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Editorial on the Research Topic

Field Data, Models and Uncertainty in Hazard Assessment of Pyroclastic Density Currents and
Lahars: Global Perspectives

Pyroclastic density currents (PDCs, e.g., Sparks et al., 1978; Branney and Kokelaar, 2002; Sulpizio
et al., 2014; Dellino et al., 2019) and lahars (e.g., Manville et al., 2009; Vallance and Iverson, 2015;
Thouret et al., 2020) are two of the most destructive volcanic phenomena. They can generate
enormous losses of life (e.g., Auker et al., 2013; Baxter et al., 2017; Brown et al., 2017), as well as
extensive structural damage to buildings and infrastructure within tens of kilometers from their
source (e.g., Valentine, 1998; Baxter et al., 2005; Jenkins et al., 2015). Hazard assessments of PDCs
and lahars represent the foundation for estimating the substantial risk that these volcanic mass
flows pose to the human environment.

Unfortunately, these hazard assessments are complicated by the spatio-temporal complexity
associated with the processes of triggering, propagation (including flow transitions) and
emplacement of PDCs and lahars (e.g., Iverson, 1997; Pierson and Major, 2014; Dufek et al., 2015;
Dufek, 2016). This natural variability (or aleatory uncertainty), alongside incomplete and imperfect
knowledge (or epistemic uncertainty, cf. Woo, 1999; Connor et al., 2001; Marzocchi et al., 2004; Sparks
and Aspinall, 2004; Marzocchi and Bebbington, 2012) should ideally be incorporated into the mass-flow
hazard assessment (e.g., Bayarri et al., 2009, 2015; Sandri et al., 2014, 2018; Spiller et al., 2014; Neri et al.,
2015; Mead et al., 2016; Tierz et al,, 2016, 2017, 2018; Bevilacqua et al., 2017, 2019; Mead and Magill,
2017; Wolpert et al., 2018; Hyman et al., 2019; Rutarindwa et al., 2019). At the core of any volcanic
hazard assessment resides the volcanological knowledge available for the volcano of interest and/or
analogous ones, including information about the sources of uncertainty (e.g., Newhall and Hoblitt, 2002;
Aspinall et al., 2003; Sandri et al., 2012; Pallister et al., 2019; Tierz et al., 2019, 2020; Cioni et al., 2020).

In this Research Topic (RT), we have attempted to gather and showcase volcanological expertise
from around the globe, related to any component of PDC and lahar hazard assessment:
ie., volcanological field data collection, analysis and interpretation; experimental and/or
numerical and/or statistical modeling, including uncertainty quantification. Volcanic systems in
12 countries and 6 continents have been studied (Figure 1A). Below, we summarize the main
findings of each article, highlighting the most relevant methodological and volcanological aspects.

Zhao et al. provide a thorough description of the characteristics and spatial distribution of PDC
lithofacies, including systematic changes with distance from the vent and topography of the volcanic
edifice, associated with the VEI 7 Millennium eruption (946 AD) of Tianchi volcano (China-DPR
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FIGURE 1| Summary of present and future global perspectives in the field of volcanic hazard assessment of pyroclastic density currents (PDCs) and lahars derived

from this Research Topic. (A) Global distribution of countries where volcanic systems have been analyzed in the Research Topic, divided according to whether the main
object of study were PDCs or lahars (NB. Two different studies, one for PDCs, Patra et al., and another for lahars, Walsh et al., were presented for Volcan de Colima,
Mexico). Map generated using Quantum Geographical Information System (QGIS Development Team, 2021), and Eurostat GISCO Geodata (°EuroGeographics

for the administrative boundaries, 1:3 Million Scale. Downloaded January 25, 2021). (B) Interrelationships between three main approaches commonly used in volcanic
hazard assessment of PDCs and lahars. One is based on collating fundamental volcanological knowledge for the volcanic system of interest (and/or analogue
volcanoes). Both scenario-based as well as probabilistic volcanic hazard assessments (PVHA) build upon this primary volcanological knowledge. Currently, there is a
balance between the degree of physical detail and the uncertainty accounted for that can be achieved with scenario-based and PVHA methods. We argue that the three
approaches are complementary and mutually beneficial, and that they should be increasingly merged in future hazard assessments. We also stress the key importance of
acknowledging the presence of epistemic uncertainty on all three approaches, and of trying to quantify it as best as possible.

Korea border). The work underlines the significant PDC hazard
from past (and future) eruptions at Tianchi, and recalls the
notable thermal hazard of PDCs.

Takarada and Hoshizumi re-evaluate the distributions and
eruptive volumes of large-scale PDC (up to 166 km runout) and
tephra fall deposits derived from the caldera-forming Aso-4 eruption
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(87-89 ka) of Aso volcano (Japan). The total eruptive volume of the
Aso-4 eruption is about 1.5-3 times larger than the previous
estimation, making it now a M8.1-8.4 (VEI 8) super-eruption.

Silleni et al. develop a new isopach-based method to estimate
(large-magnitude) ignimbrite volumes, using extrapolations of
the pre-eruption topography to better constrain epistemic
uncertainty. The method should be reproducible for other
topography-controlled ignimbrites and, applied to the M7
Campanian Ignimbrite eruption (~40ka) of Campi Flegrei
caldera (Italy), significantly reduces the epistemic uncertainty
in total erupted volume compared to previous estimates.

Gillies et al., by means of a comprehensive field-mapping at
Mt. Ruapehu volcano (New Zealand), have identified 12 new
PDC deposits from at least 10 previously unknown flows.
Concentrated-flow behavior and the approximate age ranges of
these flows were inferred from lithofacies, stratigraphy and
whole-rock geochemistry. The article highlights the capability
of Mt. Ruapehu to generate different sizes and styles of PDCs, a
key element for future hazard planning.

Gilbertson et al. propose an alternate mechanism for
secondary hydroeruptions in PDC deposits. Analogue
experiments suggest hydroeruptions are possible where low-
permeability (fine-grained) beds are capped by high-
permeability (coarse-grained) beds through a drag-based
mechanism. Gas pockets and explosive failure may occur if
gas flow supports fluidization of the fine, but not coarse
particles. This expands the range of physical mechanisms for a
secondary hazard often poorly represented in the geologic record.

Walsh et al. analyze lahar dynamics using a 3-component,
broadband seismometer at Volcan de Colima (Mexico). The study
argues the merits of utilizing all three seismic components to analyze
the spectral content of ground motion parallel to and across the
drainage channel. They further relate these seismic analyses to the
flow rheology and physical processes of the observed lahars.

Cordova et al. combined fieldwork, laboratory, remote-sensing
and numerical-modeling techniques to infer the relation between
a hummocky field at Chalupas caldera (Ecuador), and the partial
collapse of the post-caldera Buenavista lava dome. The work
evidences the advantages of integrating classical and modern
techniques for the interpretation of volcanological phenomena,
and sheds light on the directionality, timing and approximate
volume of the associated breccia flow.

Dille et al. tested the effectiveness of two flow models for
simulating rain-triggered lahars at Karthala volcano, Grand
Comore Island. Karthala has a lower gradient and poorly incised
channels that can limit the reliability of models compared to
stratovolcanoes. Field methods to improve the Digital Elevation
Model (DEM) and constrain inputs improved accuracy of the
results. This article demonstrates approaches that may improve
hazard assessment accuracy in difficult-to-model settings.

Gueugneau et al. numerically investigate the Mount Pelée May
8th, 1902 pyroclastic current, using a two-phase model that
simulates both the block-and-ash flow and the ash-cloud
surge. The study discusses conflicting interpretations of the
pyroclastic current dynamics, either a blast related to a
laterally oriented dome explosion or an ash-cloud surge
derived from the block-and-ash flow.

Editorial: PDC/Lahar Hazard Assessment

Charbonnier et al. conducted a multi-disciplinary study on the PDCs
generated by El Misti volcano (Peru) in its reference eruption for hazard
assessment in Arequipa (>1 M residents). Combining new field-mapping
with a 2-m resolution DEM, they re-assessed the area invaded by PDCs
and their total bulk volume. The latter is used in the VolcFlow model to
assess the probability of similar PDCs impacting specific valleys, which is
key to understand potential effects of PDCs on Arequipa.

Patra et al. describe an uncertainty-quantification approach to
characterize models of geophysical flows (e.g., TITAN2D) and
analyze the contribution of each force term (e.g., gravity, bed
friction) to the outputs. They present the method by comparing
three rheology assumptions, across a wide range of flow regimes,
in the case study of a block-and-ash flow propagating on the SW
slope of Volcan de Colima (Mexico).

Clarke et al. present a comprehensive procedure for PVHA of
PDCs; from primary field-data collection, analysis and interpretation,
to the physical/statistical modeling required for uncertainty
quantification. The method is applied to Aluto volcano (Ethiopia)
but is transferable to other volcanic systems. A basic understanding of
past eruptions remains crucial to design and justify the modeling
strategy but initial PVHA of PDCs may be possible at data-scarce
volcanoes, if supported by data from analogue volcanoes.

Spiller et al. introduce a probabilistic model for the cessation of
PDC activity that accounts for the time elapsed from the last PDC.
They combine this model with a structured and reproducible
uncertainty quantification framework that allows robust, yet rapid,
PVHA using observational data for dome-collapse PDCs, numerical
simulations of TITAN2D and Gaussian process emulators. The
method is applied to a hiatus in volcanic activity, or post-eruption
unrest context, at Soufriere Hills Volcano, Montserrat.

In conclusion, we suggest that increased connections between
the PDC/lahar scientific communities worldwide will result in
further advances in the field. We believe that future hazard
assessments will require enhanced multi- and inter-disciplinarity
among volcano scientists; continuous communication and mutual
learning between observational volcanology and physical/statistical
modeling aimed at simulating eruptive scenarios and/or quantifying
uncertainty in PVHA (Figure 1B).
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Estimations of the distribution and eruptive volume of large-scale pyroclastic density
current (PDCs) and tephra fall deposits are essential for evaluation of the affected
area, long-term volcanic hazards assessments, volcanic activity, and geophysical and
petrological quantitative analysis at caldera volcanoes. For this study, the original
distributions and eruptive volumes of large-scale PDC (up to 166 km runout distance)
and tephra fall deposits derived from the last 87-89 ka caldera-forming eruption
(named Aso-4) of Aso volcano in Japan were reevaluated. The original distributions
and volumes of PDC deposits just after the eruption were estimated using 3,600 data
from geological maps, published research papers, and borehole thickness. The original
distributions and volumes of tephra falls were estimated from new isopach maps based
on thickness and distribution data of submarine, lacustrine, and subaerial tephra fall
deposits. The estimated original volume of the Aso-4 PDC deposits is 340-935 km?3
(5.6-14.8 x 10" kg). The estimated original volume of the Aso-4 tephra fall deposit is
590-920 km® (6.0-9.3 x 10'* kg). The total eruptive volume of the Aso-4 eruption was
930-1,860 km?3 (1.2-2.4 x 10'° kg). This estimation result is about 1.5 to 3 times larger
than the previous estimation (>600 km?3). Thus, the Aso-4 eruption is now defined as a
M8.1-8.4 (VEI8) super-eruption. The Aso-4 results to be the largest eruption in Japan
and the 2nd largest eruption in the world (after the 74 ka Toba eruption) in the last 100 ka.

Keywords: Aso caldera, ignimbrite, co-ignimbrite ash, large-scale eruption, estimation uncertainty, volcanic
hazard assessment

INTRODUCTION

Accurate determinations of the eruptive volumes of large-scale caldera-forming eruptions provide
an essential parameter for assessing long-term eruption records, eruption activity evaluations,
and quantitative geophysical and petrological investigations. The eruptive volume is also used
for developing reliable volume vs. time diagrams and volcanic hazard assessments. Recently,
several studies to estimate the eruptive volume of tephra falls derived from large-scale volcanic
eruptions were made (e.g., Costa et al., 2014; Kandlbauer and Sparks, 2014). Furthermore, a large
number of studies have been published to estimate the eruptive volume of tephra fall deposits (e.g.,
Pyle, 1989, 1995; Fierstein and Nathenson, 1992; Legros, 2000; Bonadonna and Houghton, 2005;
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Sulpizio, 2005; Bonadonna and Costa, 2012; Engwell et al,
2013). However, relatively few studies have reported high-
resolution eruptive volume estimates of large-scale caldera-
forming pyroclastic density current (PDC) deposits (e.g.,
Cook et al., 2016).

The 87-89 ka Aso-4 eruption is the largest of the 4 major
caldera-forming eruptions from Aso caldera. It is also considered
to be one of the largest eruptions in Japan in the last 1 Ma (e.g.,
Hayakawa, 1995). Here we estimated the original distributions
and eruptive volume of the large-scale Aso-4 PDC deposit, based
on more than 3,600 boreholes, topography, and outcrop data
with a 7 km x 5.5 km mesh interval. The eruptive volume
of the co-ignimbrite ash fall deposit derived from the Aso-4
eruption was also estimated using new isopach maps based on
thickness data from about 70 locations, including submarine and
lacustrine sample data.

GEOLOGY OF ASO-4 PDC DEPOSITS

Aso caldera, 25 km N-S x 18 km E-W, is located in central
Kyushu and is one of the largest calderas in Japan (Ono
et al,, 1977; Ono and Watanabe, 1985). It was formed by four
major eruptive events that produced widespread PDC deposits:
Aso-1 (ca. 270 ka), Aso-2 (ca. 140 ka), Aso-3 (ca. 120 ka),
and Aso-4 (89 ka) PDCs (Ono and Watanabe, 1985; K-Ar
ages from Matsumoto et al, 1991). The Aso-4 PDC deposit
records the largest eruptive event and is widely distributed in
northern and central Kyushu and western Yamaguchi Prefecture
(Figure 1). The Aso-4 PDCs reached as far as 166 km to
NNE from the central caldera (Figure 1), one of the largest
runout distances ever recorded. For comparison, the runout
distances of the 18.8 Ma Peach Spring Tuff, United States,
reached as far as 175 km (Roche et al., 2016), the 40 Ma Big
Cottonwood Canyon Tuff, United States, reached >150 km
(Henry, 2008), and the 186 AD Taupo ignimbrite, New Zealand,
reached ca. 80 km (Wilson and Walker, 1985). A large number
of studies were made on the Aso-4 PDC deposits such as
Ono (1965), Watanabe and Ono (1969), Watanabe (1972, 1978,
1979), Ono et al. (1977), Ono and Watanabe (1983, 1985),
Hoshizumi et al. (1988), Suzuki-Kamata and Kamata (1990),
Kamata (1997), Saito et al. (2005), and Okumura et al. (2010).
Ono and Watanabe (1983) defined the approximate distributions
of Aso-1, Aso-2, Aso-3, and Aso-4 PDC deposits. The Aso-1
and Aso-2 PDC deposits are distributed as far as 30 km from
the caldera, Aso-3 PDC deposit is distributed as far as 50 km
W and 70 km E from the caldera and Aso-4 PDC deposit
is distributed widely and as far as 166 km NNE (Figure 1;
the distribution and volume of the Aso-4 PDC deposits are
examined in this study). The distal facies of the Aso-4 PDC
deposits in Yamaguchi Prefecture were studied by Matsuo and
Takahashi (1974), Matsuo (1978, 1984, 2001), and Matsuo and
Kawaguchi (2015). The Aso-4 PDC deposit contains hornblende
phenocrysts, which is a marker to distinguish it from the Aso-
1, 2, and 3 PDC deposits (e.g., Ono et al, 1977; Ono and
Watanabe, 1985; Saito et al., 2005). The Aso-4 PDC deposits
within terrace deposits in Miyazaki and Fukuoka Prefectures

were reported by Nagaoka (1984), Shimoyama et al. (1984), and
Endo and Suzuki (1986).

Aso-4 tephra fall deposits are widely distributed and are
one of the most significant marker tephras for volcanological
studies throughout Japan (Machida et al., 1985; Machida and
Arai, 1988, 2003; Nagahashi et al., 2004, 2007; Aoki, 2008; Tsuji
et al, 2018). No preceding Plinian tephra fall deposits have
been observed beneath the Aso-4 PDC deposits (Ono et al,
1977; Ono and Watanabe, 1983), suggesting most of the widely
distributed tephra fall deposits are derived from the co-ignimbrite
ash (Machida et al., 1985; Machida and Arai, 2003). The thickness
of the Aso-4 tephra fall deposits is a few cm in Omachi City,
Nagano Prefecture, 5 cm in Noshiro City, Akita Prefecture, and
15 cm in Abashiri City, Hokkaido (Figure 1; Machida et al., 1985).

The Aso-4 PDC deposits consist of several massive dacite
units, which are defined by lithology, facies, and cooling history
(e.g., Watanabe, 1978; Hoshizumi et al., 1988; Kamata, 1997).
Aso-4A and 4B units were defined by Ono and Soya (1968)
and Ono et al. (1977). Aso-4A, Aso-4T, and Aso-4B units were
subsequently defined by Hoshizumi et al. (1988) and Kamata
(1997) (Figure 2). More detailed subdivisions comprise the
Oyatsu white pumice flow, Koei ash flow, Hatobira pumice
flow, Yame pumice flow, Motoigi gray pumice flow, Benri scoria
flow, Tosu orange pumice flow, and Kunomine scoria flow
deposits, which were defined by Watanabe (1978) in the western
part of the Aso caldera area. The Tosu orange pumice flow
(Aso0-4T) is a low-aspect ratio ignimbrite, which shows widely
distributed ignimbrite-veneer type deposits (Watanabe, 1978;
Suzuki-Kamata and Kamata, 1990).

The Aso-4A PDC deposits consist of <100 m-thick, densely
to partially welded and non-welded, poorly sorted, and massive
ignimbrite containing relatively large amounts of pumice lapilli
and blocks (Figures 2, 3a,b). The Aso-4A PDC deposits are
normally massive, but flow unit boundaries are sometimes
observed in a few-meters interval, suggesting that this consists of
>10-20 flow units. The upper non-welded facies are sometimes
eroded. The lower part of the ignimbrite consists of non-
welded grayish white to gray-colored matrix and pumice block
and lapilli. The layer 2a (Sparks et al, 1973) is sometimes
developed at the base of the non-welded facies. Breccia facies are
sometimes developed at the bottom of the Aso-4A PDC deposit
(Figures 2, 3a). The breccia facies consist of lithic-rich matrix
and boulders, blocks, and lapilli-size dense rocks with a small
amount of pumice lapilli. Tuff breccia blocks and boulders are
sometimes included in the breccia facies. The densely welded
facies consist of a dark gray matrix and black fiamme-rich block
and lapilli (Figures 2, 3d). The size of the fiamme is >5 cm
(sometimes >20-50 cm). A devitrification zone is developed at
the lower part of the welded facies. The partially welded facies
consist of gray to dark gray matrix and grayish white flattened
pumice blocks and lapilli (Figure 2). The welded facies show 1-
2 m wide columnar joints (Figure 3c). The non-welded facies
consist of a grayish white to gray matrix and 15-40 vol. % of
pumice blocks and lapilli (Figures 2, 3b). The pumice blocks
and lapilli are gray to white with tube-type vesicles and are
usually <20 cm in size. The matrix consists of fine glassy ash and
<4 mm-size crystal fragments. The Aso-4A PDC deposits are the
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FIGURE 1 | Distribution of current Aso-4 PDC deposit exposures (orange-colored part) and Aso caldera (red line). Circles on the map indicate locations to measure
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inset map (upper left corner).
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Aso-4B
Aso-4T

and lapilli.

Aso-4A

Deuvitrification
zone

densely-welded facies consists of dark gray-colored matrix and
black-colored fiamme block and lapilli.

non-welded pumiceous facies consists of grayish orange-colored
matix and yellowish orange to reddish orange-colored, a few cm
size, highly vesicular pumice lapilli.

non-welded pumiceous facies consists of grayish white to
gray-colord matrix and pumice blocks and lapilli.

partially-welded pumiceous facies consists of gray to dark
gray-colored matrix and grayish white flattened pumice blocks

densely-welded facies consists of dark gray-colored matrix and
black-colored fiamme blocks and lapilli. Normally 1-2 m-wide
columnar joints are develped.

non-welded pumiceous facies consists of grayish white to
gray-colord matrix and pumice blocks and lapilli. Layer 2a is
sometimes observed at the bottom.

breccia facies consist of lithic-rich matrix and boulders, blocks,
and lapilli-size dense rocks with small amount of pumice lapilli.

FIGURE 2 | Schematic columnar section of Aso-4 PDC deposit at the north and eastern side of Aso caldera area.

most voluminous of the Aso-4 units. The Aso-4T PDC deposits
are relatively thin and distributed locally compared with the
Aso-4A PDC deposits (Figure 2). The Aso-4T deposits are non-
welded and consist of orange-gray matrix and yellowish-orange
to reddish-orange-colored highly vesicular pumice lapilli. The
size of the pumice clasts is usually less than a few cm. A relatively
small amount of <1 cm-size lithic clasts are contained. The Aso-
4T unit traveled as far as 166 km from the source. The upper
Aso-4B deposits are densely welded and consist of dark-gray
matrix and black-colored fiamme block and lapilli (Figure 2).
The thickness of the Aso-4 PDC deposits decreases in the distal
facies (Figure 3e). The densely welded ca. 100-400 m-thick intra-
caldera Aso-4 PDC deposits are found from the borehole samples
at —800 to —1000 m a.s.l. within the steep-sided low-gravity zone
(Hoshizumi et al., 1997; Komazawa, 1995; NEDO, 1995).The
measured densities of Aso-4 PDC welded facies are 1,690, and
1,810 (partially welded), 2,240, 2,260, and 2,270 (densely welded)
kg/m> (mean is about 2,000 kg/m>) and the non-welded facies is
about 1,100 kg/m?. Published values for the measured densities of
Aso-4 PDC welded facies range from 1,500-2,450 kg/m> (mean
is about 2000 kg/m?; Suzuki and Ono, 1963; Suzuki, 1970; Urai
and Tsu, 1986; Yamaguchi et al., 2000) and the non-welded
facies is about 1,100 kg/m> (e.g., Suzuki, 1970). The degree of
welding of Aso-4 PDC deposits ranges between welded rank II

(1,250-1,650 kg/m®) and VI (>2,300 kg/m?), according to the
classification of Quane and Russell (2005).

Petrological studies of Aso-4 PDC deposits were made by
Lipman (1967), Watanabe (1978, 1979), Hunter (1998), Kaneko
et al. (2007), Miyoshi et al. (2011), and Ushioda et al. (2020).
Watanabe (1978, 1979) and Kaneko et al. (2007) showed that
the magma of the Aso-4 PDC deposits were derived from
homogeneous, voluminous felsic magma sources (SiO, = 66-
70%) and heterogeneous, low volume mafic magmas (SiO; = 50—
57%). Kaneko et al. (2007) discussed that the Aso-4 PDC deposits
are characterized by two cycles of initial voluminous felsic
magmas followed by mafic and mixed magmas.

Matsumoto et al. (1991) and Matsumoto (1996) defined a
K-Ar age of 89 £ 7 ka for the Aso-4 deposit. Yoshikawa
and Kuwae (2001), Nagahashi et al. (2004, 2007), and Tsuji
et al. (2018) similarly defined age of 87 ka (Marine Isotope
Stage, MIS5.2) based on tephra correlations with marine tephras.
Therefore, the eruption age of the Aso-4 event is considered
to be 87-89 ka.

Machida et al. (1985) and Machida and Arai (2003) estimated
the volume of Aso-4 PDC deposit at >200 km? and Aso-4 tephra
fall at >400 km?. Suto et al. (2007) estimated the total volume of
the tephra fall deposit at 1,051 km>. Yamamoto (2015) estimated
the total volume at 384 km?® in DRE (dense rock equivalent;
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FIGURE 3 | Typical outcrops of Aso-4 PDC and tephra fall deposits. (a) Non-welded facies (11 km SE from the source). The lower part is the breccia facies.

(b) Enlargement of the non-welded facies (30 km N). The scale is 1 m long. (¢) Welded facies (33 km ENE). (d) Enlargement of the welded facies. Note plan view of
fiammes [location is the same as (c)]. (e) Distal facies of the 10-15 cm-thick Aso-4 PDC deposit (white and pale orange-colored part, 117 km NNW). (f) A

12 cm-thick Aso-4 tephra fall deposit at Shari Town, Hokkaido (1,695 km NE from the source).
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Walker, 1980). Nakajima and Maeno (2015) estimated the total
volume at 200 km? in DRE.

METHODS AND RESULTS

Distribution and Thickness Estimation of
Aso-4 PDC Deposits

The distribution of the current exposure of Aso-4 PDC deposits
(Figures 1, 4) was compiled based on geological maps, such as
1:50,000 and 1:200,000 Geological Maps published by Geological
Survey of Japan (GSJ]), 1:50,000 Surface Geological Maps
published by Ministry of Land, Infrastructure and Tourism
(MLIT), and maps in published papers. The distribution of the
current exposure of Aso-4 PDC deposits was traced using GIS
software. The Aso-4 PDC distributions are not shown in areas
that have been covered subsequently by thick tephra fall deposits
(e.g., the eastern part of Aso caldera) and the younger Kuju
volcanic area (30 km NE of Aso caldera).

The original distribution of Aso-4 PDC deposits just after the
eruption was estimated by integrating observations and data from

current distributions, topographic maps, published papers, and
boreholes (Figures 4-7). The distal runout distribution limit of
Aso-4 PDC deposits in the sea area is assumed to be oval in
shape (Machida et al., 1985; Machida and Arai, 2003), as shown in
Figure 5. The maximum runout distances and apparent friction
coeflicient (H/L ratio) of Aso-4 PDC deposits are different from
the directions, according to the topography of the source region
and their pass. For example, the maximum distances of the Aso-
4 PDC deposits from the source depend on direction: 166 km
(NNE direction), 123 km (WNW), 84 km (SSW), 97 km (SSE),
and 80 km (E). Especially, SE to SW side of the Aso caldera
is high mountain areas, where the Aso-4 PDC deposits were
accumulated within the basins and valleys. Therefore, we think
that the oval shape is more reasonable than circular. The Aso-
4 PDC deposits were considered to fill the low-land area and
valleys. The Aso-4 PDC deposits were assumed to be transferred
by turbidity currents and traveled further along the submarine
bottom surface topography. However, we considered the Aso-4
PDC that we infer traveled on the surface of the sea, ignoring
the submarine processes after entering into submarine seawater.
The thin ignimbrite veneer deposits (Walker, 1981) were locally
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FIGURE 4 | Distribution of Aso-4 PDC deposits and thickness data. The thickness values of the deposits are shown in meters. Circles and squares on the map
indicate locations to measure the thickness of PDC deposits based on outcrops (blue), borehole (green), and topography (yellow) sites. The circle marks are
non-welded, and the square marks are welded points. The Geospatial Information Authority of Japan (GSI) Tile Map (English) is used as the base map.
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s

FIGURE 5 | Estimated original distribution of Aso-4 PDC deposit after the emplacement. Legends of circles on the map are the same as in Figures 1, 4. The
Geospatial Information Authority of Japan (GSI) Tile Map (Shaded relief map) is used as the base map.

0 15 30 45 60km
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preserved, but not considered on this map because the accurate
mapping of such volumetrically minor material was not possible.

