event date are given in Table 6. The TIR
scenes acquired closer to the event date give more accurate tempera-
tures for the exposed dome rock, but elevated temperatures are present
for long periods after the collapse occurs.

4. Results

Careful examination of the ASTER VNIR and TIR data, combinedwith
field validation, give a timeline of the recent dome collapse and BAF de-
positional history of Shiveluch.

4.1. 19 May 2001

This eruption produced a BAF originating from the northwestern
side of the dome, forming a 0.33 km2 collapse scar equant in shape
but with irregular edges (Fig. 4a–b). Within the dome scar, a maximum
measured pixel-integrated brightness temperature of 445 °C was regis-
tered in a single 30 m2 SWIR pixel in the data that was acquired the
same day as the event. However, temperatures likely exceeded 445 °C
at the top of the collapse scar where a steam plume obscured the
dome rock in the SWIR image. This is the hottest temperature detected
out of all of the eight dome-collapse scars. The temperatures of the
dome surface prior to the collapse register at around 10 °C, giving a



Table 4
The ASTER VNIR, SWIR, and TIR data scenes that were used in this study with the product information given.

Acquisition Product ID 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
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minimum temperature range of at least 10–445 °C for the BAF source
rock, spanning 455 °C.

The 19 May 2001 BAF deposit (Fig. 5a) is long and narrow (485 m
maximum deposit width). The flow followed the western edge of the
1964 debris avalanche deposit and has a total maximum length of
13.7 km. The flow fanned out onto the dome talus slope until it reached
the upper slide block, where it was then directed through a 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 before traveling farther southeast around Baidarny Ridge (loca-
tion shown in Fig. 1). At the southern tip of Baidarny Ridge, a second
smaller lobe extended 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 area is 8.8 km2.
Table 5
The summary of dome-collapse and BAF deposit parameters for the eight collapse events. The

Event Date Collapse scar area
(km2)

Collapse scar max. width ×
length (m)

Dome Rock Remove
(km3)

19-May-01 0.33 640 × 750
10-May-04 1.53 800 × 3500 0.004a

28-Feb-05 0.86 550 × 2400 0.11b

18/19-Dec-07 1.4 840 × 2650
25/26-Jun-09 0.46 580 × 1260
27-Oct-10 1.71 1100 × 2540 0.28c

26-Jul-13 0.24 330 × 1060
3 Dec 2013 0.4 550 × 1100

Event Date Max. deposit width
(m)

Max. dome temp.
(°C)

Dome no. pixels above TIR
saturation

19-May-01 485 445 10
10-May-04 2500 406 42
28-Feb-05 2490 312.86 8
18/19-Dec-07 1370 273.5 10
25/26-Jun-09 1560 N/A 10
27-Oct-10 4100 N/A N/A
26-Jul-13 1100 N/A 2
3 Dec 2013 1550 N/A 3

a Zharinov and Demyanchuk, 2008.
b Shevchenko and Svirid, 2014.
c Dvigalo et al., 2011; Shevchenko et al., 2015.
Lahar deposits extend beyond this point, resulting from the emplace-
ment of the BAF onto snow.

4.2. May 2004

During an eruption on 10 May 2004, a portion of the southern flank
of the Shiveluch dome collapsed to produce a scar with an aerial extent
of 1.53 km2 (Fig. 4c–d). In anASTER TIR scene acquired oneday after the
event, 42 pixels (3.78 km2)within the collapse scar are above the ASTER
TIR saturation temperature of 97°C, and the maximum detected SWIR
temperature is 406 °C. The eruption deposited hot material on the east-
ern andwestern slopes of the dome and talus slope. Immediately below
the dome, a section of the flow traveled up and over the western 1964
collapse crater rim and down a valley, emplacing another 3-km-long
collapse scar is the area excavated during a collapse event.

d BAF runout distance
(km)

BAF runout from dome
base (km)

Max. H/L
Ratio

BAF deposit area
(km2)

12.9–13.7 10.9 0.15 3.5
5.7–8.8 5.6 0.20 11.4
15.6–17.8 15.4 0.14 24.1
10–12.7 9.8 0.17 5.1
5.2–6.4 3.8 0.27 2.9
16.4–19 15.7 0.13 22.3
10.6–11.6 8.2 0.18 3.5
12.6–13.6 9.7 0.16 9.2

Flow
direction

Lobes Channelized
deposit

Preceding thermal
Anomaly

Evidence for
surge?

