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ABSTRACT

Mount St. Helens is a stratovolcano of the Cascadia volcanic arc well known worldwide for its
volcanic collapse and eruption in 1980, which caused considerable destruction and changed
the geomorphology of the volcano and of a considerable portion of its surroundings. This
paper presents a geomorphology and surface-geology map of both the wider Mount
St. Helens, Washington (USA), at the 1:50,000 scale, and of its crater, at the 1:25,000 scale.
The map is obtained from the interpretation of two high-resolution, air-borne acquired,
digital terrain models, LiDAR dataset, combined with Google Earth imaging, geological
information and field surveys. The geomorphology of the area is largely dominated by
landforms connected with the blast of 1980 and the dome extrusion of 2004, which also

affected the shape of the main glacier in the crater.

1. Introduction

Geomorphological maps of volcanic areas are relatively
rare (Alcala-Reygosa et al., 2016; Thouret, 1999; Ven-
tura et al., 2005) and often focus on a limited number
of geomorphological characteristics. Comprehensive
maps that include non-volcanic (e.g. landslides, debris
flow, scarps, fluvial valley) and typical volcanic mor-
phologies (e.g. domes, craters, lava flows) are uncom-
mon and are available for few volcanoes (Alcala-
Reygosa et al., 2016; Azzoni et al., 2017; Di Traglia
etal., 2013; Thouret, 1999; Tripodo et al., 2012; Ventura
et al., 2005). Understanding the present-day mor-
phology of a volcano by adding information about sur-
face features and geomorphology gives a major support
for land management studies, in particular for hazard-
risk analysis in highly populated areas (e.g. Ampato vol-
canic complex) (Alcald-Reygosa et al., 2016). Moreover,
the geomorphological characterisation of volcanoes can
broaden our understanding of the stages of volcanic
activity and evolution. In addition, it allows us to analyse
the effects of eruptions on the surrounding areas.
Seismic studies have found that the topography, the
rock type and the geomorphology can act as a filter in
geophysical imaging, specifically in the ability of tomo-
graphic techniques to image deep magmatic and tec-
tonic systems in volcanoes (De Siena et al., 2016;
Gabrielli et al., 2020). Therefore, a better description
of the shapes and surficial geology of Mount
St. Helens volcano could be of great assistance to
further studies of the deeper structure of this volcano,
which is relevant to understand its dynamics and
potentially useful to predict future activities.
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Here, we present a new map of Mount St. Helens
that includes all geomorphological and surface geology
elements. The map covers an area of 236 km” Mount
St. Helens is a site of great interest because of its
repeated eruptions (1980, 2004), which rapidly chan-
ged the morphology of the summit area. Its complex
geomorphology combines volcanic, fluvial, hillslope,
glacial and periglacial landforms. This makes its map-
ping an ideal example for many other volcanic regions
worldwide.

2, Study Site

Stratovolcanoes are volcanoes where explosive and
effusive activities alternate. They are characterised by
a typical conical shape made of layers of lava and pyr-
oclastics. They are typical of subduction zones and are
located near many densely inhabited regions. Mount
St. Helens is a stratovolcano of the Cascadian Arc,
and one of the most active of the USA (Figure 1).
Mount St. Helens is best known for its destructive
1980 eruption, one of the first to be recorded and
studied by dedicated monitoring arrays. This eruption
generated a debris avalanche, the widest ever produced
by a volcano in modern history onshore (Glicken,
1996; Lipman & Mullineaux, 1981).

The present morphology of Mount St. Helens,
especially on the northern flank of the volcano, is
mainly related to the destructive eruption of the 18
May 1980 (Figure 2). The first evidence that the vol-
cano was reawakening, after 123 years of inactivity,
was a magnitude 4.2 earthquake of the 21 March
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Figure 1. a) North America and b) Cascadian arc and Mount St. Helens position (red square).