The thickness of the Aso-4 PDC deposits was measured
using 1:200,000 Geological Maps and 1:50,000 Geological Maps
published by GSJ, 1:50,000 Surface Geological Maps published
by MLIT, borehole data KuniJiban Database provided by MLIT
(MLIT, 2020) and Geo Station Database provided by the National
Research Institute for Earth Science and Disaster Prevention
(NIED) (NIED, 2020). Location, altitude, and depth of the top
and bottom of the deposits in subsurface boreholes and welded
(1,070 points) and non-welded (2,541 points) data were compiled
(3,611 points in total; Figures 1, 4-7). Partially welded facies are
classified as non-welded in our compilation. Thickness data at
outcrops obtained from published papers were used (blue circles
in Figures 1, 4, 5, 7). Thickness data were measured from the
top and bottom depth of the Aso-4 deposits on the KuniJiban
and Geo Station Databases (green circles in Figures 1, 4-7;
accuracy is about 10 cm). The thickness data were also measured
from upper-limit and lower-limit altitudes on geological maps
at ignimbrite plateau and measurable points (yellow circles
in Figures 1, 4-7). The thickness of the deposits within the
caldera (118-407 m) was also measured using borehole data

(Hoshizumi et al., 1997; Komazawa, 1995; NEDO, 1995). The
thickness data were compiled in an excel spreadsheet and plotted
using QGIS software.

Volume Estimation of Aso-4 PDC

Deposits

The thickness data were analyzed within a 7 km x 5.5 km mesh
grid (Supplementary Table S1). The maximum (Figure 6a),
minimum (Figure 6b), and average (mean; Figure 6¢) of each
grid cell was calculated and plotted (purple-colored numbers
values in Figure 6). For example, the 3rd cell from the right in
the middle of Figure 6 contains 6 thickness data of non-welded
facies (48.9, 55.2, 34, 37, 9, and 50 m). Hence, the maximum,
minimum, and average (mean) thickness are 55.2 m, 9 m, and
ca. 39 m, respectively. The thickness was plotted for non-welded
facies (Figures 6, 7b) and also welded facies (Figure 7a). The
grid cells that contain no thickness data were estimated using the
ordinary kriging method (geospatial interpolation; Davis, 1986;
Yamamoto, 2000). When the thickness value became <0 m, the
estimated thickness was assigned to be 0 m. In the sea area,
the marginal thickness was set at 0 m (right-lower corner of
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FIGURE 6 | Estimated thickness of non-welded parts of Aso-4 PDC deposits [maximum (a), minimum (b), and average (mean) cases (c)] at NW side of Aso caldera.
Orange-colored parts are the non-welded facies of Aso-4 PDC deposits (current exposure). Purple-colored parts are the welded-facies (current exposure). Light
pink-colored parts are the estimated original distribution of the Aso-4 PDC deposit. Purple-colored rim numbers are the maximum (a), minimum (b), and average (c)
thickness values (m) of all points data within the cell. Yellow-colored rim numbers are the estimated thickness values using the ordinary kriging method. Circles and
Squares on the map indicate locations to measure the thickness of PDC deposits based on borehole (green) and topography (yellow) sites. The circle marks are
non-welded, and the square marks are welded points. The Geospatial Information Authority of Japan (GSI) Tile Map (Shaded relief map) is used as the base map.
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e E5d

FIGURE 7 | Estimated thickness of Aso-4 PDC deposit. Welded PDC deposits at N and NE side of Aso caldera (a) and non-welded PDC deposits at E and SE side
of Aso caldera (b). Orange-colored parts are the non-welded facies of Aso-4 PDC deposits (current exposure). Purple-colored parts are the welded-facies (current
exposure). Light pink-colored parts are the estimated original distribution of the Aso-4 PDC deposit. Purple-colored rim numbers are the average (mean) thickness of
all points data within the cell. Yellow-colored rim numbers are the estimated thickness values using the ordinary kriging method. Symbol colors and type of point data
are the same as Figure 6. The Geospatial Information Authority of Japan (GSI) Tile Map (Shaded relief map) is used as the base map.
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TABLE 1 | Results of the area and volume estimation of Aso-4 PDC deposit (density of the non-welded and unclassified facies is 1,100 kg/m3, welded facies is

2,000 kg/m?3, and dense rock is 2,500 kg/m?3).

Area (km?) Volume (km?3 Bulk) Volume (km® DRE)
Maximum Minimum Average Maximum Minimum Average
Current Exposure Non-welded and unclassified 1,007 37.1 7.6 21.3 16.3 3.4 9.4
Welded 336 16.6 5.6 10.9 13.3 4.5 8.7
Subtotal 1,343 53.7 13.2 32.1 29.6 7.8 18.0
Original Distribution (outflow) Non-welded and unclassified - 288.9 82.8 173.8 1271 36.4 76.5
Welded - 429.3 163.5 296.7 343.4 130.8 237.4
Subtotal 34,324 718.2 246.2 470.5 470.6 167.2 313.8
Intracaldera Non-welded and unclassified - 145.4 42.3 1056.8 64.0 18.6 46.5
Welded - 71.9 49.3 64.3 57.6 39.5 51.4
Subtotal 357 217.4 91.6 170.1 121.5 58.1 98.0
Total 34,681 935.6 337.9 640.5 592.1 225.3 411.8

The bold numbers values are the most important values (results of our estimation).

Figure 7b), and the thickness of the PDC deposits (above the sea
surface) was calculated using the ordinary kriging method. The
thickness tends to decrease radially from the source toward the
marginal rim in the sea area. The thickness of the deposits in the
subaerial area changes according to the local topography. Local
thickening of the PDC deposits is observed at the slope change or
basin areas (such as the upper right of Figure 6, middle left and
lower right of Figure 7a, and middle left of Figure 7b).

The occupied area of the estimated original Aso-4 PDC
deposit (i.e., just after the deposition; the light-pink colored area
in Figures 6, 7) within each 7 km x 5.5 km grid cell was calculated
using QGIS software. The maximum, minimum, and average
volumes of each grid cell were calculated by multiplying the
estimated thickness and area of the Aso-4 PDC deposit (volumes
of non-welded and welded facies were calculated, separately). The
total estimated bulk volume (km?) was calculated by summing up
all estimated volumes of grid cells. The DRE volume (Table 1) was
calculated from the ratio between the average non-welded density
(1,100 kg/m3) and dense rock density (2,500 kg/ m?) and also the
ratio between the average welded density (2,000 kg/m?*) and dense
rock density (2,500 kg/m?).

The results of the area and volume estimations of Aso-4 PDC
deposits are summarized in Table 1. The current exposure area of
the Aso-4 PDC deposit is about 1,000 km?. The estimated original
distribution area of the outflow Aso-4 PDC deposit (just after
deposition) is about 34,000 km?. Total volumes of the current
exposure of Aso-4 PDC deposits are 13-54 km> in bulk (8-
30 km? in DRE). The estimated original volumes of Aso-4 PDC
outflow deposits are 250-720 km? (170-470 km? in DRE). The
estimated original volumes of intracaldera Aso-4 PDC deposits
are 90-220 km® (58-120 in DRE). The total estimated original
volumes of Aso-4 PDC deposit just after deposition are 335-
940 km® (225-590 km?® in DRE; 5.6-14.8 x 104 kg) (Table 1).

Distribution Estimation of Aso-4 Tephra

Fall Deposits
Thickness and location data of Aso-4 tephra fall deposits are
recompiled from prior studies, which comprise data for 71

locations of outcrops, lacustrine, submarine, and on-land cores
and boreholes (Supplementary Table S2). The thickness data
were plotted using ArcGIS software, and isopach maps (1, 2,
4, 8, 16, 32, 64, and 128 cm) of Aso-4 tephra deposits were
made (Figure 8). The thickness of the tephra fall deposit in
Eastern Hokkaido is up to 15 cm (Figure 3f). This value is
relatively high compared to the Honshu area (probably due
to local wind effects). Hence, two types of isopach maps were
made: (1) Maximum case (Figure 8a), using the thickness data
of Eastern Hokkaido and assuming erosion in the Honshu area;
and (2) Minimum case (Figure 8b), for which the thickness data
of Eastern Hokkaido were considered to be influenced by local
wind disturbance and ignored for drawing.

Volume Estimation of Aso-4 Tephra Fall
Deposits
The area of each isopach contour was calculated using ArcGIS
software, and the volumes of Aso-4 tephra fall deposits were
estimated using the segment integration method (Takarada et al.,
2001, 2016). In the maximum case, the volume was calculated by
integrating 3 subdivisions (Figure 8a; subdivided at 16 and 64 cm
isopachs). In each segment, the data were plotted approximately
on a straight line using the least square method. The volume was
calculated for the area between the caldera rim (5.3 x 102 km?2)
and the distal limit, for a total area of 108 km? (0.1 mm in
thickness). The thickness of the tephra fall deposit at the caldera
rim was assumed at 300 cm from the extrapolation of the trend
of 64 and 128 cm isopach data. The average density of the tephra
fall deposit was estimated at about 1,000 kg/m>. The estimated
results were 400 km® (4.0 x 104 kg) in the area of the distal
region (<16 cm isopach data area), 470 km? (4.7 x 10 kg) in
the medial region (between 16 and 64 cm data area), and 47 km?
(4.7 x 10" kg) in the area of the proximal region (between 64 and
300 cm data area). The total estimated eruptive mass of the Aso-4
tephra deposit was 920 km? (370 km? in DRE; 9.2 x 10'4 kg).

In the minimum case, the volume was calculated by
integrating three subdivisions (Figure 8b; subdivided at 4 and
64 cm isopach). The volume was also calculated for the area
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between the caldera rim (5.3 x 10? km?) and the distal limit,
for a total area of 103 km?. The thickness of the tephra fall
deposit at the caldera rim was assumed at 300 cm. The estimated
results were 170 km? (1.7 x 10 kg) in the area of the distal
region (<4 c¢m isopach data area), 380 km?® (3.8 x 10" kg) in
the medial region (between 4 and 64 cm data area), and 45 km?
(4.5 x 1013 kg) in the area of the proximal region (between 64 and
300 cm data area). The total estimated eruptive mass of the Aso-4
tephra deposit was 590 km? (240 km? in DRE; 5.9 x 10'4 kg).

DISCUSSION

Aso-4 PDC Deposit Distributions and

Volume

The original distributions of Aso-4 PDC deposits just after the
emplacement were made based on the current distribution of
the deposits, borehole data, and topographic data (Figures 5-7).
This original estimated distribution is one of the most detailed
maps of the Aso-4 PDC deposit, which shows the affected areas
in this region. The current exposure area of the Aso-4 PDC
deposit is about 1,000 km? (Table 1). The estimated original
distribution area of the outflow Aso-4 PDC deposit (just after
the emplacement) is about 34,000 km?. Therefore, the area of
estimated distribution is 34 times larger than the current deposit
exposure. Most of the deposits were considered to be eroded,
as observed for PDC deposits after the eruption of Pinatubo in
1991 (e.g., Major et al., 1996). This new map provides essential
information for considering the affected area of the Aso-4 PDC
and evaluating potential future eruption scenarios at Aso caldera.
We assumed an oval shape for the distal limit of the Aso-4 PDC
deposit, as shown in Machida et al. (1985) and Machida and
Arai (2003). The estimation of the distal limit of the large-scale
PDC is relatively difficult, especially in the sea area. Numerical
simulations, such as the energy cone model (Malin and Sheridan,
1982), are one of the solutions.

Maximum, minimum, and average thickness data within each
7 km x 5.5 km mesh grid were calculated based on 3,611
thickness point data (Figures 6, 7). The total estimated eruptive
volume of the Aso-4 PDC deposits is 940 km? (590 km® DRE in
maximum), 335 km?> (225 km?® DRE in minimum), and 640 km?
(410 km? DRE in average) (Table 1). This result is about 1.7-4.7
times larger than the minimum value of the previous estimation
at >200 km? (Machida and Arai, 2003). The main reason for
the larger revised value is that this study was based on a much
more detailed estimation of distributions and thicknesses data,
including data not exposed on the surface (borehole data). This
estimation method used a 7 km x 5.5 km mesh grid, making
it one of the most detailed volume estimations of large-scale
PDC deposits. This method can be used to accurately estimate
the volumes of other caldera-forming large-scale PDC deposits
around the world.

Volume estimation method uncertainties are herein
considered. Factors that may have increased the upper limit
bound are as follows. (1) The upper part of Aso-4 PDC deposits
are sometimes eroded due to weathering since 87-89 ka, and

thus the measured thickness data from the geological maps may
be underestimated. (2) The unclassified point data are included
in the non-welded facies. Some of them are considered to be
welded facies (increase the DRE volume and eruptive mass). (3)
The distribution of the ignimbrite veneer facies in the mountain
area is not included in this estimation. The distance from the
source to the coast area is about 70 km on average. Therefore,
the area to the coast is ca. 1.5 x 10* km?. The average thickness
of the ignimbrite veneer facies is about 2 m (Watanabe, 1986;
Suzuki-Kamata and Kamata, 1990). The total estimated volume
of the veneer facies is estimated at about 30 km>. This volume is
about 3.2-9 % of the estimated total volume (335-940 km?) of
the Aso-4 PDC deposit.

Factors that may have decreased the lower limit bound are as
follows. (1) The distribution limit in the sea area is considered as
oval in shape; however, the original runout distance of the Aso-
4 PDC deposits may be shorter locally due to the topographical
barriers in the subaerial region. (2) The average density of
the Aso-4 PDC deposits is decreasing according to the runout
distance. The effect of the lower density of the distal facies tends
to decrease the total DRE volume.

Another possible factor in changing the upper and lower
bounds is the fact that the ordinary kriging method is used
for the estimation of no-measured thickness data area by
the extrapolation of the surrounding measured area data.
This estimation does not integrate the PDC dynamics (e.g.,
local deposition due to topographic changes such as slope
and valley width changes). The thickness may change if the
PDC dynamics are included. Future studies such as numerical
simulations, including deposition processes from the bottom of
the PDC, are needed.

Aso-4 Tephra Fall Distributions and

Volume

The estimated volumes of Aso-4 tephra fall (590-920 km?; 240-
370 km?® in DRE) became larger than the minimum value of the
previous estimation (>400 km3; Machida et al., 1985; Machida
and Arai, 2003). The estimation result is about 56-88% volume
of the estimation (1,051 km?) by Suto et al. (2007). The main
reasons for the calculation of a larger volume compared to
the Machida et al. (1985) and Machida and Arai (2003) in
this study are: (1) the isopach map area became much larger
than the previous estimation due to the inclusion of more
submarine tephra fall data; and (2) the calculation method is
different from the previous estimation. Machida et al. (1985)
and Machida and Arai (2003) estimated the eruptive volume of
the Aso-4 tephra fall using the extended area (>4 x 10° km?)
multiplied by the average thickness of 10 c¢cm. Suto et al.
(2007) estimated the eruptive volume of the Aso-4 tephra fall
deposits using GIS software and the isopach map published by
Machida et al. (1985) and Machida and Arai (2003). However,
no details of the calculation methodology were provided in the
paper. The purpose of their paper was to make a tephra fall
database covering the whole of Japan. The results of such volume
estimations are preliminary and tend to have significant errors
(e.g., Yamamoto, 2017).
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Uncertainties in tephra fall volume estimates originate with
several factors. Factors that may have increased the upper limit
bound are as follows. (1) Especially relatively thin tephra fall
deposits in the distal regions are quickly eroded by wind and
rainfall. The tephra deposits are preserved only in limited areas

such as lakes, swamps, and peatlands. Even if the tephra was
deposited in these areas, the original thickness might not be
preserved (the original deposit thickness may be thicker than
the current thickness). (2) The submarine tephra fall deposits are
possibly diffused due to the submarine currents while settling on
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the bottom of the sea (other factors than the wind diffusion). (3)
In this tephra fall volume estimation, up to 10% km? areas are
calculated (Figure 9). Although, cryptotephras derived from the
co-ignimbrite tephra falls are possibly distributed more widely as
the Earth’s surface area, especially for such a large-scale eruption
case (e.g., Abbott and Davies, 2012; Davies, 2015). When the
cryptotephra distributed to the area as large as on the Earth’s
surface (5.1 x 108 km?2; five times larger than the current extent),
the estimated total tephra volume is 930 km® in maximum
(extrapolated the decreasing trend of 16 cm to 1 cm isopach maps;
Figure 9A). The difference is 10 km?, indicating that the effect of
the far distal area is about 1% of the total tephra volume.

The volume ratio of tephra fall deposits in the proximal area
(64-300 cm thickness segment) is relatively small compared to
the total eruptive volume (45-47 km?®; 5-7%; Figure 9). Even if
the calculation area is extended up to a vent size (e.g., 0.01 km?),
the result of the total volume is not changed (590-920 km?). The
volume ratio in the proximal area against the total volume is
different from other types of eruption. For example, the volume
ratio of tephra fall deposits in the proximal area (between 0.45
and 1.5 kg/m?) against the total volume of the 2014 Ontake
phreatic eruption is 38% (4.5 x 10 kg/1.18 x 10° kg) (Takarada
et al,, 2016). These differences are probably due to the different
eruption mechanisms between the two types of tephra falls (large-
scale Plinian and small-scale phreatic eruptions).

Factors that may have decreased the lower limit bound are
as follows. (1) The Aso-4 PDC deposits are subdivided into
eruptive units with cooling unit hiatuses (e.g., Watanabe, 1978),
suggesting the duration of the Aso-4 eruption lasted for more
than a few days to months. The isopach map may consist of
a combination of several isopach maps with the different wind
directions. In this case, the total tephra fall volume may be
decreased due to a combination of narrow isopach maps. (2) For
the tephra fall deposits in the lacustrine and submarine areas, it is
possible that the thickness of the deposit is sometimes increased
due to reworking by bottom currents in such settings.

Another possible factor to consider in changing the upper
and lower bounds is that we used the segment integration
method, which enables relatively accurate mathematical
calculations (Takarada et al., 2001, 2016). Other tephra fall
estimation methods such as Exponential fit (Pyle, 1989), Power-
law fit (Bonadonna and Houghton, 2005), and Weibull fit
(Bonadonna and Costa, 2012), however, are essential to check
our estimation results. Such considerations will be addressed in a
subsequent study.

Eruptive Volume of Aso-4 Eruption

The total eruptive volume of the Aso-4 eruption was estimated at
930-1,860 km? (465-962 km® in DRE; 1.2-2.4 x 10'° kg). This
result is about 1.5-3.1 times larger than the minimum volume of
the previous estimation by Machida and Arai (2003; >600 km?),
1.1-2.3 times larger than [Yamamoto (2015); 384 km? in DRE],
and 2.2-4.5 times larger than Nakajima and Maeno (2015;
200 km® in DRE). The reason for the larger revised volume is
mainly due to more accurate estimations of distributions and
thicknesses based on detailed datasets and different estimation
methods. The eruption magnitude [M = logio(erupted mass

(kg))-7; Hayakawa, 1993; Pyle, 2000] is calculated at M8.1-8.4.
The Aso-4 caldera-forming eruption is now considered to be
one of the M8 (VEI8) class super-eruptions. This is the largest
eruption in Japan in the last 100 ka. The eruptive volume of the
30 ka Aira eruption is estimated at 940-1,040 km? (380-430 km?
in DRE; Takarada, 2019). The eruptive volume of the 106 ka Toya
eruption is estimated at 230-310 km?® (100-140 km? in DRE;
Takarada, 2019; Tomiya and Miyagi, 2020). The Aso-4 eruption
is about 0.8-2 times larger than the Aira eruption and about 3-8
times larger than the Toya eruption.

The eruptive volume of the 75 ka Youngest Toba Tuff derived
from the Toba caldera is estimated at 13,200 km? (5,300 km? in
DRE) (Costa et al., 2014). The eruptive volume of the 25.4 ka
Oruanui eruption in the Taupo Volcanic Zone is estimated at
530 km® in DRE (Wilson, 2001; Vandergoes et al., 2013). Thus,
the Aso-4 eruption is the 2nd largest eruption in the world in
the last 100 ka. The eruptive volume of the 27.8 Ma Fish Canyon
Tuff from the La Carita caldera, San Juan Volcanic Field, is
estimated at 5,000 km? (Lipman et al., 1997; Bachmann et al,,
2002). The eruptive volume of the 2.1 Ma Hukleberry Ridge Tuff
derived from the Yellowstone caldera is estimated at 2,450 km?
(Christiansen, 2001; Ellis et al., 2012). The eruptive volume of the
1.6 Ma Otowi Member of Bandelier Tuff derived from the Valles
caldera is 216-550 km? in DRE (Cook et al., 2016). The Aso-4
eruption is one order smaller compared to the VEI 9 Youngest
Toba Tuff (the largest volcanic eruption in the Quaternary), and
0.9-1.8 times larger than the Orunaui eruption in the Taupo
Volcanic Zone. The Aso-4 eruption is 12-18% volume of the Fish
Canyon Tuft (one of the largest ignimbrites in the world), 40-80%
volume of the Hukleberry Ridge Tuff (the largest eruption from
the Yellowstone), and slightly larger than the Otowi Member
of Bandelier Tuft.

The total eruptive mass is estimated at 1.2-2.4 x 10> kg. The
Aso-4 PDC deposits consist of 8 eruptive units, which sometimes
show discontinuities of welding degree and cooling unit hiatuses
between them (e.g., Watanabe, 1978); thus, the volume of 1 flow
unit (1 event) is on the order of 1013-10'* kg. For example, if an
event occurred within a period of 10-60 min, the average mass
flow rate (MFR) is calculated at 10°-10'! kg/s. The numerical
3D simulation suggests that the expected eruption column height
of co-ignimbrite tephra fall would be as high as 40-60 km at
this MFR (Costa et al., 2018). A significant global climate and
environmental impact would occur from such a large eruption
column due to the release of a large amount of volcanic gas (SO,
HCI, and HF) (e.g., Rampino and Self, 1982; Trenberth and Dai,
2007; Kravitz and Robock, 2011). Long-term catastrophic effects
on vegetation and ecosystem would be expected (e.g., Costa
et al,, 2014). Interaction with rainfall would cause the tephra fall
deposits covering Japan to produce abundant lahars over large
areas for more than 10 years (e.g., a large number of lahars
occurred due to the ca. 10 km? 1991 Pinatubo eruption for more
than 10 years; Major et al., 1996). Therefore, a M8 class super-
eruption would cause long-term severe volcanic hazards. Further
studies on climate and volcanic hazard assessments are necessary.

The estimated distributions and eruptive volume of the Aso-
4 PDC and tephra fall deposits are considered to become an
essential dataset for volcanological, geophysical, and petrological
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investigations, and volcanic hazard assessments for large-scale
super-eruptions. This volume data is also useful to establish
a more precise volume vs. time diagram of Aso volcano. The
distribution and thickness data are useful for future studies
on volcanic hazards. Research efforts on the estimation of the
eruptive volume of other large-scale eruptions in Japan, such as
Aira, Toya, Kutcharo, and Towada calderas, were made recently
(e.g., Takarada et al., 2017, 2018; Takarada, 2019). Reevaluation of
the eruptive volumes of major caldera-forming eruptions in other
countries is also crucial. The estimation methods outlined in
this contribution are applicable to any other large-scale caldera-
forming eruptions and will enable the progression of similar
volcanological research worldwide.

CONCLUSION

Detailed distributions of 87-89 ka Aso-4 PDC deposits were
made based on published papers, geological maps, and borehole
data (Figures 5-7). Thickness data were compiled from a total
of 3,611 outcrops, geological maps, and borehole locations. The
volume was calculated using thickness data and area of PDC
deposit within each 7 km x 5.5 km mesh grid. The ordinary
kriging method was used when no thickness data existed in the
mesh grid. The maximum, minimum, and average volumes were
calculated. The total eruptive volume of the Aso-4 PDC deposit
was estimated at 340-940 km® (225-590 km’ in DRE). The
volume of co-ignimbrite Aso-4 tephra fall was estimated using
two new isopach maps based on 71 submarine, lacustrine, and
subaerial tephra deposits. The estimated volume of the Aso-4
tephra fall was 590-920 km? (240-370 km? in DRE), using the
segment integration method (Takarada et al., 2001, 2016).

The total estimated eruptive volume of the Aso-4 eruption
was 930-1,860 km® (465-960 km® in DRE; 1.2-2.4 x 10'° kg).
Therefore, the Aso-4 eruption is now considered to have been
a M8.1-8.4 (VEI 8) super-eruption. The Aso-4 eruption is the
largest volcanic eruption in Japan and considered to be the 2nd
largest eruption in the world in the last 100 ka. It is expected
that these estimation results will provide essential parameters for
long-term eruption forecasting, evaluation of volcanic activities,
quantitative geophysical and petrological research work, and
future volcanic hazards assessment. The proposed estimation
method can be applied to any large-scale caldera-forming
eruptions in the world for the reevaluation of eruptive volumes
of PDC and tephra fall deposits.
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The Mount Pelée May 8th, 1902 eruption is responsible for the deaths of more than
29,000 people, as well as the nearly-complete destruction of the city of Saint Pierre by
a single pyroclastic current, and is, sadly, the deadliest eruption of the 20th century.
Despite intensive field studies on the associated deposit, two conflicting interpretations
of the pyroclastic current dynamics (either a blast or a simple ash-cloud surge) emerged
in the 90’s and have been paralyzing research ever since, leaving numerous unknowns
(i.e., source conditions, volume). This study is the first to investigate numerically the
May 8th, 1902 pyroclastic current, using the new two-phase version of VolcFlow that
simulates more accurately both parts of pyroclastic currents (i.e., the block-and-ash
flow and the ash-cloud surge). Physical flow parameters are either extracted from field
data or estimated empirically when no value was found in the literature. Among the two
interpretations, only the simple ash-cloud surge is tested, generated from a block-and-
ash flow initially supplied from the artificially recreated 1902 crater. The block-and-ash
flow overflows from the southern V-shaped crater outlet and stays confined into the
Riviere Blanche, whereas the ash-cloud surge expands radially and spreads westward,
seaward, and eastward, ultimately reaching St Pierre 8 km away, within 330 s. The
extent of both parts of the simulated current, as well as the thickness and the direction
of the ash-cloud surge are accurately reproduced for a total volume of 32 x 108 mS3, for
which a significant part (one third) is deposited in the sea (not recorded in previous
studies). Simulations demonstrate that the pear-like shape of the ash-cloud surge
deposit is explained by a late surge production along the Riviere Blanche but also that
a blast-like event may be required at the initial stage of the explosion, which in some
way reconciles the two conflicting past interpretations. Results also highlight the role
played by the topography in controlling transport and deposition mechanisms of such
pyroclastic currents especially the lateral spreading of the ash-cloud surge. Our study
improves the assessment of pyroclastic current-related hazards at Mount Pelée, which
could be helpful for future eruptions.
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Frontiers in Earth Science | www.frontiersin.org 28

July 2020 | Volume 8 | Article 279


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2020.00279
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/feart.2020.00279
http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2020.00279&domain=pdf&date_stamp=2020-07-22
https://www.frontiersin.org/articles/10.3389/feart.2020.00279/full
http://loop.frontiersin.org/people/956402/overview
http://loop.frontiersin.org/people/981284/overview
http://loop.frontiersin.org/people/799677/overview
http://loop.frontiersin.org/people/981197/overview
http://loop.frontiersin.org/people/959220/overview
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Gueugneau et al.