SW N/A Y N/A Y
S 4 Minor N/A N
SW, W 6 Minor Y Y
SW 2 Y Y N
S 4 N Y N
S, SE N/A Y Y Y
SW 3 Y Y N
SW 5 Y Y N



Table 6
ASTER TIR and VNIR scenes that are used for the dome-collapse scar analyses shown in Fig. 2. SWIR scenes that are used in this study are also included. All of the scenes are reported along
with the number of days that the scene was acquired after the eruption/collapse event (days after eruption).

Figure Eruption date TIR scene date Days after eruption VNIR scene date Days after eruption SWIR scene date Days after eruption

3a–b 19-May-01 19-May-01 0 14-Feb-02 271 19-May-01 0
3c–d 10-May-04 11-May-04 1 4-Jun-04 26 4-Jun-04 26
3e–f 27/28-Feb-05 12-Mar-05⁎ 4 12-Mar-05 13 29-Mar-05 29
3 g–h 18/19-Dec-07 23-Dec-07 6 22-Dec-07 5 23-Dec-07 1
3i–j 25/26-Jun-09 30-Jul-09 36 29-Jul-09 35 N/A
3 k–l 27-Oct-10 7-Dec-10⁎ 42 7-Dec-10 42 N/A
3 m–n 26-Jul-13 23-Aug-13⁎ 28 23-Aug-13 28 N/A
3o–p 3-Dec-13 16-Feb-14 133 30-Jan-14 59 N/A

⁎ ASTER TIR day time image.
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deposit over an area of 1.42 km2. Themajority of thematerial traveled to
the east of the slide blocks and then continued south to produce a fan-
shaped deposit with a maximum width of ~2.5 km and a total area of
11.4 km2 (Fig. 5b). The main body of the deposit terminates with four
lobes, with each lobe extending out to a further 1 km in length. The
maximum runout length is 8.8 km.
4.3. 27–28 February 2005

Prior to the 27–28 February 2005 eruption, a SWIR scene acquired on
23 February show three areaswith elevated temperatures on thewestern
side of the dome. Retrospective analysis of these data show that these
areas largely coincidewith the area of subsequent collapse. Data acquired
five days after the eruption show that the dome collapse formed an elon-
gate scar cutting into the southeast portion of the dome. This scar has an
area of 0.86 km2 and maximum dimensions of 0.55 × 2.4 km (Fig. 4e-f).
The uppermost area of the collapse scar occurs in the region of the ther-
mal anomalies that were present prior to the collapse. The scar has a cen-
tral elongate trough up to 170-m-wide and 2.1 km long. Above this
trough are lateral terraces, ~160-m-wide and ~1.2-km-long along the
eastern side, and a smaller western terrace with maximum dimensions
of 65-m-wide by ~0.6-km-long. Within the scar, TIR data acquired on 12
March (four days after the eruption) show eight pixels corresponding to
an area of 720 m2 above the saturation temperature of 97 °C; whereas,
the ASTER SWIR data acquired on 29 March contain pixels within the
scar area that have a maximum temperature of 312 °C, 29 days after the
eruption occurred.

The 27–28 February 2005 BAF traveled through the western drain-
age system and continued to the south and southwest for a distance of
17.8 km from the dome scar (Fig. 5c). Below the dome, a smaller portion
of the flow overtopped the eastern side of the western drainage system
and deposited a lobe that extends south for 2 km. The main flow trav-
eled to the southwest alongside the Baidarnaya River, then fanned
out and emplaced the upper fan deposits with a maximum width of
~2.5 km. At a distance of 10.3 km from the dome scar, the deposit is
largely confined to the ~190-m-wide Baidarnaya River channel for
a distance of ~2 km towards the west, before fanning out and
emplacing the lower fan deposit that has a maximum width of
2.04 km. This main lower fan deposit terminates with five lobes,
each with a length of as much as 2 km long. At 10.8 km from the
dome scar, a portion of the BAF overtopped the channel and contin-
ued towards the southwest for another 4.2 to 5 km. This smaller de-
posit section has a maximumwidth of 900 m, and an area of 1.9 km2.
The entire BAF deposit covers an area of 24.1 km2. The main 2005 de-
posit fan is surrounded by a rim of dead trees reaching 300 m-wide,
that were killed by a fine-grained pyroclastic surge that continued
past the main BAF deposition area. This rim is clearly visible in all
of the available satellite wavelengths and has sharp boundaries
marking the BAF deposit-surge area boundary, and the surge area-
living trees boundary.
4.4. 18–19 December 2007