1980, followed by small eruptions of ashes and harmo-
nic tremor, indicative of a magma ascent beneath the
volcano (Cashman & Hoblitt, 2004). In April, the seis-
mic activity decreased, but a dome started to grow on
the north flank of the volcano with an elevation
increase of 1.5-2.5 m a day, reaching a diameter of
2km and a maximum height of 150 m. On May 18
1980, a magnitude 5 earthquake triggered the collapse
of this sector of the volcano (13% of cone’s volume),
unleashing a violent explosive outburst, which deposits
consist of juvenile material from the margin and the
interior of the dome, and a subsequent Plinian eruption
(Lipman & Mullineaux, 1981)

Three key aspects connected to this event radically
changed the pre-1980 morphology of Mount St. Helens:
the debris avalanche (2.9 km? in volume) from the north-
ern flank, triggered by the magnitude 5 earthquake;
mudflows occurring predominantly along the southern

flank; and a new lava dome construction in the caldera.
The blast also changed the overall morphology of the vol-
cano, with its summit reduced by ~500 m height and its
volume diminished by one-third (Shea & van Wyk de
Vries, 2010). The explosion deposited a layer of ash as
far as 1500 km from Mount St. Helens, and as thick as
20 cm up to 10 km from the volcano.

The debris avalanche was the largest product of this
eruption: a mix of rocks, soil and glacier ice, partially
melted. It swept down the northern flanks of the vol-
cano, 10-20 s after the magnitude 5 earthquake, climb-
ing more than a hundred metres over the topographic
obstacle of the nearby Johnston Ridge. The total volume
of the debris avalanche was between 2.5 and 3 km’, out-
spreading for 25 km from the volcano (Lipman & Mul-
lineaux, 1981) and having an average thickness of 46 m.

Just after the eruption, mudflows occurred along the
southern flank of the volcano within the headwaters of

Figure 2. The Northern flank of the Mount St. Helens volcano, in a picture taken from 46°14’N/122°10’'W, pointing SW direction. We
can notice the open side of the crater (due to the 1980 eruption’s collapse) and the newly formed dome inside it.



the South Fork Toutle, Lewis and Kalama river valleys
(Lipman & Mullineaux, 1981), most likely triggered by
the sudden melting of snow and ice that typically cov-
ered the volcano summit. However, the largest
mudflow event took place hours after the eruption,
from the debris avalanche hummocky deposits in the
North Fork Toutle River valley. This mudflow spreads
for more than 120 km and originated from the water-
saturated parts of the debris avalanche.

Episodic eruptions between 1980 and 1986 were fol-
lowed by minor explosive activities and, sometimes
lahars, and led to the build-up of a new composite
lava dome inside the crater. The dome was character-
ised by a southeastern lobe of about 200 m in diameter
and 90 m height, and a northwestern lobe of about
75 m in diameter and 40 m high, with a total volume
of about 5x10° m® (Lipman & Mullineaux, 1981).

Besides the 1980s events, two further events are
worth mentioning in relation to the geomorphology
of Mount St. Helens. Between 1989 and 1991, six
small hydrothermal or phreatic eruptions occurred
but they did not considerably change the morphology.
The ashes’ composition (pulverised and recycled pieces
of the existing dacite dome) suggests that the
explosions did not involve magma reaching the surface
and were the result of superheated groundwater that
broke the rocks. After 18 years of relative quiescence,
Mount St. Helens began a new phase of eruptions in
2004, when plumes of steam and volcanic ashes fol-
lowed an earthquake swarm (Sherrod et al., 2008). A
lava spine grew upward on the existing dome in the
crater area, followed by several smaller spines and a
whaleback-shaped extrusion. This new lava dome
reached a diameter of 520 m and an elevation 610 m
above the Crater Glacier. It caused the splitting of the
glacier that had grown in the crater after 1980 (Walder
et al., 2008). From 1 Oct — 5 Oct, 2004, five phreatic
eruptions occurred, three of them producing fine-ash
fallout downwind, and at least one ballistic block
(Dzurisin et al., 2005). The following years (2005—
2008) saw extrusions of semi-solid lava and sporadic
steam explosions.

3. Data, software and methods

A LiDAR dataset with 3 m resolution acquired in 2003
has been used in ArcGIS 10.6 to map all recognisable
surficial geology and geomorphological features
around Mount St. Helens. Due to the complexity of
the surface, several hillshade options and illumination
have been used to improve the mapping. A second
LiDAR dataset (1 m resolution), collected by Water-
shed Sciences, Inc. in 2009, added information about
the eruptions of 2004—-2008 (Mosbrucker, 2014). The
two LiDAR maps were obtained before and after the
last eruption, respectively, thus they have been
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compared to highlight the evolution of the landforms
in the crater.