1902 Mount Pelée Eruption Simulation

INTRODUCTION

The 1902-1905 Mount Pelée eruption is a classic example often
cited by volcanologists and media to demonstrate the hazards
caused by the generation and rapid emplacement of a violent and
unpredicted pyroclastic current. On May 8th, 1902, a powerful
“nuée ardente” (term used by Lacroix, 1904 to describe the
pyroclastic current) coming from the crater traveled down the
volcano and nearly destroyed the city of Saint Pierre, 8 km
away. On May 20th, a second powerful pyroclastic current
occurred in the same area and achieved the total destruction of
St Pierre. The two events were responsible for at least 29,000
deaths (Lacroix, 1904), culminating in the deadliest volcanic
eruption of the last century. As such, past studies have mainly
focused on reconstructing the eruptive sequence in order to better
understand the potential hazards of Mount Pelée. One of the first
records of this event was compiled by Lacroix (1904), who arrived
on Martinique Island 2 months later and described with great
detail the features of the May 8th pyroclastic current (i.e., deposit
characteristics, damage in St Pierre, and various bodily injuries
found in the town). Our understanding of the May 1902 Mount
Pelée pyroclastic currents was improved decades later with
the 1980 Mount St Helens eruption (Lipman and Mullineaux,
1981) and the subsequent advances the eruption brought to
the understanding of explosive dome collapse processes. With
new insight from the St. Helens eruption, numerous studies
reinterpreted the deposits of the May 1902 eruption (Fisher et al.,
1980; Fisher and Heiken, 1982, 1983, 1990; Sparks, 1983; Boudon
and Lajoie, 1989; Bourdier et al., 1989; Charland and Lajoie,
1989; Lajoie et al., 1989; Boudon et al., 1990) to better constrain
the eruptive source conditions and flow propagation dynamics.
Two conflicting interpretations emerged from these studies: (i)
St Pierre was destroyed by the ash-cloud surge component of a
pyroclastic current derived from a primarily block-and-ash flow
(BAF) traveling down the Riviére Blanche (Fisher et al., 1980;
Fisher and Heiken, 1982), oriented in the southern direction
initiated from a pre-eruption crater outlet (Chrétien and Brousse,
1989; Tanguy, 1994; Tanguy, 2004); (ii) the eruption consisted of
a laterally oriented dome explosion, leading to the generation of
a blast that traveled directly toward St Pierre destroying the city
(Lacroix, 1904; Sparks, 1983; Boudon and Lajoie, 1989; Bourdier
etal., 1989; Charland and Lajoie, 1989; Lajoie et al., 1989; Boudon
et al., 1990).

The debate, focusing on whether or not a blast occurred
during the May 8th, 1902 eruption, (Boudon et al., 1990;
Fisher and Heiken, 1990) highlights the difficulties in identifying
characteristic features of such a process due in part to large
differences with the May 18th, 1980 Mount St Helens blast
as well as the lack of a general blast model at that time.
Later, Belousov et al. (2007) proposed a broad description of
a volcanic blast, based on a review of three well-documented
eruptions (Bezymianny, 1956; Mount St. Helens, 1980; Soufriére
Hills, 1997): “a violent explosion of a magma body (internal or
external) that releases a high energetic flow with high velocities
(>100 m s~!) that covers a remarkably broad area, causing
significant damage.” The authors also identified four criteria
to distinguish a blast from a simple pyroclastic current: (i) a

typical deposit stratigraphy in three layers — unit A, consisting
of a mixture of accidental material (substratum rocks, vegetation
fragments,. . .) eroded from the passage of the blast; unit B, fine-
depleted layer, composed of coarse particles (few millimeters
to few centimeters); unit C, laminated, composed of lapilli and
ash - together with a debris avalanche deposit, (ii) a broad area
of inundation with substantial damage due to high dynamic
pressures, (iii) evidence of intense erosion at the base of the
blast deposit sequence, and (iv) extreme velocities (>100 m
s~ 1). Recent numerical modeling of the Soufri¢re Hills Volcano
(Esposti Ongaro et al., 2008) and Mount St Helens blasts (Esposti
Ongaro et al,, 2012) show that the dynamics seem to be composed
of three main phases: a short burst phase at the beginning
during which the magma is fragmented and transported by
the overpressure of the volcanic gas, a collapse phase during
which gravity surpasses the pressure and becomes the driving
force, and a PDC phase in which the flow turns to a pyroclast-
laden density current. Several other eruptions have produced
pyroclastic currents that share some blast criteria including
Mount Unzen in 1991 (Taniguchi and Suzuku-Kamata, 1993),
Chaitén in 2008 (Major et al., 2013), Arenal in 1968 (Alvarado
et al., 2006), and Merapi in 2010 (Komorowski et al., 2013).
Thus, Komorowski et al. (2013) proposed a modified blast
description of Belousov (2007) by distinguishing three categories
of blast-like flow: (1) very extensive blasts associated with flank
collapses (Bezymianny, 1956; Mount St. Helens, 1980; Lipman
et al., 1981; Belousov et al., 2007); (2) vertically-directed blasts
of intermediate intensity (Lamington, 1951; Taylor, 1958); and
(3) low intensity blasts produced by dome collapse (Soufriere
Hills, 1997; Sparks et al., 2002; Voight et al., 2002; Merapi, 2010;
Komorowski et al., 2013). With this new description of a volcanic
blast, we revisit the May 8th, 1902 eruption at Mount Pelée.

Since the debate in the early 90s, no consensus has emerged
and consequently some key aspects of the Mt. Pelée eruption
remain unclear. The lack of an unambiguous scenario describing
the proper source conditions, internal dynamics, and volume
of material deposited by the pyroclastic current constitutes an
obstacle in the assessment of hazards and risks posed by such
flows at the active Mount Pelée volcano.

To provide new insight, this study simulates the May 8th, 1902
pyroclastic current at Mount Pelée using the two-layer version
of the numerical model VolcFlow (Kelfoun, 2017). Because of
the model framework, only the scenario from which an ash-
cloud surge is generated from a block-and-ash flow (Fisher et al.,
1980) is simulated. The source and boundary conditions are
set according to field data: the pyroclastic current is generated
by imposing a mass flux at the Mount Pelée summit crater,
reconstructed with a synthetic pre-eruptive morphology (Tanguy,
1994), that overflows through the southern crater outlet into
the Riviere Blanche. Quantitative assessment of the modeling
results is performed by comparing the simulation outputs to a
compilation of field data (Lacroix, 1904; Fisher et al., 1980; Fisher
and Heiken, 1982, 1983, 1990; Sparks, 1983; Boudon and Lajoie,
1989; Bourdier et al., 1989; Charland and Lajoie, 1989; Lajoie
et al., 1989). The comparison focuses on variation in deposit
thickness, areas inundated by the flows, types of deposits, local
direction of the current, and dynamic pressure of the ash-cloud
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surge. The volume of the simulated flow is adjusted by trial
and error in order to obtain the best fit with real deposits.
A realistic deposit volume is proposed, and the mass flux of
the pyroclastic current that entered the sea is estimated. With
the model reliability and eruptive scenario tested, we discuss the
source conditions of the eruption, as well as the occurrence of a
blast-like event.

This study clarifies some important features of the famous
May 8th, 1902 eruption and better explains why Saint Pierre
was heavily destroyed by the pyroclastic current on that
day. The numerical modeling results give important insights
into the dynamics of the pyroclastic current, as well as the
general eruptive sequence and improve the assessment of
pyroclastic current-related hazards at Mount Pelée, helpful
for the mitigation of future eruptive crises. This work also
constitutes another validation/confirmation case study for the
numerical code VolcFlow, as it has already been conducted for
the November 5th, 2010 Merapi eruption (Kelfoun et al., 2017)
and for the June 25th, 1997 Soufriere Hills Volcano eruption
(Gueugneau et al., 2019).

GEOLOGICAL SETTING

Martinique Island and Mount Pelée
Martinique, in the central part of the Lesser Antilles, emerged
about 25 Ma ago, in response to the subduction of the Atlantic
plate beneath the Caribbean plate. On the island, volcanism
migrated westward and built nine complexes, with compositions
ranging from basalts to rhyolites. Plio-pleistocene volcanoes
align north-south along the western coast. Mount Pelée, the
youngest volcano, is characterized by an evolution from effusive
to explosive dynamics since it emerged about 550 ka ago (Germa
et al., 2011). The western flank of the volcano was destroyed
by three successive collapses, 125, 25, and 9 ka ago (Le Friant,
2003; Boudon et al., 2007; Germa et al., 2011), leaving imbricate
horseshoe-shaped structures within which the modern cone sits
(dashed lines Figure 1). Volcanic activity at Mt. Pelée over the
past 5,000 years is characterized by a heterogeneous succession
of sub-Plinian/Plinian and dome-forming (Pelean) eruptions
(Westercamp and Traineau, 1983; Boudon et al., 2005; Carazzo
et al., 2012; Michaud-Dubuy et al., 2019). Among these events,
the P6 (4,610 BP) and P4 (2,440 BP) Plinian eruptions produced
small explosive fountains associated with pyroclastic currents
(Westercamp and Traineau, 1983), whereas the P5 (4,060 BP),
P3 (79 cal CE), P2 (280 cal CE) and P1 (1300 cal CE) Plinian
eruptions formed 20-30 km high stable Plinian columns that
underwent total or partial collapse with associated pyroclastic
currents at some stage (Carazzo et al, 2012, 2019, 2020).
Numerous eruptions involved formation and/or destruction of
lava domes often with a blast-like phase identified, including the
P2, P1, 1902-1905 CE (Lacroix, 1904) and the 1929-1932 CE
eruptions (Perret, 1935). Historical events at Mt. Pelée volcano
also include two minor phreatic eruptions in 1792 CE and
1851 CE (Jaggar, 1903), and at least since the late 19th century
recurrent non-eruptive lahars have occurred in the Riviére du
Précheur valley (Aubaud et al., 2013).

The 1902-1905 CE eruption is well-documented in a series
of contemporary reports that describe the eruptive products
and their impacts on the towns of St Pierre and Morne-Rouge
(Lacroix, 1904). The climactic phase of the eruption on May 8th
was followed by major pyroclastic currents on May 20th, 26th,
June 6th, July 9th, and August 30th. Then, a dome-forming phase
characterized by the great spine and a decrease in activity of
explosive events continued until September 1903. Small recurrent
pyroclastic currents associated with the lava dome building stage
occurred until the end of the eruption but were mostly contained
within the Riviére Blanche valley (Lacroix, 1904).

The May 8th, 1902 Explosion: From

Precursors to the Pyroclastic Current
According to Roobol and Smith (1975); Chrétien and Brousse
(1989), and Lacroix (1904), precursors of the May 1902 eruption
began more than 10 years before the eruption, in 1889, when
fumaroles were observed in the Etang Sec caldera for the first
time. The fumarolic activity slowly intensified until 1902, and
on April 23rd to 25th phreatic explosions occurred inside the
caldera, releasing ash without showing any sign of magma. This
phreatic activity was observed sporadically until May 1st and 2nd
when it reached its paroxysm. On May 5th, after a 3 day lull,
the caldera, recently filled with hot water and likely weakened by
the fumaroles, collapsed sending lahars seaward via the Riviére
Blanche, isolating the Le Précheur village. The collapse left an
empty crater with a south-facing V-shaped outlet. On May 6th,
the magmatic activity started with the onset of an explosion
marked by a high dark plume accompanied by lightning. Magma
had likely reached the surface and a lava dome was visible on May
7th (Chrétien and Brousse, 1989). On May 8th at about 8 am,
the newly formed lava dome, clearly visible but topped by a high
column of white steam, exploded and a large pyroclastic current,
likely exploiting the V-shaped outlet, flowed into the Riviere
Blanche. Emerging from the crater, the current flowed seaward
expanding laterally leaving the inundated area in the form of a
cone-like shape, with the eastern-most and western-most radius
at an angle of approximately 90 degrees, reaching St. Pierre 8 km
from the summit at 8:02 a.m. Figures 2C,D are pictures taken on
May 11th from a boat showing the Center and Mouillage districts
partially demolished (Lacroix, 1904). Despite the precursors, no
evacuation had been ordered. Lacroix (1904) estimated the death
toll to be between 28,000 and 29,000, all due to a single pyroclastic
current. On May 20th, another strong explosion triggered a
large pyroclastic current that traveled the same route, this time
completely destroying St Pierre. Figures 2A,B show St Pierre,
viewed from Morne Abel (A) and Morne d’Orange (B) in August
1902 (Lacroix, 1904), and the consequences of the passage of the
May 8th and 20th pyroclastic currents: blown down buildings and
only a few partially remaining walls, mostly those parallel to the
coastline, in the southern part of the city.

Pyroclastic Current Deposit

Characteristics
Several studies have focused on the 1902 pyroclastic current
deposits and their sedimentological characteristics, and are
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FIGURE 1 | Regional setting of Martinique Island in the central part of the Lesser Antilles. The dashed line north of Martinique represents the Oligocene arc front, the
bold line represents the Plio-Pleistocene arc front. The black arrows point in the direction of subduction of the Atlantic plate beneath the Caribbean Plate. The Mount
Pelée volcano is located in the northern part of the island, and the study area is within the red rectangle, described in Figure 2. The dashed lines within the study
area refer to imbricate horseshoe-shaped structures left by flank collapses of the volcano 125, 25, and 9 ka ago (Le Friant, 2003; Boudon et al., 2007; Germa et al.,
2011).

compiled in the deposit distribution map of the May 8th, 1902
eruption (Figure 3) and also listed in Table 1. Two types of
pyroclastic current deposits have been identified:

unit generally massive but locally laminated (Figure 4)
composed of lapilli and ash (called secondary ash-cloud
surge deposit by Fisher and Heiken, 1982), and (iii) a thin

- A several-meter thick, unsorted bed of coarse particles
in a fine-grained matrix channelized within the Riviere
Blanche, described later as a block-and-ash flow deposit
(delimited by the pink area in Figure 3) which covers
about 3.5 km? (Fisher et al., 1980; Fisher and Heiken, 1982;
Boudon and Lajoie, 1989; Bourdier et al., 1989; Charland
and Lajoie, 1989; Lajoie et al., 1989). The deposit is massive,
with weak grading and poor clast organization/segregation,
and seemingly filled the entire valley (Lacroix, 1904).

A thin, stratified bed of finer particles (lapilli-ash) covering
a large area (delimited in Figure 3 by the white line),
corresponding to the devastated area outlined in Lacroix’s
map (black line, p. 223, 1904). Roobol and Smith (1975)
estimated the devastated area at 58 km?, but using a geo-
referenced digital elevation model we obtained a value of
51.2 km?. This deposit surrounds the crater to the north
for about 1 km and extends 500 m past St Pierre to the
south and to St Philomeéne to the west. Fisher et al. (1980);
Fisher and Heiken (1982), Bourdier et al. (1989), and
Lajoie et al. (1989) identified three principal units in this
deposit: (i) a lower unit composed of coarse, dark-gray
lithic clasts, often normally graded and fine-depleted at
the base (Figure 4) and composed of numerous degassing
pipes in the upper part (called secondary block-and-ash
flow deposit by Fisher and Heiken, 1982), (ii) a middle

upper unit not continuous within the deposit area (unit
is missing in St Pierre, Figure 4) composed of ash and
accretionary lapilli (called airfall tuff by Fisher and Heiken,
1982). The mean grain size is relatively homogeneous in
each of the three units and varies between 0 and 2 ¢ (2-
0.25 mm). Total thickness of this stratified bed varies by
more than a meter at Fond Canonville to a few millimeters
south of St Pierre. The cumulated thickness of the 3 units,
measured from twenty different locations by Bourdier et al.
(1989), are presented in Table 1 and reported on the map
in Figure 3. One striking feature is the sharp decrease in
deposit thickness from the Riviére Séche valley (locations
9-11 in Figure 3) to the edge of the devastated area
(locations 14-20 in Figure 2) in the eastern part of St
Pierre. All studies attribute this deposit to a turbulent ash-
cloud surge (Fisher et al., 1980; Fisher and Heiken, 1982;
Sparks, 1983; Bourdier et al.,, 1989; Boudon and Lajoie,
1989; Charland and Lajoie, 1989; Lajoie et al., 1989). The
debated and confusing terminology used by Fisher and
Heiken (1982) (called “secondary block-and-ash flow”) was
later clarified by Fisher and Heiken (1990) with the term
“single ash-cloud surge” deposit.

Using a variety of indicators, the local direction of propagation
of the ash-cloud surge was reconstructed. Lacroix (1904)
estimated the direction of the ash-cloud surge to be parallel to
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FIGURE 2 | Pictures of St Pierre after the eruption, from Lacroix (1904). (A,B) Were taken in August 1902 from Morne Abel looking south (A) and from Morne
d’Orange looking north (B). (C,B) Were taken in May 11th, 1902, 3 days after the passage of the pyroclastic current, from a boat a few hundred meters off the
coast. It shows the Mouillage and Center districts only partially destroyed. See Figure 9 for a closer view of St Pierre city map.

Victor Hugo Street in St Pierre (red line in Figure 3) using the
N-S orientation of the remaining standing walls and the N-S
alignment of the dead bodies in the streets. From measurements
in cross-bedded deposits, Fisher et al. (1980); Lajoie et al. (1989),
and Charland and Lajoie (1989) identified flow directions in
Fond Canonville and on the east of the Riviére Blanche, close to
the coast (red arrows in Figure 3). However, authors disagreed
on the direction, either being from north to south or from the
block-and-ash flow to the southwest. Using twisted iron bars
from the passage of both the May 8th and 20th pyroclastic
currents through Fort Cemetery in St Pierre, Boudon and Lajoie
(1989) measured the mean direction of N200° supporting the
flow direction measurement of Charland and Lajoie (1989)
pointing to the crater.

The dynamic pressure of the ash-cloud surge can be estimated
from its effects on buildings, especially in St Pierre, following the
study of Jenkins et al. (2013). The pressure in the proximal zone
of the Riviére Blanche was very high; Lacroix (1904) mentions a
total destruction and disappearance of houses and factories along
the coast at Fond Coré. Comparing the damage at Merapi volcano
(Jenkins et al., 2013), the dynamic pressure likely exceeded 10 kPa
in this area. Pressure decreased away from the Riviére Blanche
to the periphery of the devastated area, attested by the partial
damage observed on infrastructure located in this peripheral
zone, especially in St Pierre. Based on the dynamic pressure

calculation method of Jenkins et al. (2013) for brick walls (their
equation Figure 6B) we can infer that the northern part of the
city (i.e., Fort district), for which walls are almost completely
destroyed, was exposed to a dynamic pressure greater than 2 kPa.
The rest of the city, only partially damaged, was exposed to a
dynamic pressure less than 2 kPa, as deduced from the presence
of standing walls in the Center and Mouillage districts, and then
pressure drops under 1 kPa in the southernmost part of the city
attested by the standing cathedral towers in Figures 3C,D. The
2 kPa limit can be approximated by the “annihilation line” of Hill
(1902) (represented in Figure 3 by the black dashed line).

Interpretations of the Source Conditions
and Dynamics of the Pyroclastic Current

Following these extensive field studies, various interpretations of
the May 8th, 1902 pyroclastic current source conditions and its
internal dynamics have been inferred. We regroup them in two
main theories:

- Highly turbulent ash-cloud surge coming from the crater,
the blast: Based on eye-witness accounts (p. 248), Lacroix
(1904) interpreted the origin of the pyroclastic current
as coming from the collapse of a dark/gray plume above
the crater, exiting the crater through the V-shaped outlet.
Lacroix’s interpretation was revised by Sparks (1983), after
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FIGURE 3 | Distribution map of the May 8th, 1902 eruption, with the ash-cloud surge and the block-and-ash flow inundated areas shown in gray and pink,
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TABLE 1 | Compilation of field data of the May 8th, 1902 eruption at Mount Pelée. Sample locations refer to the white numbers in Figure 1.

Sample locations Deposits thickness (m) Velocity (m s~ 1) Runout (km) Area covered (km?)
BAFs B 3-10 No data 6.3 3.5
1 0.57
2 0.14
3 0.79
4 4.00
5 0.07
6 0.57
7 0.43
8 0.71
9 0.79
Ash-cloud 10 2.86 55 (Fisher et al., 1980) 10.9 51.2
surge ih! 1.50 150 (Lacroix, 1904)
12 2.00
13 2.29
14 0.43
15 0.43
16 0.43
17 0.36
18 0.07
19 0.04
20 0.03

Data from Lacroix (1904); Fisher et al. (1980), Fisher and Heiken (1982); Sparks (1983), and Bourdier et al. (1989). Runout and area covered (taking into account the
topography) have been calculated by digitizing the outlines in Figure 1.

-4 middle unit

lower unit

FIGURE 4 | Fine-grained facies of the May 8th, May 20th, June 6th, and August 30th deposits in the Fort district (St Pierre). Units U1 to U8 are from Bourdier et al.
(1989). Unit U1, corresponds to the May 8th deposit, separated in three layers, i.e., the lower, middle and upper unit (see text for description). Only the middle and
lower unit are visible at St Pierre. The picture on the right is a closer view of the U1 lower layer, sampled in the northern part of St Pierre (yellow star in Figure 2)

where the deposit is directly in contact with the pavement of the city. The white scale bar is 20 cm long.
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the 1980 Mount St Helens eruption, as a laterally-oriented
dome explosion leading to a blast flow, an interpretation
that was confirmed a few years later by Boudon and Lajoie
(1989); Bourdier et al. (1989), Charland and Lajoie (1989);
Lajoie et al. (1989), and Boudon et al. (1990). The blast
hypothesis is based on: (1) estimated velocities > 100 m
s~! (Lacroix, 1904; Lajoie et al., 1989); (2) the unusually
large size of pyroclasts (several centimeters) transported
by the surge (Bourdier et al., 1989; Lajoie et al., 1989;
Boudon et al., 1990); (3) the 90° spreading angle of the
deposits in a cone-like shape (Sparks, 1983); and 4) the
direction of the current in a straight line from the crater
outlet (Boudon and Lajoie, 1989; Charland and Lajoie,
1989; Lajoie et al., 1989).

- Ash-cloud surge derived from the block-and-ash flow: a
second group championed the idea that St Pierre was
destroyed by an ash-cloud surge derived from the block-
and-ash-flow. This concentrated flow is thought to have
been generated from the collapse of a short column
formed by an intra-crater vertical explosion (Fisher et al.,
1980; Fisher and Heiken, 1982, 1983, 1990), and then,
due to the shape of the crater, was transported into the
outlet downstream toward the south. This idea came
from Hill (1902) who initially located the source to be
approximately at Morne Lenard (2.8 km SW from the
current vent, see Figure 3). Later, Fisher et al. (1980) and
Fisher and Heiken (1982) re-examined this model finding
that the source identified by Hill (1902) corresponds to
the source of the ash-cloud surge rather than the source
of the block-and-ash flow, which is confirmed by the
measurement of cross-bedded flow directions pointing
to the Riviére Blanche instead of the crater (thick red
arrows, Figure 3). The authors also defended a roll-back
movement of the ash-cloud surge around Fond Canonville,
where they inferred that the ash-cloud surge flowed up-
valley in the opposite direction of the rest of the flow,
after being confined in the Riviére Blanche valley by a
high ridge (see Figure 3 in Fisher et al., 1980), following
flow direction measurements in the cross-bedded deposit
(Figure 3).

Missing and Unclear Data

Because of the two differing interpretations outlined above, the
exact nature of the eruption source conditions (i.e., lateral dome
explosion or column collapse) and the dynamics of the dilute part
of the pyroclastic current (i.e., blast or surge) remain unclear and
need further clarification in order to better understand the May
8th, 1902 eruption.

Moreover, despite insightful descriptions of the 1902
pyroclastic current deposits, the total deposit volume is still
missing. No study has estimated the volume of each separate
current (May 8th and 20th, June 6th, or August 30th) as the field
studies conducted following the eruption compiled the effects of
the individual currents. Tanguy (2004) estimated the lava dome
volume, which may have filled the Etang Sec caldera prior to the
eruption, at 18-23 x 10° m>. Nevertheless, the total volume of
the May 8th pyroclastic current, as well as the volume portions

of the block-and-ash flow and ash-cloud surge components,
are still unknown.

NUMERICAL MODELING

VolcFlow

The numerical model used in this study is the newer two-
layer version of VolcFlow, which was developed to more
accurately simulate the dynamics and extent of pyroclastic
currents (Kelfoun, 2017). This version was used to simulate: (i)
block-and-ash flows and ash-cloud surges at Merapi Volcano
(Kelfoun et al., 2017), (ii) surge-derived pyroclastic flows at
Soufriére Hills Volcano in Montserrat (Gueugneau et al., 2019),
and (iii) for probabilistic hazard assessment at Misti Volcano in
Peru (Charbonnier et al., 2020, this issue). The code is based
on two coupled, depth-averaged currents: one for the basal
concentrated flow (also called block-and-ash flow in this study)
and one for the overriding ash-cloud surge. The dynamics of
each current are modeled using depth-averaged equations of
mass and momentum balance in the x and y directions. The ash-
cloud surge requires an additional equation, as density varies in
time and space due to loss of mass through sedimentation. The
two layers are then coupled and exchange mass and momentum
following two exchanges laws (arrows in Figure 5). The complete
description of the physical model, the equations, and all the
parameters used in VolcFlow are summarized in Supplementary
Material. The reader can also refer to Kelfoun (2017) and
Gueugneau et al. (2019, Supplementary Material) for detailed
code description.

To simulate stresses applied to the concentrated flow
during transport using a depth-averaged approach, the plastic
rheological law is used, involving a constant retarding stress
T (see Supplementary Material). Despite the lack of physical
explanation for applying this rheology to pyroclastic currents,
several studies have demonstrated the ability of the constant
retarding stress to reproduce various features of such currents
and their deposits (Kelfoun et al., 2009, 2017; Kelfoun, 2011;
Charbonnier and Gertisser, 2012; Ogburn and Calder, 2017;
Gueugneau et al, 2019). The ash-cloud surge is simulated
as a turbulent continuum that loses momentum due to
turbulent drag stresses.

Topography

To perform the numerical simulations, the Observatoire
Volcanologique et Sismologique de Martinique provided a 5 m
resolution LiDAR DEM of Martinique Island, constructed in
2012, that was down-sampled to 10 m to save computational
time. The original DEM was also cropped to the southwest corner
of Mount Pelée volcano, including the crater, the coastline and
the city of St Pierre, with an area of 15 x 11 km (red rectangle
in Figure 1). Despite the passage of more than a hundred years
between the eruption and the DEM acquisition, the topography
does not seem to have changed much in this area when compared
to Lacroix’s topographic map (p. 223, 1904), with the exception
of the summit and the Riviére Blanche valley, which were rapidly
filled with the 1902-05 and 1929-32 deposits. Intense erosion
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Ash-cloud surge

Block-and-ash flow

Surge-derived
pyroclastic flow

FIGURE 5 | Sketch of the general model of the two-phase version of VolcFlow (Kelfoun, 2017). The first layer simulating the block-and-ash flow feeds the second
layer simulating the ash-cloud surge through the mass flux ¢m. The second layer can either settle on the ground to form deposits or surge-derived pyroclastic flows,

or incorporate back into the block-and-ash flow following the settling law ¢s.

by the Riviére Blanche has carved a new channel through the
soft pyroclastic deposit, deepening the valley floor to a pre-
1902 depth.