The 18–19 December 2007 collapse event occurred along the west-
ern side of the dome and talus slopewithin the area of the 27–28 Febru-
ary 2005 collapse (Fig. 4g–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 dome collapse scar. The VNIR and TIR data show
the collapse scar with an area of 1.4 km2. Within the dome scar, ten
pixels corresponding to an area of 900 m2 exceed the ASTER TIR 97°C
saturation temperature, six days after the collapse. The maximum
SWIR-derived temperature is 273.5 °C within the collapse scar.

The BAF that was produced during the collapse was directed to the
east of the 1964 slide blocks, where it fanned out to form a deposit
with a length of 4.5 km and a maximum width of 1.37 km (Fig. 5d). At
the southern tip of the Baidarny Ridge, 6.5 km from the scar, the BAF
turned towards the west for a short distance, and then towards the
south where it continued along the edge of the 1964 debris avalanche
fan. The flow was confined within the Baidarnaya River channel for
7 km and ultimately formed a 5.1 km2 deposit, with amaximum runout
distance of 12.7 km. VNIR data acquired before the collapse show that
prior to the dome collapse and BAF emplacement, the top of the
27–28 February 2005 scar had largely been filled by a 670 × 900 m
dome and associated talus material.

4.5. 25–26 June 2009

The BAF deposit emplaced during the 25–26 June 2009 eruption is
the smallest out of the deposits included in this study. In our retrospec-
tive examination of TIR data that was acquired on 27May 2009, we de-
tected an elongate thermal anomaly that measures ~0.45 × 1.33 km on
the upper-southern dome slope. The 25–26 June 2009 collapse area co-
incided almost exactly with the location of this pre-existing thermal
anomaly, producing a scar with an area of 0.46 km2 (Fig. 4i–j). In a
scene acquired four days after the eruption, ten pixels within the
dome scar (900m2) exceed the 97 °CASTER TIR saturation temperature.

The resulting BAF was directed through the eastern drainage system
and emplaced material to the south, over an area of 2.9 km2 (Fig. 5e).
The runout length reaches a maximum distance of 6.4 km from the
dome scar and it has amaximumwidth of 1.56 km. The deposit area ter-
minates in four lobes. The eastern-most lobe flowed up and over a topo-
graphic high at a bend in the drainage below the dome, located 4.4 km
from the dome scar, while the other three lobes extend downslope from
the deposit fan.

4.6. 27 October 2010

In our retrospective analysis of TIR data acquired on 11 October 2010,
16 days before the 27 October eruption, we identified a 640 × 645 m
thermal anomaly near the summit of the dome. The subsequent collapse
produced a 1.1 × 2.54 km scar along the eastern side of the dome and
talus slope, with an area of 1.71 km2 (Fig. 4k–l). The thermal anomaly
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that precedes the collapse date is located near the center of this scar area.
The maximum depth of the dome collapse scar was ~180 m, calculated
here from a photogrammetry-derived DEM published by Shevchenko
et al. (2015).

The 27October 2010 eruption produced a BAF deposit that covered a
total area of 22.3 km2 (Fig. 5f). The deposit includes three distinct depo-
sitional areas: 1) an area of relatively thin and patchy deposition in the
proximal area that extends to ~10.6 km from the dome scar; 2) themain
deposit fan that extends from ~10.6 to ~16.2 km from the dome scar;
and 3) a channelized deposit within the Kabeku River channel (location
given in Fig. 1a) for an additional 5.4 km to the east. In the proximal de-
posit area, two lobes were emplaced over the eastern scarp of the 1964
collapse crater to distances of 4 and 7.5 km. The total length of the 2010
deposit, including the channelized section, reaches a maximum of
Fig. 4. ASTER data of the eight collapse scars that result from the dome-collapse events are s
contours of the dome-collapse scars overlain are shown in the right column. The BAF event d
these images and other information are given in Table 6. Temperature contours are in 10-de
and all images are at the same scale shown in (b) and (j). VNIR images are shown in grey-sc
and ash cover on the volcano at the time of acquisition.
19.0 km from the dome collapse scar. The main deposit fan covers an
area of 16.2 km2, with 11.6 km2 of this area emplaced on top of the
1964 debris avalanche deposit. The entire deposit has a 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 fur-
rows 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.