The 1:50.000 map (see Main Map) is based on the
2003 LiDAR dataset: despite being less recent, it covers
an area of 250 km” around Mount St. Helens, while the
2009 dataset focuses only on the northern sector.
Moreover, no considerable morphological differences
were noticed between the two surveys, apart from the
crater, interested by the last eruption in 2004-2008.

The first step was to identify and map the landforms
combining the interpretation of LIDAR data and Goo-
gle Earth imagery. Google Earth has been fundamental
to better define some morphologies such as the glacier
and the explosion pits on the Pumice Plain. Landsat/
Copernicus Images with 30 cm resolution from July
2003 were analysed, being more useful for the crater
area, along with a more recent one (July 2017), to
study those areas (e.g. hummocky deposits) untouched
by the last eruptions.

The landforms have been divided on the Main Map
into endogenic (volcanic landforms) and exogenic
(fluvial, gravitational, glacial and landforms) (Gustavs-
son et al., 2006). The volcanic landforms were further
divided into pre- and post-eruption of 1980. The pyr-
oclastic flow was digitalised starting from the geodata-
base of Furze et al., 2017, available on the National
Geologic Map Database of the USGS.

Sections of the map were ground-truthed in the field
for two weeks. In order to analyse some features of the
pumice plain area (secondary explosion pits), a GPR
campaign was also carried out. A Gekko-80 Antennas
(unshielded) with centre frequency of 80 MHz was
used. Even if these antennas reach a penetration
depth > 40 m, our results are focused in the first 10
m: the high porosity of the area (¢=0.71) can lead to
saturated pyroclastic deposits (Gase et al., 2017) and
so affect the resolution of the survey. In the postproces-
sing, migration, dewow and background removal filter-
ing have been applied.

The final step was the creation of the map using
ArcGIS 10.6 software.

4. Landform description

The presented surface geology and geomorphology
map has been divided into endogenic volcanic and exo-
genic landforms (glacial and fluvial) and their subcate-
gories. This distinction is necessary to highlight the
importance of the complex volcanic features in the
overall morphology of the area.

4.1. Volcanic landforms

Within the main volcanic structure of Mount
St. Helens, the most evident volcano landforms that
we can recognise, besides the crater, are domes and vol-
canic products related to two different ages of activity,
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during the Miocene and the Oligocene, and lava flows
(prior to the 1980’s eruption). In the map, no geological
distinction has been made among them, apart from
separating them into different geomorphological fea-
tures, where appropriate: i.e. pressure ridges and
levee channels.

The ridges appear on the andesite flow of the
Worm Complex of the Middle Kalama eruptive
period (C.E. 1510-1570) (Clynne et al, 2008).
Pressure ridges are usually accompanied by levee
channels and are a typical morphology of andesitic
lava flows, characteristic of many other volcanoes
(e.g. Llullaillaco or Lascar volcanoes). The ridges
and their levees can be seen on the southern flank of
Mount St. Helens. The origin of this morphology is
mainly due to the viscosity of the andesitic lava,
which corrugates as it creeps/flows over steep slopes.
The longest levee channel is 2 km long and the largest
pressure ridge is ~ 400 m wide.

The dome inside the crater evolved through two
stages. The first stage is related to the 1980's eruption
and the second one to the 20042005 activities. The
latter stage resulted in the formation of a new dome
(diameter ~1 km and height ~50 m), which grew
over the previous one and split the Crater Glacier
into two lobes. A small-scale dedicated map of the
crater region, which shows the latest dome and its
effect on the surrounding morphology, is shown in
Figure 3.

Outside the crater area, we can identify in the Main
Map three main domes related to pre-1980, dacite,
intrusive episodes: Sugar Bowl dome (C.E. 850-900),
and Butte Camp and Goat Mountain domes, both of
the Ape Canyon Stage (300-35 ka). While Sugar
Bowl dome is at the opening on the northern flank of
the crater, and Butte Camp is lying on the western
flank of the volcano, Goat Mountain dome is 7 km
away from the crater, at the edge of the left bottom cor-
ner of our map. Goat Mountain dome is by far the
highest and largest among them, with an area of
4.5km” and a height of 700 m, while Sugar Bowl is
~200 m high and has an area of 0.7 km”. Butte Camp
has an area of 1.2 km” and an elevation of ~300 m.