Source Conditions and Input Parameters

Despite the current debate regarding the source conditions that
generated the May 8th pyroclastic current (i.e., either column
collapse or dome collapse), a common feature of both scenarios
is that all the pyroclastic current volume was constrained within
crater outlet. The crater shape seems to have reoriented the
expansion of the fragmented material into this V-shaped outlet.
In order to numerically reproduce these source conditions as
accurately and realistically as possible, the DEM of the summit
area was artificially modified to reproduce the topography of the
Etang Sec caldera, as estimated by Lacroix (1904), Chrétien and
Brousse (1989), and Tanguy (1994). This caldera is approximated
in the DEM by a bowl-shape of 860 m wide for 300 m deep, and
centered roughly on the 1929 lava dome, as illustrated in Figure 6.
With this modification, the outlet on the southern part of the
crater rim is reconstructed at the same location as it was prior
to May 1902 (Figure 6). Because of all the uncertainties related
to the source conditions during the May, 8th 1902 eruption, the
source of our simulation was simplified to a constant volume
rate supplied for a duration At directly into the synthetic crater.
This simplified source can thus model the collapse of either a
short column or a lava dome. The volume rate is calculated by
dividing the total volume of material supplied in the crater Vip;
by the duration At (Figure 6C, orange curve). Consequently, the
mass accumulates in the crater until its level reaches the lowest

elevation point of the crater rim, the V-shaped outlet (Figure 6),
and overflows, leading to the formation of the block-and-ash flow
channelized in the Riviére Blanche valley. The resulting overflow
is self-regulated and dependent on the supply rate in the crater,
as illustrated in Figure 6C (blue curve). Since the total volume of
the eruption is unknown, the input values for the initial volume
of material Vi, and the supply duration At (ranges shown in
Table 2) were explored by trial and error to determine the most
realistic value, following the calibration procedure described in
the next section. Because of the synthetic crater, a large part
of the deposit volume remains stuck inside the depression and
does not feed the simulated pyroclastic current. Therefore, we
distinguished the volume of material supplied in the crater Vip;
to the total volume of deposit V that escaped through it to
constitute the pyroclastic current. The best-fit simulation was
obtained with an initial volume of material supplied in the crater
Vini = 45 x 10® m? during At = 200 s yielding a total deposit
volume V =32 x 10° m? and a volume of material remaining in
the crater of 13 x 10% m°.

Only the scenario of Fisher et al. (1980) was tested, with
the ash-cloud surge generated solely by the block-and-ash flow
coming from the crater outlet, and its feasibility and realism
in reproducing the real flows is assessed. The formation and
development of the simulated ash-cloud surge is dictated by the
surge production law [¢m (Eq. 9), Supplementary Material],
which is a function of the velocity of the concentrated flow.
Consequently, the higher the block-and-ash flow velocity, the
higher the surge production. The simulated ash-cloud surge then
evolves with its own dynamics and spreads laterally around the
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Actual Mount Pelée summit

Artificially recreated 1902 Mount Pelée summit

through the crater outlet (blue line) during the VolcFlow simulations.
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FIGURE 6 | lllustration of the digital topographic modifications performed for this study between the actual Mount Pelée summit (A) and the DEM used in the
simulations with the new synthetic 1902 Etang Sec caldera topography (B). The red line in B highlights the position of the newly formed V-shape crater outlet.
(C) lllustrates the variation of the volume rate supplied in the crater (red line) and the resulting volume rate of block-and-ash flow that overflows to the Riviere Blanche

Riviere Blanche as it is less sensitive to the topography than
the valley-confined concentrated flow. To model such complex
dynamics of the pyroclastic current, the code requires 11 input
parameters for each simulation (see Supplementary Material).
Six parameters were extracted from field data or the literature:
particle density pp, atmosphere density p,, concentrated flow
density py, gas surge density pg, particle mean diameter d,
and Voellmy drag stress c¢; (values presented in Table 2)
(see Gueugneau et al., 2019). The other five parameters, the
initial volume, the surge production parameter c3, the constant
retarding stress of the concentrated flow T, the density of the
mixture transferred from the concentrated flow to the surge p,
the surge drag stress ¢, and the particle drag coeflicient Cy, are
empirical or unconstrained from field data and must be adjusted
by trial and error. Each of these parameters has a clear influence
on the morphology of the simulated flows and on the resulting

deposit footprint, which makes it relatively easy to estimate the
best fit. To better see the influence of each parameter on the
model dynamics, the reader can refer to Kelfoun et al. (2017)
and Gueugneau et al. (2019, Supplementary Material) for two
examples of a comparative table highlighting the sensitivity of
simulated flows to each of these parameters, for similar small-
volume pyroclastic currents.

Quantification of the Differences

Between Model and Observed Data

To quantitatively evaluate the simulation results and to identify
a best fit simulation, the differences between simulated and
observed flows are calculated using validation metrics, which
compare areas inundated by the simulation (Asim) to the
real deposit (Aobs). The matching area between simulated and
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TABLE 2 | Input parameters for the best-fit VolcFlow simulation presented in Figure 7.

Symbols Literature Simulations
Input parameters from literature
Particle density 0p 2400 kg m—3 2400 kg m—3
Atmosphere density 0a 1-1.2 kgm=3 1kgm=3
Concentrated flow density oy 1600 kg m~3 1600 kg m~3
Gas surge density Pg 0.6 kgm~2 0.8kgm=3
Particle mean diameter d 0-2 ¢ 2¢
Voellmy drag stress coefficient Cq 0.01 0.01

Symbols Explored range Best value
Estimated parameters using the best fit
Total volume vV 13-64 x 106 m3 32 x 108 m®
Supply duration At 50-500 s 200s
Mixture density om 1-50 kg m=3 15 kgm=3
Surge production coefficient c3 10=% to 10~" 0.008
Particle drag coefficient Cy 1-40 35
Yield stress T 1500-3500 Pa s 3000 Pa s
Surge drag stress coefficient Co 0.1-0.025 0.3

The first section of the table refers to input parameters extracted from field data and literature. The second part refers to input parameters estimated by trial and error,
showing the range of value explored and the best values associated to the best fit simulation.

observed flows is called true positive (TP), the over-simulated
area is called false positive (FP) and the missing simulated area
is called false negative (FN). Three coefficients were used:

(1) the Jaccard similarity coefficient (Rj) uses TP and the union
of areas inundated by observed and simulated flows:

_|Aobs N Asim| 0 TP

= X = — x 100 1
|Aobs U Asim| TP + FN + FP W

J

(2) the model sensitivity (Rys) uses TP and the area inundated
by simulated flows:

. |Aobs N Asim|

Rys = 100 x 100 (2)

|Asim| ~ TP+ FP

(3) the model precision (Ryp) uses TP and the area inundated
by observed flows:

_|Aobs N Asim|

Rvip = 100
MP |Aobs|

=——x100 (3
TP + EN

The reader can refer to Charbonnier et al. (2018) for a more
detailed description of these metrics. Values obtained for the best-
fit simulation are included in Table 3.

For more than a hundred simulations of 10-20 h each,
seven unconstrained input parameters (Table 2) were adjusted
to obtain a combination of highest possible values for the
three metrics, obtained for the 90th simulation. The volume of
material in the crater and the supply duration are first adjusted
by matching the general aerial distribution and thicknesses
of the simulated deposits to the real one. Then, the surge
characteristics (production and sedimentation parameters) as
well as the constant retarding stress of the concentrated flow

are adjusted to find the combination of highest values for
the three metrics for the area covered by the ash-cloud surge
only. The choice to focus primarily on the ash-cloud surge was
motivated by the fact that: (1) its extent and limits, as extracted
from the field, are based on robust evidence and therefore
only contain small uncertainties, and (2) it covered a much
larger area than the block-and-ash flow, restricted to valleys. In
addition, other flow/deposit parameters like deposit thicknesses,
flow velocities and runouts are compared to those measured in
the field (Table 1).

Volcflow SIMULATION RESULTS

Extent and Thickness

Overall the fit was good between the area covered by the
simulated ash-cloud surge and the real one (Figure 7), as shown
by the high values obtained for all three metrics used (>75% for
the ash-cloud surge Jaccard fit, Table 3). However, the maximum
runout in the south of St Pierre is underestimated where the
simulated ash-cloud surge traveled 600 m less that the real flow.
Also, a large part of the area inundated by the ash-cloud surge
around the northern part of the crater is not reproduced by
the simulations. Since the location of the initial mass flux in
the simulations was set to be in the southern crater outlet,
the simulated ash-cloud surge derived from the block-and-ash
flow in the proximal area was unable to spread northward and
inundate that part of the crater.

Comparisons between the simulated surge deposit thicknesses
with those measured at 20 locations in the field (Bourdier et al.,
1989) show relatively good agreement (Table 3). Apart from some
model overestimations in Fond Canonville area (locations 2-6),
simulated surge thicknesses are less than £50% of error. Surge
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TABLE 3 | Values of validation metrics used for evaluating the best-fit simulation.

Metrics Sample locations Thickness (m) Velocity (m/s) Runout (km) Volume (10° m3) Surface (km?)
BAFs b 4.3 0% 19 6.3 0% 7.8 4.4+ 29%

1 0.583-7%

2 0.55 +100%

3 3.14 +100%

4 3.82 -4.5%

5 3.10 +100%

6 2.99 +100%

7 0.29 -32%

8 0.81 +14%

9 1.02 +29%
Ash-cloud 10 2.67 -8% 45-10% (Fisher et al., 1980) 10.1 -10% 1.4 43.1 -16%
surge 11 117 -22% or -66% (Lacroix, 1904)

12 2.57 +28% 22 when hits St Pierre

13 1.20 -48%

14 0.36 -16%

15 0.43 0%

16 0.23 -49%

17 0.25 -30%

18 012 -71%

19 0.05 +25%

20 0.02 -33%

Quantification Jaccard fit (R,) Sensitivity (Rms) Precision (Ryp)
BAFs 43.5% 55.2% 67.4%
Ash-cloud surge 74.5% 93.4% 78.7%

The simulated thicknesses were measured at the same locations as those presented in Table 1 and Figure 2. The misfits between simulation results and field data are
reported as percentages of error next to each value. The Jaccard fit Ry, the model sensitivity Rys, and the model precision Ryp coefficients were calculated for both the

block-and-ash flow and the ash-cloud surge. See text for explanation.

velocities are either in good agreement or underestimated by a
factor of 3, depending on the reference value taken (Table 3)
but are within the typical range of 40-90 m s~! for ash-cloud
surge estimations elsewhere (Calder et al., 1999; Cronin et al,
2013; Ogburn et al., 2014). The simulated surge requires 330 s
to reach St Pierre, more than twice Lacroix’s estimation (around
120 s), and travels through the entire city in roughly 200 s (see
Figures 7A-D).

The block-and-ash flow simulation also provides a relatively
good fit (Figure 7), although the values obtained for the three
validation metrics are lower than for the surge (between 43 and
67%). Indeed, the simulated flow inundated an area similar to the
real flow (with a model precision coefficient of 67.4%) but with
a few false positives, leading to a total surface 30% larger and
therefore to a lower Jaccard fit coeflicient (43%). Nevertheless,
four important block-and-ash flow features observed in the field
and reproduced in the simulation paradoxically highlight the
success of the simulation: (i) the confinement of the block-
and-ash flow in the Riviére Blanche, (ii) the divergence of
the flow into two branches at the passage of Morne Lenard,
(iii) the presence of two deposit-free pockets on the southwest
of Morne Lenard and on the east of the Riviere Blanche
valley along the coast, and (iv) a relatively constant average
deposit thickness of a few meters along the inundated area
that increases close to the sea and gives a delta-like shape
to the deposit. The simulated block-and-ash flow travels at
an average velocity of 19 m s~!, relatively common for this

type of flow, as described elsewhere (Calder et al., 1999;
Ogburn et al., 2014).

Surge Dynamic Pressure and Direction
Figure 8 presents the maximum dynamic pressure and the
mean direction of the ash-cloud surge extracted from the best-fit
simulation. In VolcFlow, the dynamic pressure Pgy, is calculated
following Valentine (1998):

Payn = %psvz (4)
where v is the velocity of the simulated surge and p; its density.
Because the ash-cloud surge is generated from the block-and-
ash flow during its transport downstream, the variation of its
dynamic pressure follows the path of the Riviére Blanche. Values
gradually decrease from more than 5 kPa toward the block-and-
ash flow to a few Pa only toward the edges. This gradual pressure
decrease is not linear and accelerates with distance from the
Riviere Blanche, indicated by the presence of clustered isobar
lines from 3 to 1 kPa over a few hundred meters which contrasts
with those < 1 kPa that spread over an area 2 or 3 times larger
(Figure 8). This pattern was also observed at Merapi volcano by
Jenkins et al. (2013) and Kelfoun et al. (2017). The mean direction
of the simulated surge is radially dispersed around the block-and-
ash flow and perfectly matches the direction measured in the field
by Fisher et al. (1980) to the east of the Riviére Blanche and those
measured by Charland and Lajoie (1989) to the west. However,
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FIGURE 7 | Results of the best fit simulation obtained using the input parameters presented in Table 2. (A) Final distribution of the simulated deposits from the
best-fit simulation, which include the extent of the simulated ash-cloud surge (green color scale for the thickness) and the simulated block-and-ash flow (pink color
scale). For ease of comparison, outlines of the observed ash-cloud surge and block-and-ash flow, as extracted from the field, have been added with a white and
black outline, respectively. (B-E) Sequence of four snap shots of the best-fit simulation at 30, 230, 410, and 634 s after the mass starts to overflow through the

crater outlet, showing the propagation of the flows overlain on the DEM.

700000

the model does not match the backward direction measured
by Fisher et al. (1980) at Fond Canonville. Toward the east,
especially in the St Pierre area, flow directions slowly change from
south to southeast as the simulated surge expanded eastward. The
same observation can be made on the western side of the area
inundated by the surge with a flow direction that changes from
southwest to west. The passage of the simulated ash-cloud surge
over the flat sea surface promotes its lateral spreading as it covers
a larger area to the west of St. Philomeéne and to the south toward
St Pierre, giving a pear-like shape to the inundated area.

To better investigate the behavior of the simulated ash-
cloud surge toward St Pierre, Figure 9A shows a snapshot
of the simulated flow dynamics in this area over the DEM
while Figure 9B superimposes these simulation results and field

observations over the topographic map of St Pierre in 1902 from
Lacroix (1904). The external, low dynamic pressure zone of the
simulated surge (with a maximum pressure of 1.5 kPa) reaches
only the northern part of the city, whereas field estimations
made in 1902 give values of more than 2 kPa at this location. In
Figure 9B, the Hill’s annihilation line should roughly correspond
to the 2 kPa dynamic pressure field, but our simulations give a
maximum dynamic pressure of only 1 kPa at this location (blue
line in Figure 8). Thus, the dynamic pressure in St Pierre seems to
be underestimated by the model compared to field observations.
Concerning the surge direction toward St Pierre, we notice that
the western deflection of the current by the sea seems to be
counterbalanced by the topographic barrier to the east of the
city, from Morne Abel to Morne d’'Orange (Figure 9A). In this
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FIGURE 8 | Map of the maximum dynamic pressure and a mean direction of the ash-cloud surge from the best fit simulation. The distribution of the dynamic
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the current is represented by white arrows, whose lengths correspond to the velocity of the ash-cloud surge, calculated from the center of the arrow.
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area, the surge direction changes from southeast to south as it
propagates toward the southern part of the city (Figures 7A,B),
matching approximately the direction of the Victor Hugo street
(red line) as observed by Lacroix (1904). However, the mean
direction of the simulated surge does not match the surge
direction measured in Fort Cemetery by Boudon and Lajoie
(1989). In summary, after entering the sea at Fort district, the
simulated surge is first deflected to the east toward St Pierre,
and then further deflected to the south by the hills on the east
of St Pierre (south of Morne Abel, Figure 8). The direction of
the simulated surge seems to be highly variable when it passes
through St Pierre due to high turbulence induced by the complex
pattern of the city infrastructures.

Flow Volumes: Total Mass Flux and Mass
Flux Released in the Sea

When the simulated block-and-ash flow entered the sea, it
formed unrealistic thick and large lobes (Figure 7). Because the
sea corresponds to a planar surface of 0 m elevation in the DEM,

it causes a brutal break in slope at the coastline and a strong
deceleration of the block-and-ash flow, artificially increasing the
flow thickness in the coastal area around the Riviére Blanche, the
Riviére Claire and the Riviere Seche. At the end of the simulation,
the total volume deposited on land represents 19 x 10° m?,
whereas the volume accumulated offshore is 13 x 10° m3,
representing more than a third of the total deposit volume.
The offshore volume was deposited within ~1000 s, with an
estimated average volumetric rate of material of 13,000 m? s~!
carried offshore.

INTERPRETATION: NEW INSIGHTS TO
THE ERUPTIVE MODEL

Reproduction of the First-Order

Dynamics and Deposit Characteristics
The good fit obtained between our simulations and the May
8th, 1902 pyroclastic current deposits seems consistent with
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a depositional model where a channelized block-and-ash flow
emplaced in the Riviére Blanche progressively filled the valley
with thick deposits, together with an unconfined ash-cloud surge
that spread laterally to produce a relatively thin deposit that
thinned away from its source. Focusing all the mass through
the crater outlet as the primary source condition for our
simulations, as previous workers have commonly hypothesized
from field observations, results in good correlations with the
real event. The resulting self-regulated volume rate (Figure 6),
generated by passive overflowing of the mass through the
lowest elevated part of the crater rim, produces a realistic
simulated pyroclastic current. The direction of the ash-cloud
surge seems to corroborate quite well with the field direction
measurements and the damage in St Pierre. However, simulations
did not reproduce the up-valley movement of the surge at Fond
Canonville, inferred by Fisher et al. (1980). The simulated ash-
cloud surge was not confined in the Riviére Blanche valley and
inundated the Fond Canonville area with a north-east to south-
west direction, consistent with the measurements of Charland
and Lajoie (1989) and Lajoie et al. (1989). Charland and Lajoie
(1989) questioned the reliability of the flow directions measured
by Fisher et al. (1980), pointing out that directions measured in a
cross-bedded deposit are strongly dependent on the methodology
used. But beyond these conflicting measurements, the landward
flow direction obtained by Fisher et al. (1980) could also be
explained by the rapid thermal expansion of the surge entering
the sea, flashing seawater into steam and generating a landward
dilute current, as described by Herd et al. (2005) at Montserrat, or
by Dufek and Bergantz (2007) for the Kos Plateau Tuff eruption.
Unfortunately, if such a process had occurred, our simulations
did not capture it because VolcFlow does not model such flow
temperature and energy variations.

While the deposit extent and paleo-current directions are well
reproduced by our simulations, the dynamic pressure seems to
be underestimated. Given the equation used here to calculate the
dynamic pressure (Eq. 4), either the velocity of the simulated
surge v or its density p; are underestimated. Simulated flow
velocities seem to be accurate if we compare them with the field
estimations from Fisher et al. (1980) but are underestimated
compared to the estimated value of 150 m s~! given by Lacroix
(1904). Underestimation of the dynamic pressure could also be
explained by an underestimation of the surge density at the
base of the flow. In fact, the shallow-water modeling approach
used in VolcFlow implies the use of an averaged density across
the entire current depth, which provides accurate reproduction
of the general surge dynamics but constitutes an important
simplification from natural density-stratified surges (Valentine,
1987). Therefore, the actual density at the base of surges (the
part that interacts with buildings) is much higher than a
depth-averaged value. This density difference could potentially
explain the resulting underestimation of the dynamic pressures
in our simulations.

In order to reproduce the actual runout of the ash-cloud surge,
the particle drag coefficient Cyq used in our simulations had to
be set to an unrealistically high value (see Table 2). In fact, the
chosen value of 35 does not match any previous estimation of
this coeflicient for volcanic particles (0.47-1; Dellino et al., 2005)

and is overestimated by a factor of at least 30. C4 has been
tuned in our model because it is the only parameter linked to
the settling velocity (Eq. 11, Supplementary Material) that can
be modified to change the sedimentation rate, with the mean
grain size d already considered the smallest value recorded in the
deposit (2¢). With a smaller settling velocity, the simulated ash-
cloud surge settles much slower, keeping particles in suspension
for a longer time, and subsequently covers a larger area before
becoming buoyant. Therefore, some process seems to have
hindered sedimentation in the May 8th pyroclastic current.
A similar process has already been inferred for the simulation
of the November 5th, 2010 pyroclastic current at Merapi by
Kelfoun etal. (2017) for which the occurrence of a blast-like phase
is also discussed (Charbonnier et al., 2013; Komorowski et al.,
2013). However, no such issue arises when a similar approach
was used to simulate the June 25th, 1997 pyroclastic currents at
Soufriére Hills Volcano (Gueugneau et al., 2019), where no blast-
like phase is mentioned. Different hypotheses are proposed to
explain the hindering of the sedimentation: (i) if the base of the
May 8th, 1902 ash-cloud surge was relatively dense, as suggested
by the high dynamic pressures obtained from field observations,
particle settling in the density-stratified surge could have been
reduced and particles transported further away (i.e., hindered
settling, Druitt, 1995). The factor of 30 obtained for the best-
fit value of C4 could be applied to the surge density instead,
thus giving similar modeling results. (ii) the air entrainment and
subsequent thermal expansion of the ash-cloud surge, neglected
in VolcFlow, can also reduce the sedimentation and increase the
runout of the current, as suggested by Bursik and Woods (1996);
Doyle et al. (2008) and demonstrated numerically by Benage et al.
(2016). With the inability to reproduce thermal effects in our
model, neglecting air entrainment might be limiting, especially
at Mount Pelée where the presence of high ridges can enhance air
entrainment, as Andrews and Manga (2011) have demonstrated
experimentally. Moreover, the resuspension of soft material (i.e.,
ash), deposited with the onset of the 1902 eruptive phase,
can also enhance air entrainment in the surge. Further model
development is needed to include air entrainment in VolcFlow
and to investigate whether this process has a significant influence
on the dynamics of two-layer, depth-averaged simulated currents,
as recently proposed by Shimizu et al. (2005) with their model.
Despite such approximations and simplifications made in
the model, the VolcFlow simulations allow us to discuss the
first-order dynamics controlling the main behavior of the May
8th, 1902 Mount Pelée pyroclastic current. The model of Fisher
et al. (1980) tested in this study, inferring a surge formation
from the concentrated flow, seems adequate to reproduce the
pear-like shape of the area inundated. This proves that most of
the surge production has to be initiated outside of the crater,
along the Riviere Blanche, with a peak after Morne Lenard,
as discussed by Fisher and Heiken (1982). To illustrate the
importance of generating a surge along the Riviére Blanche, an
additional VolcFlow simulation was performed, in which the
surge production from the block-and-ash flow is suppressed.
Instead, the two different layers of the simulated pyroclastic
current (i.e., ash-cloud surge and block-and-ash flow) are
supplied independently into the synthetic crater, with the same
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duration and volumes as those obtained from the best-fit
simulation outlined above (i.e., 11.4 x 10° m> for the ash-cloud
surge and 20.8 x 10° m? for the block-and-ash flow, including the
13 x 10° m? stuck in the crater). Results of this complementary
simulation (Figure 10) show that without a surge production
along the Riviere Blanche valley, the ash-cloud surge is unable
to reach St Pierre. Indeed, the simulated surge spreads radially
around the crater without following the southward spreading
of the block-and-ash flow. The development of a significant
portion of the surge in the Riviére Blanche is likely facilitated
by the crater outlet. Moreover, the shape of the simulated ash-
cloud surge area differs from the pear-like shape characterizing
our best-fit simulation as well as the May 8th, 1902 surge area
(Figure 8). The progressive generation of an ash-cloud surge
during the southward propagation of the main block-and-ash
flow seems to be the more suitable process to explain both the
shape of the inundated area and maximum runout of the surge
toward St Pierre, as inferred by previous field investigations
(Fisher et al., 1980; Fisher and Heiken, 1982). Thus, this also
shows that simulating only one of the two conflicting scenarios to
investigate the dynamic of the May 8th, 1902 pyroclastic current
was satisfactory. Indeed, regarding our results, simulating the
pyroclastic current as a blast flow appears to be unnecessary since
a blast is exclusively formed in the crater, as the complementary
simulation, and would probably have been unable to reproduce
the pear-like shape of the surge deposit.

Another interesting outcome of the complementary
simulation (Figure 10) is that the vertical mass flux in the
crater generated a surge covering the northern part of the
crater, although it does not accurately match Lacroix’s outline.
A source with an initial vertical component, like an explosion,
that collapses and spreads volcanic products radially around the
crater seems to be required in order to inundate this area. This
corroborates witnesses” accounts of the eruption collected by
Hill (1902) and Lacroix (1904) from the Morne Rouge village.
If an explosion had occurred on May 8th 1902, it was most
likely from the sudden decompression of a dome, resulting in a
block-and-ash flow deposit similar to those described at Merapi
(Charbonnier et al., 2013; Komorowski et al., 2013), Colima
(Macorps et al., 2018), Soufriere Hills Volcano (Calder et al,
1999; Loughlin et al., 2002), or Unzen (Ui et al., 1999). Thus,
we hypothesize that the source of the May 8th, 1902 pyroclastic
current was most likely an explosive dome collapse, during which
the shape of the crater enhanced the lateral spreading of the
pyroclastic current by redirecting the products of the explosion
through the crater outlet to the south. The remaining portion of
the vertical jet formed during the explosion collapsed, providing
enough lateral momentum for a dilute current to form and
overflow the northern rim of the crater, inundating a small area
downslope before rapidly stopping and becoming buoyant.

May 8th Pyroclastic Current Dynamics:

The Blast Discussion

The occurrence of a blast during the May 8th, 1902 eruption
has been strongly debated (Fisher and Heiken, 1983, 1990;
Sparks, 1983; Boudon et al, 1990). The idea of a blast like
Mount St Helens was first rejected by Fisher and Heiken (1983,

1990), mainly from field evidence (i.e., discordant flow directions,
slower flow velocities, differences in deposit facies between the
1902 surge deposit and the blast deposit from May 18th, 1980
at Mount St Helens) but later supported by Boudon and Lajoie
(1989); Bourdier et al. (1989), Lajoie et al. (1989), and Boudon
et al. (1990) (using a different stratigraphy, flow directions and
velocities). When using the more recent blast description of
Belousov et al. (2007), the May 8th, 1902 pyroclastic current
appears to be clearly different from the Mount St Helens blast:
the debris avalanche deposit as well as layer A are missing in the
stratigraphy, the area covered is one order of magnitude lower
(51 km? instead of 623 km? for Mount St Helens, Lipman and
Mullineaux, 1981), the flow volume is much smaller (32 x 10° m?
instead of 94 x 10°® m?, Lipman and Mullineaux, 1981) and the
shape of the area is relatively different too.

Paradoxically, discarding the hypothesis of a violent
decompressive phase as a source condition for the May 8th,
1902 pyroclastic current is limiting. In fact, the May 8th, 1902
pyroclastic current exhibits remarkable features that can be
attributed to a decompressive blast-like event as described
nowadays:

— The northern part of the crater requires a source with an
initial vertical component to be inundated, compatible with
a short burst phase.