4.7. 26 July 2013

The 26 July 2013 dome-collapse event occurred on the northwest
flank of the dome, producing the smallest collapse scar that is observed
hown in the column on the left. The same VNIR scene with the TIR-derived temperature
ates (month and year) are labeled on the images in the left column. Acquisition dates of
gree C increments as shown in (b) and (j). All images are oriented with north at the top
ale for clarity of the temperature contours and the background colors vary due to snow

Image of Fig. 4


Fig. 4 (continued).
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in this study, with an area of only 0.24 km2 (Fig. 4m–n). In ASTER data
acquired prior to the eruption, steam can be seen emanating from the
collapse area. Elevated temperatures surround the future collapse
area, although other areas of the dome that did not undergo collapse
also display elevated temperatures (above background temperature).
Within the dome collapse scar, two pixels that cover an area of
180 m2 exceed the 97 °C ASTER TIR saturation threshold in a scene
that was acquired on 23 August 2013. The hottest area is located near
the center of the 2013 dome scar.

The BAF that resulted from this collapse traveled down the western
side of the dome and through the western drainage system. The flow
emplacedmaterial to the southwest of the dome alongside the Baidarny
Ridge and farther south down the Baidarnarya River channel (Fig. 5g).
The portion of the flow that emplaced the main deposit body fanned
out below the dome and terminated in three distal lobes. This main de-
posit fan has a total length of 3 to 4.3 km, and a maximum width of
1.1 km. The distal portion of the BAF was channelized within the
Baidarnaya River channel. The flow entered the channel at a distance
of 6.3 km from the dome scar and continuing for 4.65 km downstream.
It is evident that the flow underwent superelevation where the flow
traveled up and over the confining channel walls at 7.9 km from the
dome, after a bend in the channel, and again at 9.9 km where the chan-
nel is shallower. The maximum total length of the deposit measures
11.6 km from the dome scar, and it covers a total area of 3.5 km2. It is un-
certain whether the 2013 deposit was entirely emplaced during the 26
July eruption, or if it also includes material produced by subsequent ac-
tivity in August (KVERT online report, 31–2013), as cloud cover
prevented data acquisition during the weeks following the eruption.

Image of Fig. 4


Fig. 5.ASTERVNIR sceneswith annotated black outlines of the eight BAF deposits investigated in this study: a) 19May 2001; b) 10May 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.
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4.8. 3 December 2013

The 3 December 2013 BAF was the result of a dome-collapse event
originating on the northeastern section of the dome (Fig. 4o–p), in the
same location as the 19 May 2001 and 26 July 2013 collapse events.
TIR data acquired on 16 February 2014 (133 days after the collapse) reg-
ister an elevated thermal signature on the dome scar approximately
0.4 km2 in size in this location, with maximum dimensions of ~1.1 ×
~0.55 km. Three pixelswith an area of 270m2 exceed the ASTER TIR sat-
uration threshold of 97 °C, but due to the elapsed time after the collapse
it is not certain that this is a direct result of the collapse.

The resulting BAF traveled down the southwest side of the dome,
with a small portion of the flow traveling down the eastern side of the
dome and producing a 3.4-km-long deposit on the dome and talus
slope. This is identified by an elevated thermal signature in the post-
collapse ASTER TIR scene. The bulk of the BAF exited the western
draining system and produced a 5.3 km to 8.6 km long deposit fan. To
the southeast of the main fan, a narrow portion of the flow continued
down the Baidarnaya River channel to a maximum runout distance of
13.6 km (Fig. 5h). A smaller portion of the flow emplaced an additional
long and narrow deposit to 2.3 km from the southeast edge of the main
deposit body, reaching 11.6 km from the dome scar. The entire deposit
has a maximum width of 1.5 km and covers an area of 9.2 km2.

This BAF was imaged at one-minute intervals by a webcam housed
at the Kamchatkan Volcanological Station in Klyuchi village, 45 km to
the SSW of the dome and 30 km from the southern edge of the deposit
fan. These images show five smaller BAF pulses over a time span of 2 h,
then a larger BAF pulse that emplacement the main deposit fan. Over

Image of Fig. 5
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the 3 h of the eruption event that was imaged 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 trans-
port material to the distal edge of the deposit. The smaller initial flows
did not extend beyond the southern tip of Baidarny Ridge located
6.6 km from the dome scar. Fig. 2 shows one of these BAF pulsesmoving
alongside Baidarny Ridge. Smaller avalanches or flows continued into
the night.