4.2. Landforms connected with the 1980's
volcanic collapse

The lateral collapse that affected the northern flank of
Mount St. Helens removed a 0.11-km’ cryptodome
on the volcano and its crater. Therefore, the original
(pre-1980) near-symmetrical crater evolved into a
horseshoe shape. This is the typical morphological sig-
nature of volcanic directed blasts, as we can see also at
the Bezymianny volcano (Kamchatka) (Gorshkov,
1959).

Between the base of Mount St. Helens northern
flank and Spirit Lake, in what was the North Fork

Toutle River valley, we find the Pumice Plain. This
plain consists mainly of debris avalanche deposits,
and pyroclastic flow, ash-cloud and surge units over-
lying them. Pyroclastic-flow deposits can be identified
with lobes and tongues in fanlike patterns, extending
for 8 km from the volcanic crater, covering an area of
16 km®> (Brantley and Myers, 2000; Kuntz et al,
1990) and consisting of poorly sorted ashes, clasts of
pumice and dacite lithic.

Hummocks are small hills and depressions with a
circular, rectangular or elliptical basal shape, and are
a characteristic structure of debris avalanche deposits
in volcanic environments (Favalli et al., 2005; Paguican
et al., 2014; Siebert, 1984). At Mount St. Helens, hum-
mocks extend for 60 km” along the North Fork Toutle
River valley and west of the Pumice Plain, reaching a
maximum length of 600 m, an height between 10 and
73 m, and a width spanning from a few metres to
400 m (Glicken, 1996). The hummocks have a conical,
domical or, most frequently, irregular shape (Lipman &
Mullineaux, 1981). These are extensional features ori-
ginated by a spreading of the avalanche body (van
Wyk de Vries & Davies, 2015). Once the avalanche
starts to diffuse, extension takes place along normal lis-
tric faults. In the Mount St. Helens case, the extension
was helped by the ductile layer that is found at the
base of the deposit, composed of low-strength and
altered materials that had been mobilised by the
1980 event (Andrade & van Wyk de Vries, 2010).
The new blocks formed by the extension are then
split apart, forming horst and graben structures,
through normal, strike-slip faults. These accommo-
date sliding, tilting and rotation of the blocks, thus
originating the hummocks (Paguican et al., 2014)
(Figure 4). Hummocky dimensions are generally lar-
ger next to the source and smaller far from it. The
water that naturally accumulates in the inter-hum-
mocks depressions (graben) can be channelised and
give rise to secondary lahars (van Wyk de Vries &
Davies, 2015). The most extensive and destructive
lahar of the 1980 eruption originated from these
water-saturated areas of the hummocky terrain, and
not from the volcano itself. Smaller volcanic lahars
did however form in other Mount St. Helens valleys.

Interesting features among the morphologies of
Mount St. Helens are the secondary explosion pits on
the Pumice Plain, along the North Fork Toutle River
valley and the south shore of Spirit Lake (Figure 5).
This kind of feature can be found in other volcanic
areas, generally in the fluvial, lacustrine and littoral
environment, like those connected to the Ohakuri pyr-
oclastic flow (New Zealand) (Gravley, 2004; Manville
et al.,, 2002), or the pits found in the Valley of Ten
Thousands Smokes (Alaska) (Smith & McKibbin,
1997). They are formed by hot pyroclastic products
that, after the eruption of 1980, incorporated water
from the pre-existing drainage or ice, turned into
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Figure 3. Evolution of the Mount St. Helens crater through the comparison of 2003 LiDAR (a) and 2009 (b). 2009 LiDAR information:
Projected Coordinate System UTM Zone 10N; Map Datum NAD 1983.

steam, and produce several hydroeruptions that
occurred days and months after the original main
eruption. In most cases, secondary explosion pits pre-
sent a circular shape, the size of which is proportional
to the magnitude of the event: the higher the eruption
magnitude, the larger the craters. The craters range in
diameter between 5 and 100 m. The larger one can
also be associated with post-eruption slumping,
which enhanced their width but reduced their flank
slope (Moyer & Swanson, 1987). Of the original ~30
pits on the pumice plain reported by Gravley (2004),
only seven are visible on the LiDAR data (and five on

Google Earth imagery). All others were buried below
later lahar or fluvial deposits or eroded by the evolving
drainage system.