- The ash-cloud surge deposit facies from May 8th, 1902
at Mount Pelée is similar to the deposit facies of units
U1LI and U1L2 from the November 5th, 2010 Merapi
unconfined deposit, which was interpreted as a low
intensity blast by Komorowski et al. (2013). The lower unit
in the May 8th deposit is composed of relatively coarse
particles, which require a high level of turbulence to be
sustained in suspension for a long time (Lajoie et al,
1989) and is fine-depleted, as is the unit U1L1 at Merapi.
Moreover, even if the deposit stratigraphy does not match
the blast stratigraphy of Belousov et al. (2007) exactly, the
lower and middle unit of the May 8th, 1902 deposit (and
the U1L1 and U1L2 units at Merapi) are in fact relatively
close to their B and C units.

- The mass flux of material released at the source and needed
to correctly simulate the May 8th, 1902 pyroclastic current
is comparable to mass fluxes calculated during previous
blast-like events. The average volume rate of overflowing
material calculated from the blue curve in Figure 6C is
64 x 10> m? s! with a density p; = 1600 kg m~3 yielding
a mass flux of 108 kg s7!, similar to the 10% kg s!
deduced at Soufriére Hills Volcano for the December 26th,
1997 event (Sparks et al., 2002) or to the 107-108 kg s7!
calculated at Merapi for the November 5th, 2010 eruption
(Komorowski et al., 2013; Kelfoun et al., 2017), and much
higher than the average mass rate for a regular dome-
collapse pyroclastic current at Soufriére Hills in June 25th,
1997, estimated at 8 x 10° kg s~ (Loughlin et al., 2002;
Gueugneau et al., 2019).

In summary, a few arguments support the fact that the
initiation of the May 8th, 1902 pyroclastic current could have
been partially driven by a decompressive blast-like phase,
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however, most of the characteristics of the current and its deposits
are accurately reproduced by an ash-cloud surge generated from
the block-and-ash flow, for which the surge production increases
gradually with the spreading of the concentrated flow. Since our
model is currently unable to simulate a laterally-directed blast
and its associated initial burst phase, our results show instead
that: (i) such a lateral explosion was not a compulsory component
of the source conditions needed to correctly reproduce the
characteristics of the May 8th pyroclastic current numerically,
and (ii) the May 8th events can be modeled with relatively simple
physics, commonly attributed to small-scale eruptions generating
small-volume pyroclastic currents. A sudden decompression of
the lava dome with a small vertical component could have likely
taken place in the first few seconds of the eruption, explaining
the presence of surge deposits on the northern part of the upper
flank of the volcano, as well as the coarser nature of the basal
layer in the deposit sequence, likely responsible for the high
dynamic pressure of the distal surge. However, this potential
initial blast-like phase at Mount Pelée does not compare with the
May 18th, 1980 Mount St Helens blast sequence. Moreover, with
such a short period between the May 20th pyroclastic current
and the May 8th event with similar characteristics, it seems
unlikely and too complex for a new pressurized and voluminous
lava dome to grow and generate another blast (the pressurized
phase was estimated at a few months at Soufriere Hills, 1997;
Sparks et al., 2002). The May 8th, 1902 pyroclastic current may
fit instead inside a spectrum between a blast (i.e., Belousov et al.,
2007 definition) and an ash-cloud surge commonly associated
with small-volume pyroclastic currents, most likely within the
low-intensity, third group of blast-like events as defined by
Komorowski et al. (2013). The physical behavior of such a blast is
likely not dissimilar to one of a simple ash-cloud surge. This idea
is reinforced by the work of Esposti Ongaro et al. (2008, 2012)
demonstrating that, even if the December 26th, 1997 Soufriere
Hills blast and the May 18th, 1980 Mount St Helens blast started
with a decompression phase (burst phase), they quickly collapsed
and transformed into powerful turbulent ash-cloud surges (PDC
phase) in only a few tens of seconds.

Estimating the Total Volume of the
Pyroclastic Current Deposit

Using results from our numerical simulations, we found
32 x 10° m?, including 19 x 10° m> on land, to be the best
input value for total deposited volume needed to reproduce the
extent and thickness of the observed deposits. This corresponds,
to our knowledge, to the first estimation of the total volume
of the May 8th, 1902 pyroclastic current deposit. Nevertheless,
because of the simplified physics used in our model, this value
should be considered with caution and rather corresponds only
to a first-order estimation. A rounded value of 30 x 10° m* can
be used as an order of magnitude for comparison. Nevertheless,
the relatively good correlations of the best-fit simulation with
the observed deposit in terms of thickness distribution and
repartition (Figure 7 and Table 3) support the validity of the
total deposit volume proposed here. This volume corresponds
to almost one and a half times the total volume of extruded lave

dome prior to the May 8th eruption, estimated at 18-23 x 10° m?
by Tanguy (2004). This indicates that the volume of the dome in
the crater prior to the May 8th eruption was smaller than the
volume of the May 8th event alone, somewhat supporting the
theory of Fisher and Heiken (1982, 1983) of an initial explosion
of the superficial magma plug/dome that opened the magma
conduit and supplied fresh magma during the May 8th eruption.
This is also supported by the componentry analysis by Bourdier
etal. (1989) with an average of only 5-10% of non-juvenile clasts.
Modeling results also show that the volume of simulated block-
and-ash flow deposit that reached the sea represents an important
part of the total volume of the deposit (13 x 10° m?), yielding
a ratio of about one third. Again, this ratio must be taken with
caution due to simplifications made in the model to simulate the
sea surface. Nevertheless, measuring only the volume deposited
on land to estimate the total volume of the eruption is too
restrictive and underestimates the value.

New Insights for Hazards Assessment

Results of simulations highlight the important role that
topography played in promoting the spreading of the May 8th,
1902 pyroclastic current in the direction of St Pierre. First of all,
due to the proximity of the sea from the Mount Pelée crater,
which acts as a flat and smooth surface, any surge produced by
a block-and-ash flow, that propagates mostly southward, will be
diverted when material flows over the sea surface. Secondly, the
plains and gentle slopes to the north of St Pierre (Figure 8) allow
the surge to keep its momentum for a long period of time in
the eastern direction. Finally, the ridge on the eastern part of St
Pierre (Figure 8) redirects the flow from eastward to southward.
These observations corroborate with numerous studies showing
the high sensitivity of small-volume pyroclastic currents to
the topography at Unzen (Yamamoto et al., 1993), Merapi
(Charbonnier and Gertisser, 2008; Lube et al., 2011; Gertisser
etal, 2012; Kelfoun et al., 2017), Montserrat (Ogburn et al., 2014;
Gueugneau et al., 2019), or Colima (Macorps et al., 2018).

The key input parameters used for the best-fit simulations (i.e.,
surge production, mixture density, constant retarding stress) are
similar to those used in previous studies for modeling small-
volume pyroclastic currents from June 25th, 1997 eruption at
Soufriére Hills Volcano, Montserrat (Gueugneau et al., 2019) and
those from November 5th, 2010 at Merapi Volcano in Indonesia
(Kelfoun et al., 2017). This demonstrates that the May 8th, 1902
pyroclastic current at Mount Pelée was more likely a relatively
common phenomenon that can be modeled at first-order as a
regular small-volume pyroclastic current. This also demonstrates
that the city of St Pierre cannot be exclusively destroyed by
eruptions involving catastrophic phenomenon, like a Plinian
column collapse or a laterally-directed blast explosion, but also
by pyroclastic currents coming from the sudden decompression
of alava dome with dimensions similar to the one formed during
the 1902-05 eruption. The probability of an occurrence of a
destructive pyroclastic current in St Pierre then becomes higher
than previously stated. In the last 5,000 years of activity, the
occurrence of a blast-like event at Mt Pelée is currently estimated
at one every 500 years (Westercamp and Traineau, 1983; Carazzo
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etal,, 2012), but the probability increases to one every 300 years if
we combine these events with more frequent eruptions associated
with small-volume block-and-ash flows. With such an increased
probability of a similar pyroclastic current reaching St Pierre
during future eruptions at Mount Pelée, the increased risk should
be revised accordingly and included in short-term mitigation
plans at this volcano.

CONCLUSION

The numerical simulation of the Mount Pelée May 8th, 1902
pyroclastic current confirmed numerous inferred flow and
deposit characteristics previously suggested by various field
studies. The model reproduced accurately both the block-and-
ash flow and the associated ash-cloud surge component of the
current, for an estimated total deposit volume of ~32 x 10° m?,
with ~19 x 10° m? on land and ~13 x 10°® m?® deposited
in the sea. The tested scenario, an ash-cloud-surge produced
from the emplacement of a block-and-ash flow in the Riviére
Blanche, seems realistic and opens some discussion about the
internal dynamics of the current. Our study brings new evidence
to support the occurrence of such a scenario:

- The pear-like shape of the surge inundated area seems
to be associated with the late formation of the ash-cloud
surge during the southward propagation of the block-and-
ash flow.

- The computed directions of the simulated currents that
show an initial southward propagation of both the block-
and-ash flow and surge, and late diversion of the surge
toward the east, correlate with most of the measured flow
directions obtained in the field.

However, a few claims
decompressive blast-like event:

support the presence of a

- The surge deposit facies is similar to those described for
the November 5th, 2010 Merapi blast-like deposits (fine-
depleted and coarse nature of the basal layer).

- The surge propagation in the northern part of the upper
flank could be associated with a short explosion at the
beginning of the eruption, analogous to a “low-intensity”
burst phase.

Based on results obtained from our VolcFlow simulations and
previous field data, the May 8th eruption can be interpreted
as a sudden decompression of the lava dome growing in the
crater, leading to a small vertical column that quickly collapsed
into a powerful pyroclastic current, focused mainly by the shape
of the southern crater outlet. Immediately after, a dense block-
and-ash flow developed in the Riviére Blanche and generated
an overriding ash-cloud surge during its southward propagation.
The surge became more and more voluminous and powerful
as it moved seaward and spread westward and eastward. When
both currents reached the sea, the ash-cloud surge traveled
over the northern plains of St Pierre and sea, promoting its
lateral spreading. Moving eastward, it reached St Pierre and was
progressively diverted southward through the city.

Results of simulations also highlights the important role
played by the main topographic features of the southern flank
of Mount Pelée during the eruption, which enhanced the lateral
spreading of the surge, further exposed St Pierre to the path
of the flow. With similar characteristics as in previous case
studies elsewhere, the May 8th, 1902 event is considered as
a small-scale explosive event for this volcano, associated with
high-energy, small-volume pyroclastic currents for which the
probability of occurrence is higher than a catastrophic blast event
(one every 300 years). Thus, our study subsequently improves
the assessment of hazards posed by pyroclastic currents at
Mount Pelée, helpful for future eruptions, and can be replicated
for similar pyroclastic currents elsewhere on Earth where the
dynamic is also debated (i.e., Merapi, Indonesia; Unzen, Japan;
Chaiten, Chile; Arenal, Costa Rica). It finally brings new claims
supporting that the generation of the ash-cloud surge in small-
volume pyroclastic currents is mostly coming from the block-
and-ash flow.
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We advocate here a methodology for characterizing models of geophysical flows and
the modeling assumptions they represent, using a statistical approach over the full range
of applicability of the models. Such a characterization may then be used to decide
the appropriateness of a model and modeling assumption for use. We present our
method by comparing three different models arising from different rheology assumptions,
and the output data show unambiguously the performance of the models across
a wide range of possible flow regimes. This comparison is facilitated by the recent
development of the new release of our TITAN2D mass flow code that allows choice
of multiple rheologies. The quantitative and probabilistic analysis of contributions from
different modeling assumptions in the models is particularly illustrative of the impact of
the assumptions. Knowledge of which assumptions dominate, and, by how much, is
illustrated in the topography on the SW slope of Volcan de Colima (MX). A simple model
performance evaluation completes the presentation.

Keywords: depth averaged models, uncertainty quantification (UQ), Colima (Mexico), block and ash flows,
computer models, volcanic hazard assessment, pyroclastic flows

1. INTRODUCTION

This paper describes an uncertainty quantification driven approach to analyze total models and
individual assumptions that are composed into models of geophysical mass flows. This is especially
relevant when the observations/measurements are not adequate to characterize the behavior of the
system which is modeled. Observational data inadequacy is rarely characterized even for verified
and validated models.

Since models actualize a hypothesis, it follows that a model articulates a belief about the data.
Thus a model will always have some uncertainty in prediction, since the subjectivity of the belief
can never be completely eliminated (Higdon et al., 2004; Kennedy and O’Hagan, 2011), nor is the
data at hand usually enough to characterize its behavior at the desired prediction. Principles like
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“Occam’s razor” and Bayesian statistics (Farrell et al, 2015)
provide some guidance, but robust and quantitative approaches
that allow the testing of model components for fitness need
to be developed. In related work, we have shown that the
application of the empirical falsification principle (Popper, 1959)
over an arbitrarily wide envelope of possible inputs reduces the
subjectivity and uncertainty in a case study where the available
data was not adequate (Bevilacqua et al., 2019).

There are usually numerous models for representing complex
systems with sparse observations, like large scale geophysical
mass flows (Kelfoun, 2011). It is often difficult to decide
which of these models are appropriate for a particular analysis.
Nevertheless, ready availability of many models as reusable
software tools makes it the user’s burden to select one appropriate
for their purpose. For example, the 4 release of TITAN2D!,
already adopted in Bevilacqua et al. (2019), offers multiple
rheology options in the same code base (Simakov et al,
2019). The availability of different models for similar or the
same phenomena in the same tool provides us the ability to
directly compare outputs and internal variables in all the models
while controlling for difficult to quantify effects like numerical
solution procedures, input ranges and computer hardware.
This can improve the process for integrating information from
multiple models (Bongard and Lipson, 2007). Given a particular
problem for which predictive analysis is planned, the information
generated and its comparison to available observational data
can be used to guide model choice and input space refinement
(Bevilacqua et al., 2019). However, as we have discovered, such
comparison requires a careful understanding of each model and
its constituents and a well-organized process like that which we
describe here for such a comparison. In this study, we focus on
the comparison between models, more than on the input space
refinement problem.

A modeling assumption is essentially a simple postulate
framing direct relationships among quantities under study.
Models are compositions of many such assumptions. The study
of models is, thus, a study of these assumptions and their
composability and applicability. For complex systems good
models may contains needless assumptions that may be removed
or a good assumption could greatly improve a different model.
In practice, these are usually subjective choices, not data driven.
Moreover, assumptions needed may change as the system
evolves, making model choice more difficult (Patra et al., 2018a).

In this study, we analyze the general features that differ among
models in a probabilistic framework, oriented to extrapolation
and forecast. More significantly, we describe and compare
them using newly introduced concepts of dominance factors
and expected contributions. This type of analysis, enabled by
our approach, allows us to quantitatively evaluate modeling
assumptions and their relative importance.

2. METHODS AND DATA SOURCES

The statistically driven method introduced in this study for
analyzing complex models provides extensive and quantitative

! Available online at: vhub.org.

information. Geophysical flow modeling usually compares
simulation to observation, and fits the model parameters using
the solution of a regularized inverse problem. Nevertheless,
this is not always sufficient to solve forecasting problems, in
which the range of possible flows might not be limited to a
single type and scale of flow. Our approach is different, and
evaluates the statistics of a range of flows, produced by the couple
(M, Pyr)—i.e., a model M and a probability distribution for its
parameters Py. New quantitative information can solve classical
qualitative problems, either model-model or model-observation
comparison. The mean plot represents the average behavior of
flows in the considered range, and provides the same type of
output that is provided by a single simulation. Moreover, the
uncertainty ranges generate additional pieces of information that
often highlight the differences between the models.

2.1. Analysis Process

Following the approach in Patra et al. (2018a) and Bevilacqua
et al. (2019), we define (M(A),PM(A)), where A is a set of
assumptions, M(A) is the model composed of those assumptions,
and Py is a probability measure in the input space of M. In
this study we are considering a measure Py defined through
a prior choice of the input domain. In general, Py could be
obtained after a calibration step, or become a single value after the
solution of an inverse problem for the optimal reconstruction of
a particular flow. This could reduce the predictive capabilities of
the model, where we have to investigate the outcomes over a non-
trivial and relatively wide input space. However, our approach
can be easily implemented after a more careful input space
refinement (e.g., Bevilacqua et al., 2019).

Our problem cannot be solved using classical sensitivity
analysis (e.g., Saltelli et al., 2010; Weirs et al., 2012), which
decomposes the variance of model output with respect to the
input parameters. Indeed, model assumptions cannot be seen
as input parameters, because they are related to the terms in
the governing equations. These terms can be seen as random
variables depending on the inputs, but they have an unknown
probability distribution and are not independent. In the sequel
we will define the new concepts of dominance factors and
expected contributions to cope with this problem. Essentially,
if the assumptions represent the atomic elements constituting
the models, then the dominance factors will tell us which
atomic element is the most important in the model, and the
contributing variables will quantitatively determine the full
atomic decomposition of the model, through space and time.

The investigation of contributing variables illustrates the
impact of modeling assumptions. Furthermore, understanding
which assumptions dominate, and by how much, is a key step
toward enabling the construction of more efficient models for
desired inputs. We summarize our analysis process in two steps.

Stage 1: Setup of Parameter Ranges
In this study, we assume:

Npm
Pt (P1s- - > PNy ) ~ ® Unif (ainm, bim),

i=1
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where Ny is the number of parameters of M. This is not
restrictive, and in case of correlation between the commonly
used parameters (p;) i—1, 80 OF non-uniform distributions, we can
always define a function g such that g[(p;)ji=1.ny] = (j)j)jzl,NM’
and the (p;) are independent and uniformly distributed.
In particular, we choose these parameter ranges trough an
explorative testing for physical consistency of model outcomes
and range of inputs/outcomes of interest, and using information
collected from the literature. This step is critical, because if
the statistical comparison is dominated by trivial macroscopic
differences, it cannot focus on the rheology details. In the
preparation of hazard analysis, expert elicitation processes can
be used to ensure that the studies correctly account for all

anticipated and possible flow regimes.

Stage 2: Simulations and Output Data Gathering

For each model M, we produce datasets of model inputs,
contributing variables and model outputs. These concepts are
introduced in Patra et al. (2018a), and briefly reported in
Bevilacqua et al. (2019). The model outputs could be flow height,
lateral extent, area, velocity, acceleration, and derived quantities
such as Froude number Fr. In general they include any explicit
outcome of the flow calculations. Instead, the contributing
variables include quantities that are related to individual
assumptions A;, typically not observed in the outputs of the
model. For example these could be values of different source
terms in momentum balances of complex flow calculations,
or dissipation terms, or inertia terms. We base our analysis
on a Monte Carlo simulation, sampling the model inputs
and producing a family of graphs for the expectation of the
contributing variables and model outputs. We also include their
5th and 95th percentiles. The sampling technique of the input
variables follows Patra et al. (2018a). It is based on the Latin
Hypercube Sampling idea (McKay et al,, 1979; Stein, 1987;
Owen, 1992a; Ranjan and Spencer, 2014; Ai et al,, 2016), and
in particular, on the improved space-filling properties of the
orthogonal array-based Latin Hypercubes (Owen, 1992b; Tang,
1993). The volume of output data generated is likely to be
large but modern computing and data handling equipment
readily available to most modeling researchers? in university and
national research facilities are more than adequate.

2.2. Monte Carlo Process and Statistical

Analysis

In this study, like in Bevilacqua et al. (2019), the flow range is
defined by establishing boundaries for inputs like flow volume or
rheology coefficients characterizing the models. Latin Hypercube
Sampling is performed over [0,1]% where d depends on the
number of input parameters. Those scale-less samples are thus
linearly transformed to span the required intervals. Section 3.2
provides examples of Latin Hypercube design in the three models
that are targets of this study, with respect to their commonly
used parameters.

2We thank the University at Buffalo Center for Computing Research.

Through the Monte Carlo simulation, we calculate data
for each sample run and each output or contributing variable
f(x,t) described as a function of time on the elements of the
computational grid. This analysis produces very large volume of
data which then has to be processed utilizing statistical methods
for summative impact.

We devise many statistical measures for analyzing the data,
following the definitions in Patra et al. (2018a) reported in
this study for the sake of completeness. In particular, let
(Fi(x,1))i=1,.x be an array of force terms, where x € R? is
a spatial location, and t € T is a time instant. The degree
of contribution of those force terms to the flow dynamics can
be significantly variable in space and time, and we define the
Fi(x,t) to be the dominant force. Those probabilities provide
insight into the dominance of a particular source or dissipation
term on the model dynamics. We remark that we focus on the
modulus of the forces and hence we cope with scalar terms. It
is also important to remark that all the forces depend on the
input variables, and they can be thus considered as random
variables. Furthermore, these definitions are general and could
be applied to any set of contributing variables, and not only to
the force terms.

Definition 1 (Dominance factors). Let (F;)i—1.. x be random
variables on (2, F,Py). Then, Vi, the dominant variable is
defined as:

@ := max |Fil.
1

In particular, for each j = 1,...,k, the dominance factors are
defined as:

Pyi=Pu [@ = I},

We remark that the dominant variable ® is also a random
variable, and in particular it is a stochastic process parameterized
in time and space. Moreover, we define the random contributions,
an additional tool that we use to compare the different force
terms, following a less restrictive approach than the dominance
factors. They are obtained dividing the force terms by the
dominant force ®, and hence belong to [0, 1].

Definition 2 (Expected contributions). Let (F;)i=1, . x be random
variables on (2, F, Py). Then, Vi, the random contribution is
defined as:

Fi .

Ci L > lfq) # 0,

0, otherwise.
where ® is the dominant variable. Thus, Vi, the expected
contributions are defined by E [C;].

Thus, for a particular location x, time ¢, and parameter sample
w, we have C;(x, t, w) = 0 if there is no flow or all the forces are
null. The expectation of C; is reduced by the chance of F; being
small compared to the other terms, or by the chance of having
no flow in (x, t). Expected contributions are obtained after diving
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the force terms by the dominant variable ®, which is an unknown
quantity depending on time, location, and input parameters. We
provide an additional result, further explaining the meaning of
those contributions through the conditional expectation. The
proof is an easy consequence of the rule of chain expectation.

Proposition 3. Let (F;)i=1,. x be random variables on (2, F, P).
For each i, let C; be the random contribution of F;. Then we have
the following expression:

F;
E[C] =) PE [IFjl ‘ o = IFJ‘I]
j

where Pj: =P {<I> = IFjI}.
2.3. Modeling of Geophysical Mass Flows

Models that are computationally tractable are rarely able to
capture the physics of the complex flow class of large scale
dense granular avalanches. In addition, very often the only
actual information available is the a posteriori deposit left by the
flow, with sparse data and significant uncertainty affecting the
mechanisms of flow initiation and propagation. This modeling
task is challenging and the subject of continuing research. Due
to intrinsic mathematical, physical, or numerical issues, models
that appear to reproduce well the flows in certain conditions,
may turn out to be poor in others. However, because of the high
consequences of such flows, several models composed of different
assumptions have been proposed. For example in (Iverson, 1997;
Denlinger and Iverson, 2001, 2004; Iverson and Denlinger, 2001;
Pitman et al., 2003; Iverson et al., 2004; de’ Michieli Vitturi et al.,
2019), the depth-averaged model was applied in the simulation of
test geophysical flows in large scale experiments. Several studies
were specifically devoted to the modeling of volcanic mass flows
(Bursik et al., 2005; Kelfoun and Druitt, 2005; Macias et al., 2008;
Kelfoun et al., 2009; Charbonnier et al., 2013). In fact, volcanos
are great sources for a rich variety of geophysical flow types and
provide field data from past flow events.

We first assume that the laws of mass and momentum
conservation hold for properly defined system boundaries. After
this, because these flows are typically very long and wide
with small depth we assume their shallowness (Savage and
Hutter, 1989). This enables the calculation of simpler and more
computationally tractable equations, by integrating through the
flow depth. Both these assumptions, conservation laws and
shallowness, could be investigated with the procedure defined
above. Nevertheless, there is much evidence in the literature for
their validity and we do not test them in this study.

The depth-averaged Saint-Venant equations that result are:

oh B d
b D)+ —(hv) = 0
o T g+ 8)/( 7)

9 9 1 9

—(hit) + — [ hi® + kg, h? ) + — (hav) = S 1
at(u)+ax(u+2gz >+8y(uV) x (1)
9 9 9 1

—(hv) + — (hiw) + — | hv? + Zkg,h* ) = S
at(V)J’ax(”VHay(VJ’zgz) Y

Like in Patra et al. (2005), here the Cartesian coordinate system
is aligned such that z is normal to the surface; h is the flow height

in the z direction; hu and hv are respectively the components
of momentum in the x and y directions; and the earth pressure
coefficient k relates the lateral stress components, 0y and a,,
to the normal stress component, 6,,. We remark that %kgzh2 is
the contribution of depth-averaged pressure to the momentum
fluxes. Sy and S, are the sum local stresses: as described in Patra
et al. (2018a) they include the gravitational driving forces, the
basal friction force resisting to the motion of the material, and
additional forces specific of rheology assumptions.

The class of assumptions that we specifically test in this study
are the assumptions on the rheology of the flows. In particular
they model the different dissipation mechanisms embedded in
Sx,Sy, and that cause an abundance of models with much
controversy on the most suitable model.

We will define our approach and illustrate it using three
models for large scale mass flows incorporated in our large scale
mass flow simulation framework TITAN2D (Patra et al., 2005,
2006; Yu et al.,, 2009; Aghakhani et al., 2016). The description
of the models is summarized from Bevilacqua et al. (2019) and
reported in this study for the sake of clarity. So far, TITAN2D
has been successfully applied to the simulation of different
geophysical mass flows with specific characteristics (Sheridan
et al., 2005, 2010; Rupp et al., 2006; Charbonnier and Gertisser,
2009; Norini et al., 2009; Procter et al., 2010; Sulpizio et al., 2010;
Capra et al,, 2011). Several studies involving TITAN2D were also
directed toward a statistical study of geophysical flows, focusing
on uncertainty quantification (Dalbey et al., 2008; Dalbey, 2009;
Stefanescu et al., 2012a,b), or on the more efficient production
of hazard maps (Bayarri et al.,, 2009, 2015; Spiller et al., 2014;
Ogburn et al.,, 2016; Tierz et al., 2018; Bevilacqua et al., 2019;
Hyman et al., 2019; Rutarindwa et al., 2019).

In the three following sections, we summarize Mohr-Coulomb
(MC), Pouliquen-Forterre (PF) and Voellmy-Salm (VS) models.
Models based on additional heterogeneous assumptions are
possible, either more complex (Pitman and Le, 2005; Iverson
and George, 2014) or more simple (Dade and Huppert,
1998). We decided to focus on these three because of their
popularity. Moreover, if the degree of complexity in the models
is significantly different, model comparison should take that
into account, but this is outside the purpose of this study
(Farrell et al., 2015).

2.3.1. Mohr-Coulomb Model
Based on the long history of studies in soil mechanics (Rankine,
1857; Drucker and Prager, 1952), the Mohr-Coulomb rheology
(MC) was developed and used to represent the behavior of
geophysical mass flows (Savage and Hutter, 1989).

Shear and normal stress are assumed to obey Coulomb
friction equation, both within the flow and at its boundaries. In
other words,

T =0 tan ¢, (2)

where 7 and o are respectively the shear and normal stresses on
failure surfaces, and ¢ is a friction angle. This relationship does
not depend on the flow speed.