5. Discussion

Around theworld, recent extended periods of dome growth and col-
lapse have occurred at Soufrière 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 vol-
cano, Indonesia from December 2013 to present (Gunawan et al.,
2017; Pallister et al., 2017), among others. Similar activity is ongoing
at Shiveluch volcano and eight large dome-collapse events and their
BAF deposits are detailed here to evaluate the relationships between
dome collapse events and deposit distribution. Analysis of these events
examines the potential impact of large BAFs by documenting the vari-
ability of dome-collapse and the related BAF deposit distribution over
the course of a long-lived dome-forming eruption. The identification
of systematic patterns of BAF emplacement over prolonged eruption
durations, like at Shiveluch, could reduce uncertainty in evaluating
risk at other dome-building volcanoes around the world (Ogburn
et al., 2015). However, for such patterns to be useful in hazard evalua-
tions theymust be statistically robust, requiring additional studies span-
ning across dome forming eruptions.

5.1. Dome-collapse BAF deposits on Shiveluch

The recent deposits produced on Shiveluch volcano are predomi-
nantly of the BAF type. This is confirmed by field investigations of the
2005 and 2010 deposits during a field campaign in 2015, and an earlier
study carried out by Shevchenko and Svirid (2014). The 2005 and 2010
deposits comprise an ash and lapilli-supportedmatrix with sub-angular
to sub-rounded blocks up to 12 m in diameter. The predominant mate-
rial is dome rock, with minor entrained accidental clasts from the un-
derlying 1964 pyroclastic flow deposits and trees that were felled by
the flows. Shevchenko and Svirid (2014) examined the dome collapse
scars produced in May 2004, December 2007, and October 2010. They
identified collapse scarps, strongly tapering-downward scars, and lack
of explosion craters. The authors concluded that thesewere due to grav-
itational processes rather than explosive eruptions, even though some
events were accompanied by explosive activity. The last confirmed py-
roclastic flow that was generated by column collapse occurred in 1964
during an eruption that produced a Plinian ash column, when there
was no dome present (Belousov, 1995). Based on these observations,
we make the assumption that all BAF deposits studied here are largely
due to dome-collapse rather than column collapse, with possible
minor contributions from column collapse. Evidence of ash plumes as-
sociated with the collapse events are seen in several satellite images.
Lightning strikes associated with these ash plumes were recorded by
the World Wide Lightning Location Network (WWLN) during the Feb-
ruary 2005, June 2009, and October 2010 events (over 11 min, 17 h,
and 1.5 h, respectively). Earlier field work noted pumiceous compo-
nents in the May 2001 and July 2013 deposits, suggesting that partial
collapse of dome material in some cases may have exposed deep or
fresh parts of the dome underwent vesiculation due to gravitational
unloading.

5.2. Pre-eruption thermal anomalies

Retrospective examination of precursory thermal anomalies over
the eight eruption events was undertaken to assess the ability of
forecasting dome collapse events using satellite TIR data at Shiveluch.
Using data acquired prior to six of the eight events (where TIR data
was available), TIR pixel-integrated brightness temperature data were
analyzed for areas of elevated thermal output occurring within, or par-
tially overlapping, the areas dome-collapse (Fig. 6). For all six events,
thermal anomalies were identified within the areas of the future col-
lapse. Most of the areas of elevated temperatures that precede the col-
lapse events are smaller than the collapse areas, except for the
thermal anomaly preceding the June 2009 event that almost exactly
marks the area (size and location) of the future collapse. Increased ther-
mal output on a lava dome can be the result of heat radiating outward
from cracks that form asmagmamoves towards the surface, lava extru-
sion onto the surface, active faults that reach the surface, increased fu-
marole temperatures, or 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, espe-
cially the events where the anomaly occurs at the top of the subsequent
collapse. Effusion of fresh, hot material onto the dome could also cause,
or contribute to, these anomalies.