In Figure 6, the result of the GPR profile is shown.
This line has been taken on the western side of the
pits of Figure 5 (red line). At about 18 m from the
beginning of the profile, data show the presence of a
small valley (5 m long and 2 m deep), probably still
connected to the terminal tip of the pit itself. At
50 m, we can see toplap reflectors at a depth of 4 m,
probably due to the influence of a small explosion pit
above the one under study (Figure 5).
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Hummocky deposits
1500 m

Figure 4. NS Cross-section of the eruption of 1980’s and sub-
sequent formation of hummocky structures (based on Lipman
and Mullineaux (1981) and van Wyk de Vries and Davies
(2015)): a) Pre-collapse profile; b) First30 seconds of the col-
lapse, with an initial spreading (I, Il and IIl indicate the blocks
movement sequence); ¢) Third stage, with the advancement
of the debris avalanche; d) Final stage (30 s after b and c
stages), with the blast and hummocks formations due to the
avalanche spreading in horst and graben structures.

4.3. Glacial landforms

The top of Mount St. Helens is characterised by the
presence of the Crater Glacier (also known as
Amphitheatre and Tulutson Glacier) (Schilling et al.,
2004). The pre-1980 glacier was destroyed by the
blast but, after that, a new one grew into its present
day, horseshoe shape feature that surrounds the
1980-86 and 20042005 domes. Smaller, steep glaciers
are also present around the crater rim; some of these
have been beheaded by the 1980’s eruption (e.g. Toutle
and Ape glacier) (Schilling et al., 2004), while others
have retreated or disappeared since.

Between the 1980’s and late 2001 eruptions, the Cra-
ter Glacier grew by 1.2x10® m?, and increased in thick-
ness by 200 m. The large amount of rock-debris from
rock avalanches, detached from the steep walls of the
Mount St. Helens crater, are thought to make up one
third of the glacier volume (Schilling et al., 2004). Sedi-
ments cover almost the entire surface of Crater Glacier,
where large crevasses have been identified and mapped.
The debris-laden nature of Crater Glacier and the fact
that the area generally experiences a high geothermal
flux, makes its mass balance largely insensitive to cli-
mate forcing. The morphology of the terminal portion
of the Crater Glacier is so debris-rich and so corrugated
that it is now considered a rock glacier (Gutro & Puck-
ett, 2004). Twenty avalanche and rock-flow deposit
fans and seven rock glaciers, either overlapping or feed-
ing Crater Glacier, have been recognised and mapped.
These fans are 60-180 m wide and 70-450 m long. The
longest rock glacier is the one located at the tip of Cra-
ter Glacier, reaching a length of almost 1 km and up to
300 m wide.

4.3.1. Comparison between 2003 and 2009 LiDAR
dataset

During the last eruption of 2004, Crater Glacier was
split by the growth of a new dome and pressed by it
against the crater wall (Walder et al., 2008), as shown
by the zoom in on the 2009 LiDAR data (Figure 3b).

Figure 5. a) Secondary explosion pits from the LiDAR of 2003 and Google Earth image of 2016, located at 46°15'N/122°12'W. The
red line corresponds to the GPR survey of this paper. B) The same secondary explosion pit shown from the ground. The GPR profile

of Figure 6 was taken along the rim of this pit in summer 2018.
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Figure 6. GPR profile of the pit in Figure 5 (A-A"). Red arrows indicate the main interpreted landforms.

The present-day crevasse area is clearly larger than in
2003, as can be seen from the comparison in Figure
3, as is the lowermost rock glacier. The avalanche
and rock flow deposit fans have increased in number
(to 24), while all bar one rock glaciers in the southern
portion of the crater have disappeared. All the post
2004 changes are likely to be due to the growth of
the new dome. The glacier has advanced in recent
years, due to the accumulation exceeding ablation
(Walder et al., 2010). However, the dome emplacement
of 2004 stopped this process and brought the eastern
and western lobes to join downvalley of the position
of the 1980 dome, and to assume an appearance of deb-
ris covered glacier, probably developing into a rock gla-
cier (Walder et al., 2008, 2010).