We can summarize the MC rheology assumptions as:
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e Basal Friction based on a constant friction angle.

e Internal Friction based on a constant friction angle.

e Earth pressure coefficient formula depends on the Mohr circle
(it can be 0 or £1).

e Velocity based
the equations.

curvature effects are included into

MC equations
As a result, we can write down the source terms of the

Equation (1):
Sy = gxh ” I h ( )tan(¢bed)]
51n(¢mt)

—hkgp sgn (?)
=gt nu[( >HM%M]

a(g:h
_hkapsgn< x) (gzh)

Where, u = (i, V), is the depth-averaged velocity vector, r, and

sin(¢int) (3)

ry denote the radii of curvature of the local basal surface. The
inverse of the radii of curvature is usually approximated with the
partial derivatives of the basal slope, e.g., 1/ry = 90x/0x, where
Oy is the local bed slope.

In our study, sampled input parameters are ¢p.y, and A¢: =
Qint — @ped- In particular, we assumed A¢ € [2°,10°]
(Dalbey et al., 2008).

2.3.2. Pouliquen-Forterre Model

The scaling properties for granular flows down rough inclined
planes led to the development of the Pouliquen-Forterre
rheology (PF), assuming a variable frictional behavior as a
function of Froude Number and flow depth (Pouliquen, 1999;
Forterre and Pouliquen, 2002, 2003; Pouliquen and Forterre,
2002).

PF rheology assumptions can be summarized as:

e Basal Friction is based on an interpolation of two different
friction angles, based on the flow regime and depth.

e Internal Friction is neglected.

e Earth pressure coefficient is equal to one.

e Normal stress is modified by a pressure force linked to the
thickness gradient.

e Velocity based
the equations.

curvature effects are included into

An empirical friction law 1, (||@l], k) is defined in the whole range

of velocity and thickness. The expression changes depending on
two flow regimes, according to a parameter 8 and the Froude
number Fr = |ull/ /hg;. The critical angles ¢, and ¢,, and

the quantities £, B are the parameters of the model. In particular,
L is the characteristic depth of the flow over which a transition
between the angles ¢; to ¢, occurs. More details can be found in
Bevilacqua et al. (2019).

PF equations
The depth-averaged Equation (1) source terms thus take the
following form:

i u? dh
= xh e h — u ,h hi
Sx & ”E” |: <z+ - ) Mh(”lj” ):| + & ax

X

v ? dh
y = &y I |: (z , Mb(”N” ) &z dy (4)

y

In our study, sampled input parameters are ¢1, Ad12: = ¢ — @1,
and B. In particular, we assumed A¢j, € [10°,15°], and B €
[0.1,0.85]. Moreover, L is equal to 1dm (Pouliquen and Forterre,
2002; Forterre and Pouliquen, 2003).

2.3.3. Voellmy-Salm Model

The theoretical analysis of dense snow avalanches led to the VS
rheology (VS) (Voellmy, 1955; Salm et al., 1990; Salm, 1993;
Bartelt et al., 1999). Dense snow or debris avalanches consist
of mobilized, rapidly flowing ice-snow mixed to debris-rock
granules (Bartelt and McArdell, 2009). The VS rheology assumes
a velocity dependent resisting term in addition to the traditional
basal friction, ideally capable of including an approximation of
the turbulence-generated dissipation. Many experimental and
theoretical studies were developed in this framework (Gruber and
Bartelt, 2007; Kern et al., 2009; Christen et al., 2010; Fischer et al.,
2012).

The following relation between shear and normal
stresses holds:
olgll
T =po + gnyﬁ )

where, o denotes the normal stress at the bottom of the fluid
layer and g = (gx, gy &) represents the gravity vector. The two
parameters of the model are the bed friction coefficient ;1 and the
velocity dependent friction coeflicient &.

We can summarize VS rheology assumptions as:

e Basal Friction is based on a constant coefficient, similarly to
the MC rheology.

e Internal Friction is neglected.

e Earth pressure coefficient is equal to one.

e Additional turbulent friction is based on the local velocity by a
quadratic expression.

e Velocity based curvature effects are included into the
equations, following a different formulation from the
previous models.

VS equations
Therefore, the final source terms take the following form:

T a2 lgll

u ~
Sk :gxh_f h &+ M"‘i”u” 5

[lal| Tx §

5 i lla)|? gl ]
Sy =gh—— |h|g+— | u+—1al>|. ()
T N £
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In our study, sampled input parameters are w, and £. In
particular, & uniform sampling is accomplished in log-scale. In
fact, values of & between 250 and 4,000 /s> have been described
for snow avalanches (Salm, 1993; Bartelt et al., 1999; Gruber and
Bartelt, 2007).

2.4. Contributing Variables

For analysis of modeling assumptions we need to record and
classify the results of different modeling assumptions. In our case
study, we focus on the right-hand side terms in the momentum
equation and we call them RHS forces, or, more simply, the force
terms. They are internal to the computation and rarely visible as
a system output.

RHS, = [gxl’l,gyh], (7)

it is the gravitational force term, it has the same formulation in
all models.

The expression of basal friction force RHS, depends on
the model:

RHS, = — hg, tan(¢peq) | ——» —— |, in MC model.
llall " llal|
RHS; = — hg. pp(lalh) | —, —— |, inPFmodel. ~ (8)
- llall (la|
i
RHS; = — hgz,u ——,— |, in VS model.
llall [l

The expression of the force related to the topography curvature,
RHS3, also depends on the model:

7 i
RHS; = — htan(¢peq) | ——> —— |, in MC model.
rellall” ryfluall
113 =3
RHS3; = — h up(Jlall,h) | ——=, ——= |, in PFmodel. (9)
~ rellall” ryllall
ullull v(ul|

RHS; = — hu |: P r] , in VS model.
x y

All the three models have an additional force term, having a
different expressions and different meaning in the three models:

. ou d(gh) ov_0(gh)
RHS4=—hkaps1n(¢,-m)|:sgn(8y) (‘gj/ ,sgn(a (‘gjc :|,
in MC model.

oh oh
RHS4 =g:h| —, — |, in PF model. (10)

ax dy

gl .
RHS; = — —|a||> | — — |, in VS model.

I llafl flall

These contributing variables can be analyzed locally and globally
for discriminating among the different modeling assumptions.

We remark that a complete representation of the model
functional should include also the left hand side (LHS) terms.
For instance, the lateral stress component kap could be influenced
by bed and internal frictional coefficients, and it appears in the
LHS terms (Gray et al., 1999; Pirulli et al., 2007). Our statistical
approach could be easily extended to the LHS terms. We did not
focus on them for the sake of simplicity.

Finally, we also study the spatial integrals defined by F(t) =
ka f(x, t)dx, where dx is the area of the mesh elements. This
provides a global view of the results and is complementary to
the observations taken locally. For instance, by integrating the
scalar product of source terms in the momentum balance and
velocity we can compare the relative importance of modeling
assumptions when we seek accuracy on global quantities.

3. CASE STUDY AND RESULTS

Our case study is a pyroclastic flow down the SW slope of
Volcdn de Colima (MX)—an andesitic stratovolcano that rises
to 3,860 m above sea level, situated in the western portion of
the Trans-Mexican Volcanic Belt (Figure 1). Volcin de Colima
has historically been the most active volcano in México (la Cruz-
Reyna, 1993; Gonzalez et al., 2002; Zobin et al., 2002).

Pyroclastic flows generated by explosive eruptions and lava
dome collapses of Volcan de Colima are a well-studied topic
(Martin Del Pozzo et al., 1995; Sheridan and Macias, 1995;
Saucedo et al., 2002, 2004, 2005; Sarocchi et al., 2011; Capra et al.,
2015). The presence of a change in slope and multiple ravines
characterize the SW slope of the volcano. Volcan de Colima has
been used as a case study in several research papers involving
the Titan2D code (Rupp, 2004; Rupp et al., 2006; Dalbey et al.,
2008; Yu et al., 2009; Sulpizio et al., 2010; Capra et al., 2011;
Aghakhani et al., 2016). On July 10th-11th, 2015, the volcano
underwent its most intense eruptive phase since its Subplinian-
Plinian 1913 AD eruption (Saucedo et al., 2010; Zobin et al., 2015;
Capra et al., 2016; Reyes-Davila et al., 2016; Macorps et al., 2018).
We assume the flow to be generated by the gravitational collapse
of a lava dome represented by a material pile placed close to the
summit area—at 644956N, 2157970E UTM13 (Rupp et al., 2006;
Aghakhani et al., 2016). A lava dome collapse occurs when there
is a significant amount of recently-extruded highly-viscous lava
piled up in an unstable configuration. Further extrusion and/or
externals forces can cause the still hot dome of viscous lava to
collapse, disintegrate, and avalanche downbhill (Bursik et al., 2005;
Wolpert et al., 2016; Hyman and Bursik, 2018). The volcano
produced several pyroclastic flows of this type, called Merapi style
flows (Macorps et al., 2018). The hot, dense blocks in this “block
and ash” flow (BAF) will typically range from centimeters to a few
meters in size.

The rheology of volcanic rock avalanches and dense
pyroclastic flows is complex, and it is difficult to constrain the
physics of the processes. A priori predictive ability of the known
block and ash flow models is limited by inability to tune without
knowledge of flow character (Patra et al., 2005). Since these dense
flows are constituted of blocks, ash and gas, friction between the
particles during emplacement could confer a Coulomb behavior
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FIGURE 1 | (a) Volcan de Colima (México) overview, including 51 numbered locations (stars) and major ravines. Initial pile is marked by a blue dot. Coordinates are in
UTM zone 13N. (b) Regional geology map. (c) Digital elevation map. Six preferred locations are colored in yellow. Elevation isolines are displayed in blue, elevation
values in red.

to the whole flow. So, the Mohr Coulomb model was often et al. (2016) found a statistical correlation between flow size
considered appropriate, sometimes associated with a velocity  and effective basal friction inferred from field observation of
or volume-dependent term (Spiller et al, 2014). However, a  geophysical flows. A BAF at the scale of our simulations would
simple Coulomb behavior is not ideal, whatever the value of  possess ¢y = [13°,18°] according to their estimates. Small
friction angle used. A friction angle that varies according to the = changes in the parameter ranges do not change significantly
velocity and thickness of the flows has also been assumed in the  the results.

simulations of natural flows (Kelfoun, 2011). For these reason all Figure 2 displays the maps of maximum flow height observed
three models, MC, VS and PE are a priori appropriate but not  in the extreme cases tested. Simulation options are - max_time
ideal for a block and ash flow. Our new quantitative approach = 7,200 s (2 h), height/radius = 0.55, length_scale = 4 km,
provides a tool in the evaluation of what model best characterizes ~ number_of_cells_across_axis = 50, order = first, geoflow_tiny
the flow. = 1.0 x 107* (Patra et al, 2005; Aghakhani et al., 2016).

Our computations were performed on a DEM of 5m-pixel = Initial pile geometry is paraboloid. Even if the maximum
resolution, obtained from Laser Imaging Detection and Ranging  runout is matched between the models, they display significantly
(LIDAR) data acquired in 2005 (Davila et al., 2007; Sulpizio etal.,  different macroscopic features. In particular, MC displays a
2010). We placed 51 locations along the flow inundated area to  further distal spread before entering the ravines, PF shows a
accomplish local testing. After evaluating the results in all the  larger angle of lateral spread at the initiation pile, and stops
locations, six of them are adopted as preferred locations, being ~ more gradually than MC with more complex inundated area
representative of different flow regimes. boundary lines. VS is less laterally extended and the material

reaches higher thickness. The flow generally looks significantly

3.1. Preliminary Consistency Testing of the ch'annelized, and' displayf several not-inundated spots due to
Input Ranges minor topographical coulées.

In this same setting, Dalbey et al. (2008) assumed ¢y = ® Material Volume: [2.08,3.12] x 10° m?, i.e., average of 2.6 x
[15°,35°], while Capra et al. (2011) adopted ¢py = 30°. 10° m?® and uncertainty of £20%.
Then, Spiller et al. (2014) Bayarri et al. (2015), and Ogburn e Rheology models’ parameters:
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FIGURE 2 | \/olcan de Colima—comparison between max flow height maps of simulated flow, assuming MC (a,d), PF (b,e), and VS (c,f) models. Extreme
cases— (a-c) max. volume-min. resistance and (d-f) min. volume-max. resistance.

MC - ¢peq € [10°,25°]. 3.2. Exploring Flow Limits

PF - ¢, € [8°,18°]. Figures 3A-C illustrates the sampling design of our simulations.
VS- e [0.15,045], log(t) € [1.7,4]. Flgure.s 3D-I show examples of the COIltI'lbu.tIOHS obtained

assuming parameter values at the extremes of their range.

We adopt a Latin Hypercube Sampling based on an orthogonal Data is inherently discontinuous due to the mesh
array OA(s%,d,s,d) (Patra et al, 2018b). We take s = 8  modification, and it is reported with colored dots. If the
for the 3-dimensional designs over the parameter space of mesh element which contains the considered spatial location
Mohr-Coulomb and Voellmy-Salm models, i.e., 512 points; we  changes, then the force term is calculated on a different region

took s = 6 for the 4-dimensional designs over the more and suddenly changes too. This can also affect the dominant
complex parameter space of the Pouliquen-Forterre model,  variable, and more than one random contribution can incorrectly
i.e., 1,296 points. appear to be at unity at the same time. However, it is evident
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FIGURE 3 | (A-C) Example of Latin Hypercube Sampling design, Volcan de Colima case study. Colored stars mark the values producing the minimum and maximum
friction. The parameter values are projected with respect to their volume value. (D-1) Plots of random contributions at specific locations, obtained with (D,E) MC, (F,G)
PF, and (H,l) VS model. Each plot includes two graphs. One refers to a proximal location to the initial pile (left), and the other to a more distal location (right). The
dominant variable is expressed by the dots on the top line, C; = 1. Point numbers refer to Figure 5. Different colors correspond to different force terms.

that the dynamics and its temporal scale is evolving, and that the
contributions can reveal a large amount of information about
it. We remark that, Vi, the calculation of E[C;] with respect to
Py removes the effects of data discontinuity, and hence this is a
fundamental step in our further analysis. We note that the above
choices are easily changed, and if we are interested for instance in
the performance of the models for very large or very small flows,
a suitable volume range can be chosen and the procedure re-run.

3.3. Observable Outputs

The number of spatial locations is significantly high. We placed
51 points to span the entire inundated area, in search of different
flow regimes, as displayed in Figure 1. These locations have
an explorative purpose, whereas the six preferred locations will

describe distinct flow regimes. We remark that all the distances
reported in the following are measured in vertical projection, thus
without considering the differences in elevation.

Figure 4 shows the mean flow height, h(L, t), at the 51 spatial
locations of interest, according to MC. In Figure 4A, the only
location is set on the center of the initial pile. The height profile
is bell-shaped, starting from zero and then waning back to zero
in ~ 20s. All the dynamics occur during the first minute. In
Figures 4F-], points are set where the slope reduces, and the flow
can channelize, and typically leaves a deposit. The distance from
the initial pile is ~ 2 — 3 km.

In general is either observed an initial short-lasting bulge
followed by a slow decrease lasting for several minutes and
asymptotically tending to a positive height, or a steady increase
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FIGURE 4 | MC model, mean flow height h(L, t) in 51 numbered locations (Figure 1). Plots (A-L) have different scales on either time and space axes.

of material height tending to a positive height. In both cases
it is sometimes observed a bimodal profile in the first 5 min.
Finally, Figures 4K,L focus on three points set at about the
runout distance of the flow, in the most important ravines, at
~ 4 — 5 km from the initial pile.

3.3.1. Flow Height in Six Locations

We select six preferred locations, illustrative of a range of
flow regimes. They are [Lg, L9, L17, L39, L43, Lss], as displayed in
Figure 5. The first two points, Lg and Lo, are both proximal to
the initiation pile. Points L7 and Ly3 are placed where the slope is
reducing and the ravines are evident, and L39 and Ly4g are placed
in the channels, further down-slope. In particular, Lg, L43, and
Ly4g are at the western side of the inundated area, whereas L,
Ly7, and L3g are at the eastern side.

Figure 6 shows the flow height, h(L,t), at the points
(Li)i=8,10,17,39,43,46- Distances from the initial pile are in vertical
projection. In Figures 6A,B, we show the flow height in points Lg
and Ljg, ~ 200m and ~ 500m from the initial pile, respectively.
Models MC and PF display similar profiles, positive for less than

15s and bell-shaped. VS requires a significantly longer time to
decrease, particularly in point L, where the average flow height
is still positive after ~ 200s. Peak average values in Lg are 3.4m in
PF, 43m in MC, 4.7m in VS. Uncertainty is about +2m, halved
on the lower side in MC, and PF. In Lo, models MC and PF are
very similar, with peak height at 1.4m and uncertainty 3-0.5m.
Model VS, in contrast, has a maximum height of 1.1m lasting for
50s, and 95" percentile reaching 3.7m.

In Figures 6C,E, we show the flow height in points L;7 and
Ly3, both at ~ 2km from the initial pile. All the models show a fast
spike during the first minute, followed by a slow decrease. There
is still material after 1800s. VS has a secondary rise peaking at
~ 450s, which is not observed in the other models. This produces
higher values for the most of the temporal duration, but similar
deposit thickness after more than 1 h. Maximum values are 1m
for MC, 2m for PE, and 1.5m for VS, in both locations. The 5
percentile is zero in all the models, meaning that the parameter
range does not always allow the flow to reach these locations.
The 95" percentile is above 5m, except for VS in point L. In
Figures 6D,F, we show the flow height in points L3g and Ly,
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FIGURE 5 | \olcan de Colima (México) overview, including six numbered locations (stars). In panels (a-d) are enlarged the proximal topographic features to those
locations. Initial pile is marked by a blue dot. Reported coordinates are in UTM zone 13N. Elevation isolines at every 10m are displayed in black, at every 100m in bold

both placed at more than 3km from the initial pile. The three
models all show a monotone profile except for MC in point Lsg,
which instead displays an initial spike and a decrease before to
rise again. A similar thing is observed in the 95 percentiles of all
the models. It is significant that the 5% percentile of PF becomes
positive after ~ 5,400s, meaning that almost surely the flow has
reached that location. Deposit thickness in point Lzg is ~ 0.5m
for all the models, whereas in point Lyg it is 1.7m in VS, 1.6m in
PE and 1.2m in MC.

We note that VS is temporally stretched compared to the other
models, and material arrives later and stays longer in all the
sample points. This is a consequence of the speed dependent term
reducing flow velocity.

4. ANALYSIS AND DISCUSSION

4.1. Contributing Variables Proximal to the

Initial Pile

Figure 7 shows the dominance factors (P;)i=;,. 4 of the RHS
terms modulus, in the three proximal points Lg, L1, and L7, all
closer than 1 km to the initial pile. This Figure is modified from
Patra et al. (2018a) and its description is reported in this study for
the sake of completeness.

The plots 7A-C and 7D-F are related to point Lg and L;0,
respectively. They are significantly similar. The gravitational
force RHS; is the dominant variable with a very high chance,
P; > 90%. In MC and PF there is a small probability, P3
5 — —30%, of RHS3 being the dominant variable for ~ 5s. In
VS it is observed a Py 5% chance of RHS4 being dominant,
just for a few seconds. Figures 7G-I concern the relatively more
distal point L;7. They are split in two sub-frames at different time
scale. In all the models, RHS; is the most probable dominant

variable, and its dominance factor has a bell-shaped profile. In all
the models, also RHS; has a small chance of being the dominant
variable. In MC this chance is more significant, at most P; = 30%
for ~ 20s, and again P; = 2% in [100, 7,200]s. In PF P; = 15%
in two peaks, one short lasting at about 55s, and the second
extending in [100, 500]s. Also in VS, P; = 15% at [300, 500]s. Its
profile is unimodal in time and becomes P; < 2% after 2, 000s. In
MC and PE, RHS; has a dominance factor P3 = 10% at [30, 50]s
and [40, 50]s, respectively.

In summary, gravitational force is dominant with a very high
chance until the no-flow probability becomes large. In MC and
PF curvature related forces can also be dominant for a short
time. In VS gravitational force is dominant for a larger time span
than in the other models, because of the longer presence of the
flow. The speed dependent friction can be dominant with a small
probability at the beginning of the dynamics.

Figure 8 shows the corresponding expected contributions
E[Cili=1,. 4. Vi, C; is related to the force term RHS;. The
contributions in points Lg and Lo are shown in Figures 8A-F,
respectively. The plots related to the same model are similar. In
all the models C; is significantly larger than C, and Cs, which
are almost equivalent in MC and PE, while C; > Cs in VS. C4
always gives a negligible contribution, except in VS, where it is
comparable to C,. In Lg, following PF, C3 is bimodal, whereas
it is unimodal in MC and VS. This is not observed in L;p. In
Lg, C3 is greater than in Lo, compared to the other forces. VS
always shows a slower decrease of the plots. In plots Figures 8G-1
are shown the expected contributions in L;7. The plots are split
in two sub-frames at different time scale. Initial dynamics is
dominated by C,, except for in MC, and only for a short time,
[30,40]s. In MC there is an initial peak of C, which is not
observed in the other models. Cs; has a significant size, in MC
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FIGURE 6 | Flow height in six locations. Bold line is mean value, dashed/dotted lines are 5th and 95th percentile bounds. Different models are displayed with different
colors. Plots (A-F) show different locations and are at different scale, for simplifying lecture.

and PFE, and unimodal profile. In PF, after Cs; wanes, at about 60s
also C4 becomes not negligible for ~ 40s. The second part of the
temporal domain is characterized by a slow decrease of C; > Cj.

4.2. Contributing Variables Distal From the

Initial Pile

Figure 9 shows the dominance factors (P;)i=1, 4 in the three
distal points L3g, Ls3, and Lyg, all more than 2 km far from
the initial pile. Figures 9A-C and L3g are dominated by RHS;.
In all the models P; is increasing and P; > 90% at the end
of the simulation. In MC, P; shows a plateau at ~ 40% in
[90,2,000]s preceded and followed by steep increases, while in
the other models it rises gradually. P, > 0 after ~ 500 and 3, 600s,
respectively, but is never greater than 2%. In MC P3; &~ 10% at
[50,70]s. No-flow probability becomes zero in PF and VS, while
stops at 20% in MC. Figures 9D-F are related to point Ly3, and
are remarkably complex. In MC, either P; and P, are ~ 35% in
the first 200s. Then, P, increases, and RHS, becomes the only
dominant variable after 3, 600s. The no-flow probability is never
below 30%. P; = 35% in [40, 60]s. Instead, in PF P; > 90% until
3,600s, and P, rises only in the very last amount of time, reaching
P, = P; = 40%. The no-flow probability is very low during the
most of the temporal window, rising at 20% only at 7, 200s. Both
P3 and P4 show short peaks, ~ 10%, at [50, 60]s.

In VS the no-flow probability is never below 20%, and the
dominance factors are broadly equivalent to MC, although P;
is the greatest up to 4,000s, and P3 0. Figures 9G-I are
related to point L4 and they are similar to those recorded
at point Lj7, but P, > 90% and the no-flow probability
decreases to zero in the second half of the simulation. Moreover,
in all the models P; does not show any initial peak and
instead increases slowly, reaching P; 10% after more
than 3, 600s.

In summary, only the gravity or the basal friction are
dominant with high probability. Some of the points have a
deposit at the end with a high chance, some other not, depending
on the slope. In general, in MC the no-flow probability tends to
be larger than in the other models, because some flow samples
stops earlier, or completely leaves the site. Again, curvature can
have a small chance to be dominant in MC and PF, particularly
when the speed is high. Point Ly3 deserves a specific discussion.
It is not proximal to the initiation, but the no-flow probability is
increasing at the end, meaning that all the material tends to leave
the site. Moreover, the dominating force can be the gravity or the
basal friction depending on the time and the model. In MC and
VS both the two forces have similar chances to be dominant for
most of the time of the simulation. In PE only the gravitational
force is dominant with a high chance. This is probably because
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point Ly3 is situated downhill of a place where a significant
amount of material stops.

Figure 10 shows the expected contributions in the distal
points. In general, it is worth noting that the remarkable diversity
in the dominance factors between the different locations can be
the consequence of even a small imbalance between gravity and
basal friction. All the plots are dominated by C; and C,, and
the remarkable differences observed in the dominance factors
depend on which contribution is the greatest. In general these two
contributions have similar profiles. Figures 10A-C are related to
point Lig and C; > C,. In MC, also is C3 > 0 for a short time.
In MC and PF also C4 > 0, but it is significantly lower than the
previous contributions, almost negligible in MC. Figures 10D-F
concern point Lgz. In MC C; < Cy, in PF C; > C,, in VS they
Cj decreases and crosses C, at ~ 3,600s. The two contributions
form a plateau in MC, in [90,200]s. In MC and PF C; > 0
for a few seconds, and also C4 > 0 with an initial spike at
~ 60s. In particular, C4 reaches ~ 0.05 at point L3, and in
Figure 3E we showed that the force contribution can also be at
0.1 in that location, depending on the input values chosen. This
means that RHS4 can be about 10% of the dominant force. In PF

it shows a long lasting plateau, while becomes negligible in MC.
Figures 10G-1 are related to point Lye. In all the models C; < C,,
and these force contributions are monotone increasing. Only in
MC C3 > 0 shortly, and C4 > 0, but almost negligible.

4.3. Flow Extent and Spatial Integrals

Figure 11 shows the volumetric average of speed and Froude
Number. It also shows the inundated area as a function of time.
Spatial averages and inundated area have smoother plots than
local measurements, and most of the details observed in local
measurements are not easy to discern. In Figure 114, the speed
shows a bell-shaped profile in all the models, but the maximum
speed is ~ 60m/s in MC, ~ 50m/s in PF, ~ 20m/s in VS, on
average. Uncertainty is +18m/s in MC, similar, but skewed, in
VS, and £10m/s in PF.

In Figure 11B, the Fr profile is very similar to the speed, but
the difference between VS and the other models is accentuated.
Maximum values are ~ 50 in MC, ~ 38 in PF, ~ 5 in VS, whereas
uncertainty is 10 in MC, £7 in PE, and skewed [—5,+10] in
VS. In Figure 11C, inundated area has a first peak in MC and PF,
both at ~ 1.15km?, followed by a decrease to 0.55 and 0.7km?,
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FIGURE 8 | Expected contributions of the forces in three locations in the first km of runout. Different models are plotted separately: (A,D,G) assume MC; (B,E,H)

respectively, and then a slower increase up to a flat plateau at
0.9 and 1.5km?, respectively. Uncertainty is ~ £0.2km? in both
MC and PF until ~ 100s, and then it increases at £0.3km? and
[—0.5,+0.4]km?, respectively. In MC this increase in uncertainty
is concentrated at ~ 100s, while it is more gradual in PF. VS
has a different profile. The initial peak is only significant in the
95 percentile values, and occurs later, at ~ 100s. The peak is
of ~ 1km? on the average, but up to ~ 1.8km? in the 95"
percentile. The decrease after the peak is very slow and the
average inundated area never goes below 0.85km?, and eventually
reaches back to ~ 1km?. Uncertainty is [—0.3, +0.2]km?.

4.4. Power Integrals

Figure 12 shows the spatial sum of the powers. The estimates
in this section assume p = 1,800kg/m> as a constant scaling
factor. Corresponding plots of the force terms are included in
Patra et al. (2018b). The scalar product of force with velocity
imposes the bell-shaped profile. In general, gravity term is larger
in VS, because a portion of the flow lingers on the higher slopes
for a long time. Basal friction has a higher peak in PF compared
to the other models, due to the interpolation of the two basal
friction angles.