Here, we discuss the limitations of using these data for thermal pre-
cursory analysis and forecasting of collapses. These pre-eruption ther-
mal 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 the collapse events that
followed. Cloud cover and gas and steam plumes over the dome area
further reduces the ability to retrieve dome surface temperatures.
Based on the results of this study, it would be difficult to forecast deposit
area and extent based on the surficial manifestations of dome activity,
such as areas of elevated thermal activity. The surface expression of
thermal radiation does not indicate the potential depth instability of
dome material, and therefore, the volume of dome collapse material
cannot be determined in advance of an eruption using this method.
An additional problem with long-lived dome-forming eruptions is the
frequent 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 that are not associated with collapse events. 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 throughwhich the thermal anomaly is visible. Satel-
lite observations of the dome surface are limited by the overpass fre-
quency (how often data is acquired over a given location) and the
number of scenes that are free of atmospheric cloud and gas/steam
plumes that obscure the dome area. For a complete evaluation of the
value of thermal imaging for identifying areas that are susceptible to
collapse, a higher density of data is needed leadingup to an eruption (ei-
ther satellite- or ground-based). If such data were available, it would
allow the quantification of the changes in thermal intensity through
time in pre-collapse areas. To improve the understanding and applica-
bility of the link between thermal anomalies to active lava extrusion,
the integration of additional monitoring datasets such as seismicity,
gasfluxmeasurements, and deformation data is recommended. Quanti-
fying the relative roles of active dome-growth processes, as opposed to
other external factors (e.g. gravitational failure), is important for fore-
casting efforts.

5.3. BAF deposit distributions

Over the investigation period, the BAF maximum runout distances
vary from 6.4 to 19.0 km, producing deposits that range in area from
3.5 to 24.1 km2. Additional associated surge deposits occur in the May



Fig. 6. A comparison of the precursory areas of elevated thermal output against the collapse areas on the Shiveluch dome. Here, the colored outlines representing the correlating dome-
collapse scar boundaries are overlain onto the ASTER TIR scenes that show the pre-collapse elevated thermal areas that are present on the dome area (grey towhite pixels). Themaximum
temperature of the pre-collapse area is given for each image, or the number of pixels that exceed the ASTER TIR saturation temperature of 97 °C (therefore, a true maximum temperature
cannot be given). The 9 July 2013 scene has theweakest thermal anomaly and a steam/gas plume covers the top of the collapse area, which is represented by black pixels in the TIR scene
due to the cooler temperature of the plume. Note: each scene has a different scale to improve visibility of the areas of elevated temperature due to thewide range in surface temperatures.

126 J.B. Krippner et al. / Journal of Volcanology and Geothermal Research 354 (2018) 115–129
2001, February 2005, andOctober 2010 deposits, extending up to 300m
beyond themain deposit boundaries. These larger BAF runout distances
are significant in comparison to collapse events and deposits at other
volcanoes around the world (Table 7). The 2005 and 2010 BAF deposits
Table 7
BAF maximum runout distance and maximum deposit area for Shiveluch (this study) and othe

Volcano Eruption Date Max. BAF runout distance (km) Max. Depo

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-Oct-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
7/8-Jan-69 13 7.8
14-Jun-2006 7.8 1.136
5-Nov-2010 15.5 6.53

Unzen 1990–1995 5.5
Tarawera 1305 CE 9.4
Chaiten 19-Feb-2009 6
Soufriere Hills⁎⁎ 1995–2010 7 10
Sinabung 2010–2015 4.9
Augustine⁎⁎ Jan-Mar 2006 5 4.42⁎

Colima 19-Jan-1913 15 0.07

⁎ Area includes all deposit components (block and ash flow plus surge).
⁎⁎ Flows entered the sea, therefore, runout distances are minimum values.
are the two largest at Shiveluch, in both runout distance and deposit
area, and are two of the largest known historical deposits on any vol-
cano. Prior to data published in 2015, the largest known historical
dome-collapse volume was the 12–13 July 2003 failure of the Soufrière
r dome-producing volcanoes around the world.

sit Area (km2) Reference

Bourdier and Adburachman, 2001; Ogburn, 2012.
Bourdier and Adburachman, 2001; Ogburn, 2012.
Thouret et al., 2010; Thouret et al., 2015
Surono et al., 2012, Charbonnier et al., 2013; Solikhin et al., 2015
Miyabuchi, 1999
Nairn et al., 2001; Hanenkamp, 2011
Major et al., 2013
Cole et al., 2002; Sparks et al., 2002
Yulianto et al., 2016; Nakada et al., 2017; Pallister et al., 2017
Vallance et al., 2010
Saucedo et al., 2005

Image of Fig. 6


Fig. 7. The BAF areas (km2), runout distances (km), and planimetric dome-collapse areas (scar area, km2) of the eight collapse events.
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Hills volcano dome with a volume of 0.21 km3 (Herd et al., 2005). The
October 2010 collapse exceeds this with a volume of 0.28 km3 as calcu-
lated by Dvigalo et al., 2011(Shevchenko et al., 2015). This volume does
not take into account bulking processes (increasing in volume) by the
entrainment of accidental material during flow transportation.