4.4. Fluvial landforms

Several seasonal (related to snow and glacier melt) and
permanent streams are present around Mount
St. Helens, forming the typically radial pattern com-
mon to many volcanoes (Twidale, 2004). Further
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downvalley, the drainage system evolves into larger riv-
ers, such as the North Fork Toutle River and the South
Fork Toutle River. The 1980’s debris avalanche deeply
changed the settings of the first one, which evolved in a
nonlinear and nonsequential pattern, with phases of
degradation-aggradation and widening-narrowing of
the channel (Major et al., 2019) During the past 30
years, some of these changes have created deep and
steep valleys in the erodible plain and left a system of
fluvial terraces (the main ones are reported in the
map). The drainage density of the Mount St. Helens
system, reported in Figure 7a, is very high in this valley,
in particular on the Pumice Plain and on the debris
avalanche deposit, where the material is more erodible.
Here, deep (~20 m) gullies and steep (up to 88%)
fluvial escarpments are common (Figure 7b).

Some of the preferred drainage directions followed
by streams and rivers are likely connected to the
geology of the area and structural elements (e.g. faults).
For example, the W-E direction of the South Fork Tou-
tle River and its deep canyon, which existed already
before the 1980’s eruption, probably follows a buried
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Figure 7. a) Drainage system of Mount St. Helens; b) Slope map of Mount St. Helens.
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Figure 8. Alluvial fan with a NE direction, flowing into Spirit Lake, pointing East direction.

fault with the same orientation, the continuation of
which can be seen in the geological map of a nearby
sector (Evarts & Ashley, 1990). The largest (1800m
length and 800 width) alluvial fan is highly vegetated,
extending up to one of the peat bogs of the area, and
could not be identified on satellite or aerial photo ima-
gery, but has been recognised on the LiDAR. The fans
that flow into Spirit Lake are easy to recognise both on
LiDAR dataset and Google Earth (Figure 8), showing
some overlapping between each other.

5. Conclusions

Describing the geomorphology of a volcano is funda-
mental to understand its evolution and how eruptions
influenced landscape changes. It is also an important
information for risk assessment and multidisciplinary
aims (e.g. geophysical imaging). Here, we present the
1:50,000 geomorphology and surface geology map of
Mount St. Helens volcano. The map, obtained from a
LiDAR dataset of 2003, represents an excellent example
of how the surface can be influenced and highly
modified by volcanic processes in short time. We also
present a more recent 1:25,000 map based on a
LiDAR data acquired in 2009, after the last eruption
of 2004-2008. This second map focuses solely on the
crater, which is the only region that experienced signifi-
cant geomorphological modification since 2003. The
map highlighted how much a volcanic system is
unstable and continuously changing.

Overall, we mapped 236 km? of the volcanic area, of
which 67% are volcanic landforms, 20% landforms
associated with the collapse of 1980, 12.5% are fluvial
and gravitational landforms and the remaining 0.5%
are related to the glacial landforms. Some volcanic
landforms (in particular the Mio-Oligocene products
and lava flows) were already present before the
1980s. Among the landforms caused by the 1980 erup-
tion, we identified typical morphologies due to a volca-
nic collapse, such as the debris avalanche, hummocky
deposits and secondary explosion pits, all extending
on the north flank of Mount St. Helens. During this
eruption, the main volcanic products were a pyroclastic

flow, which also affected the Mount St. Helens north-
ern sector, and the growth of a new dome in the crater.

Although limited in size, the evolution of glacial
landforms in relation to the volcanic activities are note-
worthy: Crater Glacier settled back after the 1980 erup-
tion and persisted even after the last dome extrusion in
the crater of 20042008, as highlighted in Figure 3. The
comparison between the two maps also shows that a
portion of the glacier has recently evolved into a rock
glacier, mainly involving the large amount of volcano-
clastic deposits related to the last eruption.

The comparison of the two maps focused on the cra-
ter shows the instability and dynamicity of the volcanic
environment dynamics and as well offers benchmark
data to evaluate how both large- and small-scale erup-
tive and seismic events could significantly affect the
surrounding landscape.

Software

Esri ArcMap 10.6 software was used to geo-reference,
digitise, visualise, and map the LiDAR datasets. Google
Earth Pro was used to improve landforms interpret-
ation. The map was exported from ArcMap 10.6 to
pdf format. GPRSoft was used to process and interpret
the GPR data.
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