In Figure 12A, the power of RHS; starts from zero and rises
up to 1.4 x 10" W in MC, 1.2 x 10" W in PE, 6.5 x 10" W
in VS. Uncertainty is £4.0 x 10'© W in MC, £3.0 x 101* w
in PE [—4.0,5.0] x 10! W in VS. The decrease of gravitational
power is related to the slope reduction, and this decrease is more
gradual in VS than in the other models. In Figure 12B, the power

of RHS; is always negative and peaks to —6.5 x 10!° W in MC,
—5.0 x 10'% W in PE, —2.0 x 10'° W in VS. In VS this dissipative
power is significantly more flat than in the other models. MC
and PF show negligible powers after ~ 100s, VS after ~ 200s.
Uncertainty is 2.0 x 10 W in MC, £1.5 x 10!° W in PE
[—=2.0,1.0] x 10'° W in VS. In PE, the plot starts from stronger
values than in the other models, but it is also the faster to wane.
In Figure 12C, the power of RHS3 shows a negative peak at
—7.0 x 10" W in MC, —4.5 x 10'® W in PE, —0.5 x 10'* W
in VS. Uncertainty on the peak value is [—4.5,3.5] x 101 W in
MG, [—2.5,2.0] x 10'® W in PE, [—1.0,0.5] x 10'° W in VS. The
three models all show a bell-shaped profile, MC and PF waning
to zero at 90s, VS at ~ 30s. In Figure 12D, the power of RHS4 has
a different meaning in the three models. In MC it is the internal
friction term, and it only has almost negligible ripple visible in
the first second. In PF it is a depth averaged pressure force linked
to the thickness gradient, and has a very small effect limited to
the first second of simulation, at 0.5 x 10'% W. It becomes null at
~ 10s. In VS, instead, it is a speed dependent term, and has a very
relevant effect. The plot shows a bell-shaped profile, with a peak
of —3.5x10'0 W, [—2.0, 1.0] x 10'? W After that, this dissipative
power gradually decreases, and becomes negligible at 200s.

4.5. Example of Model Performance
Calculation

Finally, we give an example of model performance evaluation
of the couple (M, Py) according to a specific observation. In
past work (Patra et al., 2005), MC rheology was tuned to match
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FIGURE 9 | Dominance factors of the forces in three locations after 2 km of runout. Different models are plotted separately: (A,D,G) assume MC; (B,E,H) assume PF;
(C,F,l) assume VS. Different colors correspond to different force terms. No-flow probability is displayed with a green dashed line.

deposits for known block and ash flows, but a priori predictive
ability was limited by inability to tune without knowledge of
flow character. The new procedure developed in this study
enables an enhanced quantification of model performance, i.e.,
the similarity of the outputs and real data. We remark that the
measured performance refers to the couple (M, Pyr), and that
different parameter ranges can produce different performances
(Tierz et al., 2016; Sandri et al., 2018). This is in contrast
with traditional performance analysis based on particular, albeit
calibrated, simulations (Charbonnier and Gertisser, 2012).

Our example concerns the Volcan de Colima case study, and
in particular we compare the inundated region in our simulations
to the deposit of a BAF occurred 16 April 1991 (Rupp, 2004;
Saucedo et al., 2004; Rupp et al., 2006). In addition to modeling
uncertainty, other uncertainty sources affect this evaluation. For
example, our digital elevation map may be different from the
exact topography encountered by the real flow, and the inundated
region may have been different from the extent of the deposit

found in the field. The inundated region is defined as the points
in which the maximum flow height H is greater than 10cm.
A similar procedure may be applied to any observed variable
produced by the models, if specific data become available.

Let M :C(R?) — [0, 1] be a similarity index defined on the
compact subsets of the real plane, i.e., the closed and bounded
sets. An equivalent definition can be based on the pseudo-metric
1 — M. For example, we define

Jr2 Ip(x)dx  Jre Lsnp(®)dx

M = < c— )
T e Lopmdx” T [ 1p(dx
J 1= M- My,
where S C R? is the inundated region, and D C R? is the

recorded deposit.

In particular, M, is the area of the deposit over the area of
the union of inundated region and deposit, M, is the area of the
intersection of inundated region and deposit over the area of the
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deposit, 7 is the product of the previous, also called Jaccard Index
(Jaccard, 1901). Figure 13 shows the probability distribution of
the similarity indices, according to the uniform probability Py
on the parameter ranges defined in this study. Different metrics
can produce different performance estimates, for example MC
inundates most of the deposit, but overestimates the inundated
region, while VS relatively reduces the inundated region outside
of the deposit boundary, but also leaves several not-inundated
spots inside it.

Let g:[a,b] —
the percentile range of the similarity index. The global
and 95 percentile values [a, b] are defined assuming to select
the model randomly with equal chance, and are also shown
in Figures 13A-C.

Then the performance score Gy of model (M,Py) is
defined as:

[0,1] be a score function defined over
5th

Gy (M, Py) = /

§)dfum(x),
a,b]
where fy is the pdf related to the model. Possible score functions
include a step function at the global median, a linear or
quadratic function, a sigmoid function. Table 1 shows alternative
performance scores, according to changing similarity indices and
score functions.

5. CONCLUSIONS

In this study, we have described a statistically driven method
for investigating the constituents of complex models. We
implemented three different models composed of different
assumptions about rheology in geophysical mass flows
to illustrate the approach. The data objectively shows the
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which assumptions dominate, and by how much, is a key step
toward the construction of more efficient models for desired
inputs. Such model composition is the subject of ongoing and

performance of the models over many possible flow regimes and
topographies. The analysis of contributing variables illustrates
the impact of several modeling assumptions. Understanding
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TABLE 1 | Performance scores as a function of model, performance metric, and score function.

Score function Step function Linear Quadratic Sigmoid

Yy =105 y=x y=x2 y = exp(—-2(1 — x)?)
Metric/Model MC (%) PF (%) VS (%) MC (%) PF (%) VS (%) MC (%) PF (%) VS (%) MC (%) PF (%) VS (%)
M1=D/(SUD) 16.11 26.67 57.23 19.61 28.41 51.98 13.72 21.92 64.36 21.40 29.80 48.80
M2=(SND)/D 58.96 38.63 2.41 52.32 38.42 9.27 62.01 34.11 3.87 48.95 38.55 12.50
J=(SND)/(SUD) 43.61 48.36 8.04 46.44 38.99 14.57 54.25 36.49 9.26 43.67 39.64 16.70

Different colors mark different models.

future work, with the purpose of bypassing the search for a
unique best model, and going beyond a simple mixture of
alternative models.

In summary, our new method enabled us to break down the
effects of the different physical assumptions in the dynamics,
providing an improved understanding of what characterizes each
model. The procedure was applied to the Digital Elevation Map
(DEM) of the SW slope of Volcan de Colima (MX). In particular,
we presented:

e A short review of the assumptions characterizing three
commonly used rheologies of Mohr-Coulomb, Poliquenne-
Forterre, Voellmy-Salm. This included a qualitative list of such
assumptions, and a breaking down of the different terms in the
differential equations.

e A new statistical framework, processing the mean and
the uncertainty range of either observable or contributing
variables in the simulations. The new concepts of dominance
factors and expected contributions enabled a simplified
description of the local dynamics. These quantities were
analyzed at selected sites, and spatial integrals were calculated,
which illustrate the characteristics of the entire flow.

e The contribution coefficients C; and dominance factors P;
introduced here allow us to quantify and compare in a
probabilistic framework the effect of modeling assumptions
based on the full range of flows explored using statistically
rigorous ensemble computations.

e A final discussion, explaining all the observed features in
the results in light of the known physical assumptions of
the models, and the evolving flow regime in space and
time. This included an example of the model performance
estimation method, which depends on the metric and the cost
function adopted.

Our analysis uncovered the following main features of the
different geophysical models used in the example analysis:

e Compared to the standard MC model, the lack of internal
friction in the PF model produces an accentuated lateral
spread. The spread is increased by the uninhibited internal
pressure force, which briefly pushes the flow ahead and
laterally during the initial collapse. That force can also have
some minor effects in the accumulation of the final deposit.
The interpolation between the smaller bed friction angle ¢;
and the larger value ¢, in the PF model suddenly stops the flow

if it is thin compared to its speed. This mechanism suppresses
large peaks in flow speed.

e In VS, the speed-dependent friction has a great effect in
reducing lateral spread and producing channelized flow even
where there are otherwise minor ridges and adverse slopes in
the topography. The flow tends to be significantly slower and
more stretched out in the downslope direction. The effects of
different formulations of the curvature term have less impact
than do the effects of lower basal friction and speed.

e In our case study the internal friction term in the MC model
has a relatively small impact on the dynamics of the flow.
Neglecting the term will be a meaningful choice if workload
reduction is required in future analyses.

Furthermore, we can make the following statements about the
technique in terms of its use on models in general:

e It gives information not only on which forces in the equations
of motion are dominating the flow, but also shows where these
forces are greatest and gives insight into why they locally peak
and vary, and into the impacts of the dominating forces on the
model flow outputs,

e It provides a new, quantitative technique to evaluate the
most important forces or phenomena acting in a particular
model domain, which can supplement, provide insight and
guidance into, and generate quantitative information for, the
more typical methods used in force analysis of intuition and
Similarity Theory.

Additional research concerning other case studies, and different
parameter ranges, might reveal other flow regimes, and hence
differences in the consequences of the modeling assumptions
under new circumstances.
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Large-scale pyroclastic density currents (PDCs) produce inhomogeneity of distributions,
thicknesses, stratigraphic structures, and temperatures, thereby causing poor
understanding of PDC emplacement processes. Millennium Eruption (ME) of Tianchi
volcano in 946 A.D. produced masses of PDCs, covering an area of more than
1570 km? around the caldera in the Chinese territory. To understand PDC emplacement
processes, we examine the proximal to distal variations in the PDC facies during the
ME by analyzing the topography, stratigraphy, granulometry, and petrography. The
topography of Tianchi volcano has different slopes, including the cone (> 6°), lava shield
(2-5°) and lava plateau (< 1°), which affected the PDC emplacement during the ME. The
shape of the PDC deposits radiates outward from the caldera, and the periphery has two
pyroclastic aprons. The proximal strata (< 10 km) are less than 4 m thick and consist of
eutaxitic and lava-like structures in the gullies of the cone. The medial strata (10-20 km)
are 10-60 m thick, with columnar joints, pumice-rich layers, and lithic-rich layers in the
valleys of the shield. The distal strata (> 20 km) are less than 10 m thick, with coarse-tail
layers, ground surge layers, climbing layers, and carbonized woods in the plateau. From
the proximal to the distal strata, the emplacement temperature of the PDCs decreased
from 740 to 280°C. The medial layers indicate a gravitational differentiation effect and
weakened transportation, which led to the formation of thick beds. The distal PDCs
demonstrate fluidization characteristics and a density lower than that of the proximal
and medial strata, which exhibit clear stratification. Grain size data (< 64 mm) show that
the median diameters decreases with increasing distance from the caldera. Rhyolitic and
trachytic pumice were found and are assumed to be associated with the composition of
the magma chamber. Magmatic mixing structures were confirmed through microscope
observations. The volume of the PDCs in the Chinese territory is approximately 7
km3. Our results assist in unraveling some PDCs emplacement processes, marked
by a high level of topography confinement, about 50 km runout distance, 280-750°C
emplacement temperatures, and more than 7 km® volume, which provide insights of the
PDCs destruction during the ME.

Keywords: Tianchi volcano, Millennium Eruption, PDCs, facies, topography
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INTRODUCTION

Large-scale eruptions, characterized by volcanic explosivity index
(VEI) > 7, always produce masses of pyroclastic density
currents (PDCs), which are one of the most hazardous
eruptive phenomena owing to their complex emplacement
processes. These PDC deposits are always inhomogeneous in
their distributions, thicknesses, stratigraphic structures, and
temperatures from the eruptive center to the distal (Branney
and Kokelaar, 2002). The emplacement processes of PDCs from
large-scale eruptions are still not well understood because these
eruptions have not been observed in historic times (Lesti et al.,
2011). A useful approach to understanding the emplacements of
PDCs from large-scale eruptions is to build a facies model.

Tianchi volcano (also known as Changbaishan or Baitoushan)
is a giant intraplate stratovolcano (Wei et al., 1997) that is located
on the border between China and North Korea and the Hunchun-
Yalu River tectonic fault zone (Figure 1A; Liu et al., 1998). The
Tianchi caldera has an irregular shape, is 4.4 km from north to
south, and 3.3 km from east to west. The highest peak, named
Baitou or Jiangjun, has an elevation of 2749 m and is located
in North Korea. In 946 A.D., Tianchi volcano experienced a
VEI 7 eruption (Xu et al., 2013; Oppenhimer et al., 2017; Pan
et al., 2017a) that is known as the Millennium Eruption (ME),
which is considered to be one of the largest eruptions on Earth
in the last 2000 years (Horn and Schmincke, 2000; Liu, 2000;
Wei et al.,, 2004a). The ME resulted in massive PDCs with a
volume of 8.5 km® and flowing at a distance of 50 km (Liu and
Xiang, 1997a). Historical records suggest that Tianchi volcano
may have erupted again in 1199-1200, 1668, 1702, and 1903
after the ME (Jin and Cui, 1999). Currently, the Tianchi caldera
lake has stored nearly 2 billion cubic meters of water and has
a gap in its northern reaches, which are located in the Chinese
territory (Figure 1B).

Tianchi volcano has experienced shield-forming, cone-
forming, and ignimbrite-forming stages (Liu, 2000; Fan et al,
2006; Wei, 2014). The shield-forming products of Tianchi
volcano mainly consists of a basaltic lava plateau around the
volcano, formed in 1.2-2 Ma. The cone-forming eruption stage
was dominated by trachyte magma, which erupted between 0.1
and 1 Ma. Previous studies generally determined the positions of
the cone, lava shield, and lava plateau according to lithological
features, leading to different views. Liu (2000) suggested the cone
base at an altitude greater than 1600 m. Luan (2008) reported
that an altitude of the Tianchi volcanic cone base was more than
1500 m. whereas Wei (2014) stated that a cone base altitude
was between 1000 and 1900 m. This discrepancy is caused
because different positions of trachytes at the base of the cone
were used in these studies. In the last 100,000 years, numerous
explosive eruptions have occurred (Jin and Zhang, 1994), with
the ME being the best known. The magma is mainly composed
of rhyolite. The ME of Tianchi volcano was a Plinian eruption
that had an eruption column estimated to be as high as 35 km
according to eruption dynamics (Wei et al., 1998). Volcanic ash
drifted 1000 km eastward to Japan (Machida and Arai, 1983;
Yu et al, 2013), and the eruption column collapsed to form
PDCs that cover 2180 km? in China (Liu and Xiang, 1997a).

Horn and Schmincke (2000) estimated that the magma volume
of the eruption was 25 + 5 km?, and divided the ME into an
early large-scale eruption (95% volume) and a late small-scale
eruption (5% volume), with a 25 km high column of the former.
The above information suggests that the ME had a large scale
and was complex.

Monitoring data from 2003 to 2006 showed unrest
(Jietal., 2009; Stone, 2010; Liu et al., 2011; Xu et al., 2012;
Wei et al,, 2013). The background value of the seismic events
was 2 per month in Tianchi volcano before 2003 (Liu et al.,
1992, 2011; Li and Sun, 1996; Xu et al.,, 2012). The number
increased to 72 per month from 2003 to 2006, with a maximum
of 243 in 1 month. The annual average horizontal displacements
away from the caldera were 19.6 mm/yr from 2002 to 2003,
10.2 mm/yr from 2003 to 2004, and 8.6 mm/yr from 2004
to 2005. The average >He/*He ratio of a hot spring in the
Changbaishan valley, 3.57 km away from the center of the
caldera lake, was approximately 6.5 between 2003 and 2006,
which is higher than before 2003 (average ratio of 5.35).
After 2006, the monitoring data showed a return to the level
before 2003. This monitoring evidence shows the potential
of a future eruption at Tianchi volcano. PDCs are the most
hazardous volcanic phenomena for the population living
near the volcano due to their large dynamic pressure, fast
velocity, long run-out distance and high temperature (e.g.,
Druitt, 1998; Branney and Kokelaar, 2002; Sulpizio et al,
2014; Dufek et al., 2015). Loose deposits of PDCs are also the
main particle sources for secondary lahars, which can occur
during non-eruptive periods (e.g., Blong, 1996; Pierson and
Major, 2014). Therefore, it is important to identify lithofacies
characteristics, such as the spatial distribution, thickness, grain
size, and stratigraphic structures of PDCs produced during
the ME, to better understand the eruption dynamics and
provide a reference for emergency plans to reduce casualties
and property loss.

Researchers have investigated the chronology of the ME
PDCs (Liu and Wang, 1982; Liu et al., 1989, 1997; Liu and
Xiang, 1997a,b; Cui et al., 1997, 2000; Yin et al., 2005, 2012;
Xu et al, 2012; Oppenhimer et al., 2017), their stratigraphy
(Yang et al., 1996, 2007; Liu, 2006; Wang et al., 2013, 2019;
Zhao et al., 2013), geochemistry (Fan et al., 1999, 2006, 2007;
Sui et al., 2007; Wei, 2010; Tang et al., 2014; Liu et al.,, 2015;
Zhang et al.,, 2015; Chen et al,, 2017; Pan et al,, 2017a,b) and
hazard (Wei et al., 1998, 2004b; Horn and Schmincke, 2000;
Yu et al., 2013) since the 1980s. Previous investigations of the
ME PDCs that focused on chronology and geochemistry found
that the eruption occurred around 946 A.D, and indicated that
there is a magma chamber at possibly 5-10 km depth below
Tianchi volcano containing a mixture of rhyolites and trachytes
(Machida and Arai, 1983; Liu, 1999; Fan et al.,, 2006, 2007;
Wu et al., 2007; Wei, 2010; Xu et al., 2012; Kyong-Song et al,,
2016; Chen et al, 2017; Oppenhimer et al., 2017; Pan et al,
2017a,b). However, relatively few stratigraphic studies have been
conducted on the ME PDCs, and the ME facies model remains
to be established.

To better understand emplacement processes, we investigate
the PDCs emplaced during the ME in the Chinese territory
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via five aspects, ie., the topography of Tianchi volcano, its
stratigraphic, granulometric, and microscopic characteristics,
and whole-rock composition, so as to establish the facies model
of the PDCs during the ME.

MATERIALS AND METHODS
Topographic Analysis

The purpose of the DEM analysis was to study the characteristics
of the PDC deposits emplaced during the ME in different
landforms. Most of the primitive topography before the ME,
including the lava plateau, shield and a part of the cone, has
been preserved during the ME. Over the last 1000 years, the
topographic changes have not been significant. Therefore, using
the modern-day topography to analyze the PDC emplacement
during the ME is still justifiable. The topographic data were
obtained using Japan’s Alos30 Digital Elevation Model (DEM)
with a resolution of 30 m. The Global mapper was used with
the Tianchi caldera as the center, to identify eight topography
sections (Figure 1C) for the slope analysis of Tianchi volcano.
This analysis was used to identify the Tianchi volcanic cone, lava
shield, and lava plateau. The length of line 1, 2, 3, 4, 5,6, 7, and 8
was 41, 30, 31, 45, 37, 41, 38, and 29 km, respectively.

Field Geological Survey

A geological field survey was conducted to collect samples
and detail the stratigraphy of the PDC emplaced during the
ME. Geological surveys, with a total of 104 working points
and cross profiles, were performed along the Changbaishan,
Shierdaobaihe, and Sandaobaihe valley on the northern slope, the
Baiyunfeng valley on the western slope, and the Yalujiang valley
on the southern slope near the cone and lava shield (Figure 1C;
lacking data in North Korea’s territory in the east). The purpose
of focusing on the valleys was to ensure the continuity of
the cross profile for a full comprehension of their attributes.
Well-exposed outcrops on the lava plateaus were selected for
mapping and sampling.

Granulometry
A grain size analysis was conducted on loose samples collected
in the field. The measured grain diameter (d) ranged from
0.0625 to 64 mm (0.0625, 0.125, 0.25, 0.5, 1, 2, 4, 8, 16, 32
and 64 mm) and included 11 size grades from 4 to —6 phi (¢)
(where ¢ = —logyd, 4, 3, 2, 1, 0, —1, —2, —3, —4, —5, —6,
respectively). The weight of the samples was typically 500 g, and
a vibrating screen was used for screening. Inman (1952) has put
forward the concepts of median diameter (Md,,), which indicates
the central size tendency and graphical standard deviation (o),
which is a measure of sorting. The relevant formulae are: Md,
= @505 0 = (Psa-916)/2, where @sp, P4 and @y, respectively
represent the grain size of 50, 84, and 16% cumulative weight
percentage, respectively.

The weight percentage of each grain size was measured,
a histogram established, and the median phi value (M) and
graphical standard deviation (o) obtained. This method was
used to compare the grain sizes of the samples collected at

different locations to examine changes in the flow direction and
transport mechanisms of the PDCs.

Microanalysis

The morphological characteristics of the PDC deposits were
investigated at the microscopic level using microanalysis. This
study used rock slice identification to examine the microstructure
of the strongly welded rocks and large-particle pumices, and
scanning electron microscope (SEM) to examine the surface
characteristics of the small particle pumices. Microscopic analysis
was used to identify the dynamic processes of the pyroclasts.
A Carl Zeiss Axioskop 40 Polarizing Microscope was used to
observe thin sections (magnification ranging from X5 to X150)
in the CEA Key Laboratory of Seismic and Volcanic Hazards,
Institute of Geology, CEA. Samples were analyzed using JEOL
JSM-5610LV scanning electron microscope (SEM) in the SEM
Laboratory of the Institute of Geology, Chinese Academy of
Geological Sciences. The operation parameters included a 15 kV
acceleration voltage, 10 LA electron current, and a magnification
ranging from X100 to X2000. The SEM was operated between 15
and 25°C.

Whole-Rock Analysis

A whole-rock analysis was conducted to understand the
geochemical composition of the pumices in the PDCs. Black
and gray-white pumices were selected. The samples were
tested in the laboratory of the Institute of Regional Geology
and Mineral Resource Investigation in Hebei province, China.
The instruments included an Axios™* X-ray fluorescence
spectrometer, a P124S Electronic analytical balance, and Burettes.
The analyses were conducted between 18 and 27°C.

Estimation of PDC Volume (V) in the

Chinese Territory During the ME

The results of the topographic analysis and geological field survey
around Tianchi volcano were based on the distribution of the
PDCs. The PDCs were divided into four parts that include the
plateau, shield, cone, and Yalujiang valley (Figure 1D). The
area (A) and average thickness (AT) were calculated using the
following equations:

(1) Vplateau = Aplateau ¥ ATplateaus

(2) Vihield = Ashield * AT shields

(3) Veone = Acone ™ AT cones

(4) VYalujiang = AYalujiang ¥ ATYalujiang’ and

(5) Viotal = Vplateau + Vihield + Veone + VYalujiang~

The above-mentioned formulas were used to calculate the
PDCs volume during the ME in the Chinese territory.

RESULTS

Geomorphological Characteristics of

Tianchi Volcano
The characteristics of the PDC deposits during the ME are closely
related to the original geomorphology of Tianchi volcano. This
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section explores the topography of Tianchi volcano and PDC
deposits in different landforms.

Slope Characteristics of the Cone, the Lava Shield,
and the Lava Plateau

The cone, lava shield, and lava plateau differ in slope because of
different causes of formation. This study distinguishes between
these three using the slope difference.

At least four eruptions occurred in the cone-forming stage
of Tianchi volcano (Liu, 2000; Fan et al,, 2006; Wei, 2014)
and formed composite cones. The terrain of the cone fluctuates
significantly, with a gentle slope at the bottom of the cone,
reaching 30° near the caldera, and an average slope generally
greater than 6° (Figure 2). The altitude of the cone base is above
1500 m, which is consistent with Luan (2008) and has an average
distance of less than 10 km from the caldera.

The lava shield terrain is less undulating, with an average slope
of 2-5° and an altitude of 1000-1500 m (Figure 2). The average
distance between the lava shield and the center of the caldera is
10-20 km, while outliers reach 25 km.

The lava plateau has a gentle terrain, with the distance to the
center of the caldera that is typically greater than 20 km, an
average slope less than 1°, and an altitude typically less than 1000
m (Figure 2).

Distribution of the PDCs on the Cone, Lava Shield,
and Lava Plateau
The gully-type deposits on the cone are within 0-10 km
from the center of the caldera. Furthermore, the deposits are
mainly distributed in radial canyons near the cones, such as
the Changbaishan, Sandaobaihe, and Shierdaobaihe valley on
the northern slope, the Baiyunfeng valley on the western slope,
and the Yalujiang valley on the southern slope (Figure 1C).
PDC deposits were observed in the upper reaches of the
Shiderdaobaihe valley (Figure 3A) and have a thickness between
1 and 4 m (Figure 4), whereas massive continuous PDC deposits
were rarely observed on the surrounding mountain slopes.
Valley-type deposits on the volcanic shield are 10-20 km
away from the center of the caldera. Furthermore, PDCs that
were deposited in the valleys of the lava shield have an exposed
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FIGURE 3 | (A) Schematic of the Shierdaobaihe gully-type deposits. (B) Schematic of Shierdaobaihe basalt valley deposits.

thickness between 10 and 20 m (Figure 4), whereas no massive
PDC deposits were found on the basalt shield, at the top of the
cliff (Figure 3B).

The lava plateaus constitute an area of open terrain and
gentle slope. Fan-shaped deposits on the lava plateau are more
than 20 km away from the center of the caldera, including two
large fan-shaped deposits on the northeast and west sides. PDC
deposits are typically less than 10 m thick in the exposed low land
or river profiles (Figure 4).

The existence of volcanoes such as Wangtian’e and Baotaishan
(Figure 1C) causes the landform in the southern part of Tianchi

164 Height (m) -
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FIGURE 4 | Distribution of stratum thickness in the Shierdaobaihe valley.

volcano to be more uneven than those in the northern and
western slope, featuring numerous canyons. Influenced by the
original terrain of the volcanoes on the southern slope, the PDC
in the Yalujiang valley has valley branch-type deposits that have a
maximum exposed thickness of 60 m.

In summary, PDC deposits are controlled by the original
topography of Tianchi volcano. The thickest deposits were found
in the lava shield, and thin deposits were found in the cones and
lava plateaus. The PDCs rushed out of the canyon channel to
form fan-shaped deposits in the lava plateau. The distribution of
the PDCs during the ME shows that the PDC deposits radiate
outwards from the center caldera, the periphery has a pyroclastic
apron with at least two fan-shaped deposits, and the branch-type
valley deposits are joined in a near-circular shape.

Stratigraphic Characteristics of the
PDCs in the ME

The preliminary analysis is divided according to the
characteristics of the volcanic topography, PDC distribution
patterns, and the PDC strata. Therefore, the ME PDC deposits
were divided into three types: proximal deposits in the cone
(0-10 km), medial deposits in the shield (10-20 km), and distal
deposits in the lava plateau (> 20 km). This profile explores the
structures of the proximal, medial, and distal PDC deposits.

Characteristics of the Proximal Strata

Proximal ME PDC deposits cover the peaks around the Tianchi
caldera, parts of the mountain slopes that surround the cone,
and the valleys.
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(1) Stratigraphic characteristics of ME deposits in Tianchi
volcano peaks

Fallout and spatter deposits are exposed at the different
Tianchi volcano peaks. The stratigraphic characteristics of the
Tianwen Peak and Baiyan peak on the northern slope, Baiyun
Peak on the western slope, and Guanmian Peak on the southern
slope are examined.