Data for volcanoes other than volcanoes sourced from Ogburn
(2012) and Harnett et al. (2017).

Although the results of this study show a relationship between de-
posit area/runout distance and the dome-collapse scar areas from
2001 to 2009, a much stronger relationship emerges after 2009
(Fig. 7). The lack of a simple relationship between area of the collapse
scars and the area and runout of the resulting BAFs in our data suggest
that additional controlling factors are involved, such as the depth of in-
stability (in addition to the surficial area) of the dome rock that is amain
factor controlling the BAF volume, and the runout distance, which is also
affected by the transportation path geometry that the flow takes (i.e.
Fig. 8. Photo of the Shiveluch dome taken from the southwest on 21 October 2016. The solid
surface four days prior to the 27 October 2010 collapse event (17 October 2010). Following th
(after Zharinov and Demyanchuk, 2013). The entire dome in the image is 610 m high from the
channelized or open area). This is reflected in the H/L values, which
range from 0.13 to 0.27. H/L values have been used to compare themo-
bility of granular flows across uniform surfaces (e.g., Hayashi and Self,
1992) but the wide range for Shiveluch flows supports the hypothesis
that the channelization of the flows exerts a profound influence on
runout distance. TheMay2004 andDecember 2007 collapse events pro-
duced relatively large collapse scars on the dome, which could be due to
a shallow collapse depth over a broad area. The February 2005 collapse
event produced a deep collapse scar on the dome and resulted in a rel-
atively small scar area. The depths of dome-collapse scars on Shiveluch
should be quantified and compared to deposit area and runout distance
for further analysis. Channelization of theflowenhanced the runout dis-
tance of the May 2001, December 2007, October 2010, July 2013, and
December 2013 BAFs. During these events, the flows continued for
over 5 kmbeyond themain fan deposits, with the length of the channel-
ized deposit accounting for up to 60% of the total deposit length. The
black line denotes the dome surface in this view. The dashed black line depicts the dome
e October 2010 collapse the dome surface changed dramatically, shown by the white line
dome base, and is taken looking towards the north. Photo courtesy of Yuri Demyanchuk.

Image of Fig. 8
Image of Fig. 7
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deposits that include significant channelized sections have a poor rela-
tionship between collapse area and runout distances. Similarly, the
channelization of a BAF onMerapi volcano that occurred on5November
2010 also enhanced the runout distance from 8.4 km (non-confined) to
15.5 km down the Gendol River channel (Komorowski et al., 2013).

5.4. Dome height and large collapse events

The largest collapse events that occurred in 2005 and 2010 corre-
spond with a maximum relative dome height (Fig. 3). The dome height
ten 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 occurred. Based on
a photograph of the dome taken on 21 October 2016, the current dome
height is ~610m (Fig. 8). The increase in height has occurred within the
area of the 27October 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.

6. Conclusions

Shiveluch volcano has produced eight large BAFs between 2001 and
2013, including the largest dome-collapse volume and the two largest
BAF deposit sizes (in terms of runout distance and deposit area) in the
historic record. Using ASTER data, this study 1) investigated relation-
ships between the dome-collapse events and the deposits that they pro-
duced, 2) described the distribution and long runout of these large BAF
deposits, and 3) investigated the potential for correlation between areas
of elevated thermal output on the dome surface to the occurrence and
location of collapse events. Here, we described BAF deposits with
areas that range from 3 km2 to 24 km2, and with maximum runout dis-
tances of 6.4 to 19 km. There is direct evidence of a detached surge com-
ponent for theMay2001, February 2005, andOctober 2010BAFs, shown
by the destruction of vegetation and the emplacement of fine-grained
material surrounding the deposits. Precursory elevated thermal anoma-
lies occur in six out of eight events with an apparent relationship be-
tween the area of elevated temperature preceding the collapse and
the 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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