Tianwen Peak and Baiyan Peak are on the north side of
the Tianchi caldera. Pumice strata can be seen at the Tianwen
Peak, with colors from bottom to top ranging from gray, yellow,
gray-white, to black (Figure 5A). Among them, gray and yellow
pumices are considered to be eruptive products from 5,000 years
ago (Liu et al., 1998; Yu et al., 2012). The gray-white pumices are
ME rhyolites with a thickness of 10-20 m (Liu et al., 1998; Liu,
2000; Fan et al., 2005; Wei et al., 2007; Yu et al., 2012). The black
trachyte pumices are considered to be the product of the 1702
eruption (Figure 5B; Liu et al., 1996; Liu, 2000; Wei et al., 2007).
Baiyanfeng has a similar stratigraphic sequence (Figures 5C,D).

Fan-shaped gray-white pumice deposits, with an exposed
thickness of 2-4 m exist on the outer slope of the Baiyun Peak
which is located on the west side of Tianchi volcano (Figure 5E).
The fan-shaped deposits are surrounded by alpine meadows, and
the gray-black ME deposits can be seen in the gullies on the edge
of the meadows (Figure 5F).

Fallout ME pumice strata are observed at the Guanmian Peak
with a gentle slope on the south side of Tianchi volcano and
the outer sections (Figure 5G), which covered larger areas than
that on the northern and western slope. The thickness of the
exposed formation is 0.5-2 m. The primary composition of the
formation consisted of gray-white pumices and a small amount
of gray-black trachyte lithic (Figure 5H).

(2) Stratigraphic characteristics of the ME PDCs in the gullies
near the Tianchi cone

The gullies that are within 10 km from the center of the
Tianchi caldera and have ME PDC thicknesses between 1 and 4
m consist of three types of structures (i.e., eutaxitic and lava-like
structures). Large-scale continuous PDC deposits rarely occur on
the mountain slope surrounding the cone.

The PDC deposits are distributed in the stream gully
at the bottom of the Shierdaobaihe valley on the northern
slope of Tianchi volcano (profile point 08-5 on the Chinese-
North Korean border, 42.029829°, 128.125317°). The PDC
deposits are approximately 5.1 km away from the center of
Tianchi volcano and extend roughly 1 km northward into China.
However, this is not the case in North Korea. The stratum is
typically 1-2 m thick and appears to be mostly gray, with a
high degree of welding and eutaxitic structures (Figures 6A,B).
The eutaxitic structures are mainly composed of gray, gray-black
magma fragments, and brick-red lithic fragments. The magma
fragments are stretched and directional (Figure 6B).

Profile 08-10 (42.013284°, 128.015645°) is located at
Baiyunfeng valley on the western slope of Tianchi volcano and
is 3.38 km away from the center of Tianchi volcano. The ME
deposits have an uneven thickness and extend steadily along
the gully. The stratum has lag breccias (Figure 6C) formed

during the ME. Profile 08-10 is completely gray-black, has an
exposed thickness of 3-4 m, has high volumes of lag breccias,
a semi-angular shape, a particle-supporting structure, a typical
grain size of 60 cm, and maximum values reaching 1 m.

Profile 08-12 is located 100 m west of profile 08-10 and
display different stratigraphic characteristics. The formation is
completely gray-black and has a thickness between 4 and 5
m (Figure 6D). The stratum is divided into three parts. The
upper part is 2-3 m thick and comprises welded tuffs containing
breccias. The middle part is approximately 1 m thick and has
parallel beddings with plastic flow characteristics (Figure 6E).
There are bends in certain locations that were possibly caused by
the secondary flow of fragmented magma falling to the ground,
which serves as high temperature near the caldera. Under the
parallel beddings there is a gray-black pumice-rich layer with
bombs that have a gray-white fresh surface which is uncovered
when smashed with a hammer (Figure 6F). The lower part
consists of gray-black breccia tuffs that have a thickness of 1-2 m.

Profile 08-13 is located 30 m west of profile 08-12, without the
intermediate bedding of profile 08-12 (Figure 6G). A stalactite-
like structure has been found in the pumice-rich layer cavity
(Figure 6H). The Stalactite-like structure hangs upside down,
with a thick feature on the top and a thin feature on the bottom.
The surface is rough. This is similar to stalactite. It is not common
in the proximal deposits. Compared with lava stalactites (Corsaro
et al,, 2005), the structure has a rough surface, does not originate
from the lava flow, and is probably related to volcanic ash
dribbling in the cavity.

Characteristics of the Medial Strata

In the canyons 10-20 km away from the center of the Tianchi
caldera, the medial strata generally have thick-bed deposits,
irregular columnar joints, lithic-rich layers, pumice-rich layers,
and welded layers.

(1) Columnar joints

Columnar joints developed in the Sandaobiahe valley on the
northern slope of Tianchi volcano. Profile 08-31 (42.137471°,
128.128201°) is 15.5 km from the center of Tianchi volcano and
is a PDC river island formed as a result of river incision (exposed
thickness of 4-5 m). The Sandaobaihe River runs along the west
edge of the river island (Figure 7D). On the eastern edge of the
river island (Figure 7E) the river channel has dried up. Columnar
joints developed on both sides of the river island and have a
strong degree of welding and weakening on both sides. Profile
08-30 shows that the river flows through the fissures or columnar
joints formed during medial PDC cooling, thereby forming a
river channel. Profile 08-32 (Figure 7C) is 500 m north of profile
08-31 and has an overall thickness between 8 and 10 m. The
top layer consists of gray-yellow tephra. The middle part has
irregular columnar joints, and the lower part has a groove that
has been eroded by rivers. The columnar joints are narrower
in the upper part and wider in the middle and lower parts.
The degree of welding weakens from the middle to the upper
and lower sides.

Profile 08-30 (42.125156°, 128.118694°) is located
approximately 14 km away from the center of Tianchi
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black pumice

FIGURE 5 | Tianchi volcano peaks and strata. (A) Tianwen Peak on the northern slope. (B) White and black pumice at Tianwen Peak. (C) Baiyan Peak on the
northern slope. (D) Stratigraphic profile of Baiyan Peak. (E) Gray-white pumice on the outer slope of Baiyun Peak. (F) welded agglomerate at the outer slope of
Baiyun Peak. (G) Guanmian Peak on the southern slope. (H) pumice deposits at Guanmian Peak on the southern slope.
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FIGURE 6 | (A) Deposits in the gullies of Shierdaobaihe valley. (B) PDC eutaxitic structures. (C) Profile 08-10 of Baiyunfeng valley. (D) profile 08-12 and plastic layers
of Baiyunfeng valley. (E) Parallel bedding of profile 08-12. (F) Bombs in the profile 08-12. (G) Profile 08-13 of Baiyunfeng valley. (H) 08-13 stalactite-like structure.

volcano in the Sandaobaihe valley and has block structures
with irregular shapes and different sizes, typically ranging
from 0.4 to 1 m (Figure 7A). In the tracing process, we
found that the block structures were formed through
collapsed and strongly welded strata (i.e., columnar
joints) because of the subsequent impact of the river and
weathering (Figure 7B). The block structures are secondary
features of the ME PDCs.

(2) Lithic-rich layers, pumice-rich layers, and welded layers
Profile 08-52 of Heishigou valley (42.058599°, 128.257290°) is

located on the northern slope of Tianchi volcano and is 16.7 km
away from the center of the caldera. The bottom of the PDCs

is rich in lithic (Figure 8A). This formation is 30-40 cm thick,
has no welding, and is supported by the tephra matrix. This
formation has a massive amount of basalt and trachyte lithics.
The grain size of a few lithics reaches 30 cm, and the long axis
of the lithics typically points to one direction.

Profile 08-45 (42.134839°, 128.2°) of the Shierdaobaihe valley
is located on the northern slope of Tianchi volcano and is
18.5 km away from the caldera. The formation is approximately
15 m thick. A lenticular pumice-rich layer (Figure 8B) was
found at the base with a thickness of approximately 2 m. The
lens contains gray-black pumice and a little black ash that was
probably obtained from the top deposits. The size of pumice is
typically between 6 and 8 cm, with the largest particles reaching
approximately 12 cm. Profile 08-46 is located 200 m north of
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FIGURE 7 | (A) Block tuff structures in profile 08-30. (B) Irregular columnar joints and block tuff structures at the top of profile 08-30. (C) Irregular columnar joints in
profile 08-32. (D) Columnar joints at the west edge of the River Island in profile 08-31. (E) Columnar joints at the east edge of the River Island in profile 08-31.

profile 08-45 and shows different stratigraphic characteristics.
The stratum developed at least five welded layers (Figure 8C) that
are common in the Yalujiang valley.

Profile 08-48 (42.16922°, 128.189882°) of Shierdaobaihe valley
is located on the northern slope of Tianchi volcano and is 19.6 km
away from the caldera. The compacted formation is completely
gray-black. A long-strip pumice-rich layer (Figure 8D) exists
in the middle of the profile and has an uneven thickness
distribution of 0.5-1 m.

In summary, the stratigraphic structure of the medial PDC
deposits has the following characteristics. (a) Columnar joints in
the middle and upper reaches of the medial PDCs. The formation
in the lower reaches of the medial PDCs has no welding. The
degree of PDC welding decreases with distance from the caldera.

(b) The development of lithic-rich layers and pumice-rich layers
shows a gravitational differentiation effect.

Characteristics of the Distal Strata

The distal strata of the lava plateau mainly consist of loose
deposits of gray and gray-white pumices. The stratigraphic
structures mainly include climbing layers, coarse-tail layers, and
ground surge layers. Additionally, reworked pyroclastic deposits
occur in this area.

Profile 08-61 (42.111016°, 128.218616°) is located on the
northern slope of Tianchi volcano and is 17.48 km from
the center of the caldera. The PDCs cover the slope of
Laofangzixiaoshan (LFZXS) volcano and form a climbing layer
(Figure 9A). Profile 08-61 is ash cloud surge deposits supported
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FIGURE 8 | (A) Profile 08-52 of lithic-rich layers. (B) Profile 08-45 of lenticular pumice-rich layers. (C) Profile 08-46 of welded layers. (D) Profile 08-48 of long-strip

pumice-rich layers.

by a tephra matrix. The grain size is well sorted. Coarse-grained
pumices are partially exposed, and have a size of approximately
3-4 cm. The stratum under the ash cloud is composed of brick
red spatter deposits of LFZXS volcano. A definite boundary exists
between the gray ash cloud layer and the ejected stratum of
LFZXS volcano. The ash cloud climbed over LEZXS volcano.

Profile 08-62 (42.189783°, 128.227088°) is located on the
northern slope of Tianchi volcano and is 24.8 km from the
center of the caldera. Profile 08-62 has a typical coarse-tail
layer (Figure 9B) with an exposed thickness of approximately
2 m. Profile 08-62 is completely supported by a gray-white
matrix of ash that is roughly divided into 4 layers, from top
to bottom. The first layer is rich in large-particle pumices
and contains several plant roots. The size of the lithic is
typically 6-8 cm in the upper part and gradually decreases
to a grain size of 2-4 cm in the lower part. This shows
the characteristics of a reverse graded bedding, with relatively
concentrated coarse-grained pumices. The second layer consists
of tephra deposits with a gas escape structure. The third
layer consists of pumice deposits supported by the tephra
matrix, which have typical pumice sizes of 2-4 cm. The
fourth layer consists of tephra and contains a small amount
of large-particle pumices, which have a larger grain size of
approximately 3 cm.

Profile 08-29 (42.054684°, 127.659861°) of the distal PDCs is
located to the west of Tianchi volcano, is approximately 33 km
away from the center of the caldera, and shows cross and diagonal
bedding (Figure 9C). The lower part is a layer rich in coarse-
grained pumices with a thickness of approximately 50 cm and
a long axis of 6-8 cm in length. Loose tephra is filled between
the pumice layers.

Profile 08-70 (42.262282°, 128.168213°) is located on the
northern slope of Tianchi volcano, is approximately 30 km

from the center of the caldera and is a reworked pyroclastic
layer. Profile 08-70 is similar to the base-surge stratum and
has a parallel bedding and pumice-rich layer (Figure 9D). The
pumice-rich layer has a granular structure, contains no ash, and
has a high degree of roundness. The bottom of the pumice-
rich layer contains a 0.5 cm thick yellow-brown soil layer,
which extends smoothly. The lower part of the soil layer is the
original PDC stratum.

Additionally, carbonized wood is common in the distal part.
The largest outcrop of carbonized wood in the PDCs is on the
southern slope, which has become a scenic spot for tourists to
visit (Figure 9E).

In summary, the deposits in the distal strata are lighter in color
(gray-white) and have loose deposits.

Granulometry

The grain-size distribution is essential when characterizing
PDCs. In this study, the comparison of stratigraphic profiles,
medial values, and histograms of the medial and distal PDCs
of the Shierdaobaihe valley was established to investigate the
variation in grain size and clastic composition. The strata analysis
covered most of the PDC deposits, such as ash cloud, ground
surge, and pumice-rich layers.

The histograms of the main flow unit of the PDCs, except
for the ash clouds and ground surges, show a multimodal
distribution (Figure 10). The median phi size (Md,) is between
—2.5 and 3.25, and the histogram shows a non-uniform
distribution. The sorting coeflicient (o) is typically greater than
2 and includes poor sorting that has a skew-normal data range
between —1.15 and 1.48, but no apparent total skewness. The
kurtosis is mostly less than 1.

The histograms of the ash cloud are characterized by a
unimodal distribution (Figure 10). The median phi size (Md,)
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strata. (E) Outcrop of carbonized woods in PDCs.

FIGURE 9 | (A) Profile 08-61 of climbing layers. (B) Profile 08-62 of coarse-tail layers. (C) Profile 08-29 of ground surge layers. (D) Profile 08-70 of reworked PDC

is typically greater than 3, which indicates a concentration
approaching that of fine particles. The sorting coefficient (o)
is typically less than 2 and has an overall good sorting despite
the poor sorting of individual cases, which may be caused by
large-particle pumices in the bottom layer. Skewness values
ranging between —0.23 and 0.2 demonstrate an overall negatively
skewed distribution approaching that of fine particles. Most
kurtoses are greater than 1 and have a higher spread ratio than
that of the main flow unit of PDCs.

The histogram distribution of the ground surge layers is
similar to that of the ash cloud deposits (Figure 10). The median
phi size (Md,) is greater than 3, and the sorting coefficient
(0¢) is less than 2. An adequate overall sorting is observed with
a skew-normal data range between —0.23-0.2 and an overall
negatively skewed distribution slightly approaching that of fine
particles. The kurtosis is greater than 1.

The histograms of the pumice-rich layers show two protruding
ends and a receding center (Figure 10). The pumice-rich layers
are characterized by a dominant percentage of coarse grains

and relatively large amounts of volcanic ash, rather than small
amounts of medium-sized particles.

Microscopic Morphological Analysis
Microstructure Analysis
(1) Microstructure analysis of proximal pyroclasts

The internal structure of the pumices of the ME at the Tianwen
Peak on the northern slope of Tianchi volcano is characterized by
vesicular structures. Some pumice vesicles are heavily elongated
and appear as thin lines with a parallel orientation (Figure 11A).
Some vesicles are less elongated and appear in a lenticular
shape (Figure 11B). A mixed structure was also observed that
macroscopically appears as gray-white pumices, containing black
lumps and microscopically appears as black pumices blended
into gray-white pumices (Figure 11C). The boundary between
the black part and the surrounding light-colored part is unclear,
probably because of magma mixing.
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FIGURE 10 | Profile, vertical medial, and histogram variation of medial and distal PDCs of Tianchi volcano.

FIGURE 11 | (A) Stretched vesicular structure. (B) Lenticular-shaped stretched vesicular structure. (C) Welded structure of gray-white and black pumice. (D) Lava
structure. (E) Tuffaceous structure. (F) Mud mass structure.
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A sample of profile 08-5 of the ME PDC on the northern
slope of Tianchi volcano shows breccia lava structures under a
microscope (Figure 11D). This indicates that the proximal PDC
deposits were partially formed by interstitial melt.

(2) Microstructure analysis of medial pyroclasts

Tuffaceous structures are typically developed in the medial
strata (Figure 11E). The corrosion degree of crystal fragments
is usually weak. The cementation consists of extremely fine ash,
which is vitreous and different from lava cementation. This
cementation is not as even as that of fast-cooling lava and
demonstrates fibrous and needle-like vitreous forms under the
microscope. The cementation of some samples shows curved
directional strips.

(3) Microstructure analysis of distal pyroclasts

Mud masses are developed in the ash cloud layer of profile 08-
61 on the northern slope of Tianchi volcano (Figure 11F). The
strata appear to be earthy gray owing to the existence of mud
masses (Figure 9A). Therefore, profile 08-61 has a different color
from that of other distal profiles. Two reasons may account for
the formation of mud masses: the first is in situ weathering, and
the second is secondary transportation. The stratigraphic profiles
indicate that the mud masses in profile 08-61 were formed as a
result of in situ weathering.

Morphological Analysis
Samples for this ME morphological analysis were derived from
profiles 08-45 and 08-62, 08-29, 08-70 of the PDCs, ground surge

layers, and secondary pyroclastic strata, respectively. The SEM
was used to observe the impact craters, cracks, and a large number
of attachments on the surface of the PDC particles.

A “petal-shaped” impact crater was observed on the
particle surface of the PDC profile 08-62 (Figure 12A). The
fragmentation caused by the impact on the original surface has
sunken into the interior of the particles, with appendages in
the center and radial cracks spreading outwards. As the impact
intensified, the fragments fell off and formed a near-circular
impact crater (Figure 12B).

Fracture textures that formed as a result of quenching were
observed on the clastic surface of the PDC and ground surge
profiles. Cracks in the PDCs have a “linear” or “Y” shape
(Figure 12C). Cracks in the ground surge layers resemble turtle
shells (Figure 12D), consisting of a smooth surface, which turns
outwards and almost covers the entire clast surface. Different
shapes of cracks suggest an increasing quenching effect, which
starts from “linear” to “Y” and progresses to a “turtle shell.”

Volcanic ash in the PDCs has sharp edges, sharp corners, and
numerous small particles attached to the surface (Figure 12E).
The reworked ash is sub-angular in shape, and some samples
appear rounded, with a few appendages on their relatively clean
surface (Figure 12F).

Whole-Rock Analysis

A whole-rock analysis was used in to examine the composition
of the black and gray-black pumices (magma fragment samples)
from the proximal and medial strata and the gray-white pumice
samples from the distal strata.

Date 4 Jun 2009 10pm

Time 125019

Mag= 183KX EHT=1500kV WD= Smm

Date :9 Jun 2009
Time 10:43:55

Date :9 Jun 2008

Signal A= SE1
Time 14:39:01

EHT=1500kV WD= 10mm Signal A =SE1

Date :9 Jun 2009
Time 13:49:30

FIGURE 12 | (A) “Petal-shaped” impact crater. (B) Circular impact craters and appendages. (C) “Linear”- and “Y”-shaped cracks. (D) “Turtle shell” crack structure.

(E) Ash morphology of PDCs. (F) Ash morphology of reworked deposits.
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The total alkali-silica (TAS) diagram shows that the
components of the gray-black pumice (magma fragment
strips in the gray white pumice) at points 08-5, 08-45, and 08-52
in the Shierdaobaihe valley are projected in the trachyte zone.
However, the components of the distal strata 08-29, 08-60, and
08-62 are projected in the pantellerite zone (Figure 13 and
Table 1). Shi et al. (2005) suggested that the white pumices that
erupted during the ME are rhyolitic, and the black pumices are
trachytic. Fan et al. (2005) proposed that the gray-black and
gray-white ME pumices are the ejected products of the trachytic
basaltic magma. The results of the TAS diagram in this study
and the ME samples of Fan et al. (2005) and Shi et al. (2005)
correspond well.
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FIGURE 13 | Total alkali-silica diagram of pyroclastic rocks from the ME of
Tianchi Volcano (Le Maitre, 1989).

TABLE 1 | Datasheet of the whole-rock test.

Maijor element 08-5 08-29 08-45 08-52  08-60 08-62
SiOy 66.46 69.88 65.86 64.86 71 70.6
Al,Og 14.96 11.28 13.67 1428 10.94 11.28
TiO2 0.36 0.29 0.36 0.34 0.24 0.3
Fes O3 2.1 1.91 2.37 2.29 1.81 2.06
FeO 2.37 2.71 2.68 2.73 2.56 2.63
Ca0 1.04 0.77 1.23 1.12 0.5 0.58
MgO 0.19 0.15 0.19 0.18 0.11 0.14
KoO 5.52 4.64 5.37 5.33 4.49 4.56
NapO 5.73 5.36 5.01 5.63 5.28 5.32
MnO 0.126 0.096 0.123 0.13 0.089 0.091
P20Os 0.06 0.09 0.08 0.11 0.06 0.07
HoOF 0.25 1.92 2.52 212 2.08 1.78
HO~ 0.25 0.36 0.45 0.18 0.34 0.28
Loss 0.4 2.65 2.92 2.52 2.65 2.38
Total 99.33 99.83 99.86 99.52  99.68 100.01

Volume Estimation

The PDCs deposited during the ME contain two fan-shaped
and valley deposits in the Yalujiang valley. The PDC areas were
divided into four parts, including the plateau, shield, cone, and
Yalujiang valley. The area and average thickness of these four
parts were calculated and are listed in Table 2. The estimated
volume of PDCs deposits in the Chinese territory during the ME
was calculated to be approximately 7 km?.

DISCUSSION

The volume of the PDCs in the Chinese territory is estimated at
approximately 7 km?. This value is close to the result of 8.5 km?
from Liu and Xiang (1997a), but it is smaller than the result of
19.2 + 2.6 km? from Horn and Schmincke (2000). The difference
between this work and Horn and Schmincke results is probably
due to two factors. Firstly, according to Horn and Schmincke
(2000), the volume estimate probably included the PDC and
proximal tephra deposits in North Korea. Secondly, Horn and
Schmincke (2000) reported that the PDC covered a half area to
the north around the caldera. However, according to our field
work, the distribution of PDC is just like a fan shape in the north,
which is smaller. The volume estimations of fallout tephra during
ME vary from 83 to 120 km? (Liu and Xiang, 1997a; Horn and
Schmincke, 2000; Yu et al., 2012). Although a big difference in
the tephra volume estimations exists, it is widely accepted that
the total volume is about 100 km?® (Wei, 2010; Yu et al., 2012;
Pan et al., 2017a). The 1991 eruption of the Pinatubo volcano
produced 3.3-4.4 km? tephra and was ranked among the five
largest eruptions of the 20th century (Paladio-Melosantos et al.,
1996). The 2010 eruption of the Merapi volcano produced 0.04
km? of PDC deposits and reached a distance of 16 km from the
crater (Bignami et al., 2013). Therefore, the scale of the ME is
much larger than that of these eruptive events.

The distribution of the PDCs during the ME shows that
the palaeotopography influenced the emplacement of the PDCs
(i.e., valley-filled deposits). Valley-filled PDC emplacements are
common and have also been observed in the 2007 Soufriére
volcano eruption (Wadge et al., 2014) and the 2010 Merapi
volcano eruption (Bignami et al., 2013). Branney and Kokelaar
(2002) proposed that PDCs from a large-volume eruption are
minimally affected by the original surface topography, such
as the Matahina ignimbrite volume of 120 km? of the Taupo
volcanic zone (Bailey and Carr, 1994). The volume of the
PDCs during the ME is approximately 7 km® in the Chinese
territory, far less than the volume of the Matahina ignimbrite.
Therefore, when considering volume, the PDC emplacement
during ME did not get rid of the influence of the original

TABLE 2 | Parameters of the plateau, shield, cone, and Yalujiang valley.

Location Plateau Shield Cone Yalujiang valley Total

A (km?) 1366 152.5 45.8 8.4 1572.7
AT (km) 0.003 0.014 0.002 0.06

V (kmd) 4.098 2.135 0.0916 0.504 6.9806
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topography. The stratigraphic evidence shows that the ash cloud
during the ME climbed over LFZXS volcano (Figure 1D).
Ash clouds are turbulent, represent low-density flows, and can
move independently (Cas and Wright, 1987). The unimodal
distribution of the histogram shows a single transportation
process of ash cloud deposits that was primarily in the form of a
suspended transportation. The suspended transport of ash clouds
floated over the LFZXS volcano and a part of it emplaced on the
hill during the ME.

Temperature is an important physical parameter for PDCs.
Blong (1996) proposed that the PDC temperature ranged
from 100 to 900°C. The stratigraphic evidence shows that
carbonized woods developed in the distal deposits during
the ME. The carbonization temperature of wood is above
280°C. Columnar joints were discovered in the medial strata.
Through the remanent magnetization analyses of lithic clasts,
Wright et al. (2011) estimated the Cerro Galan PDC formation
temperature of columnar joints to be above 630°C but below
the glass transition temperature. Plastic behavior occurred in
the proximal deposits. Zou et al. (2010) reported that the
rhyolite magma of Tianchi volcano has a temperature of

740 £ 40°C. Therefore, the temperature of the PDCs during the
ME probably ranged between 280 and 740°C, from the distal
to the proximal deposits, respectively. In the 1997 Soufriere
volcano eruption, the dilute and slow PDCs did not have
enough kinetic energy to destroy the weaken buildings (Loughlin
et al, 2002). However, the hot ash (> 300-400°C) set off
the fire in the buildings and caused lethal burns on direct
contact with the skin (Baxter et al., 2005). The same happened
again in the 2010 eruption of Merapi volcano. People in the
buildings did not survive in the relatively low temperature
PDCs (250-300°C), partly because of the hot ash, floating
into the buildings’ interior through the vent (Jenkins et al,
2013). The run-out distances of PDCs in these two historical
eruptive events did not exceeded 16 km (Loughlin et al., 2002;
Jenkins et al., 2013). Temperatures above 280°C were maintained
beyond 20 km from the Tianchi caldera; thus, the destruction
potential of the PDCs associated with the ME must have
been remarkable.

The fallout tephra and spatter deposits from the ME remained
at the Tianchi Peaks in Chinese borders and have a relatively
low thicknesses, which is probably due to three factors. Firstly,

Baiyunfeng valley

Vally filled PDC deposits

Altitude: 1500 m

Altitude: 1000 m

Lava plateau

c Lag breccia
PDC units
Cone
Shield
: : Lava plateau
L 1 ] ! ] ! ! L ! ! |
0 km 10 km 20 km 30 km 40 km 50 km
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FIGURE 14 | (A) Picture of Baiyunfeng valley. (B) Schematic of the PDCs deposition in different terrains of Tianchi volcano. (C) PDC facies model of the ME of
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the wind was primarily directed toward the east, with a season-
dependent intensity (Yu et al., 2013). Fallout tephra heavily
accumulated in North Korea because of the wind direction.
Secondly, the inclined eruption column could result in an
uneven thickness. Thirdly, numerous eruptions occurred, where
later eruptions eroded the material and mountain peaks of
the earlier ones.

The black pumice at Tianwen Peak was supposed to be the
product of the 1702 eruption (Liu et al., 1996). However, Pan et al.
(2017a) proposed that the black pumice strata are from the ME.
The stratigraphic evidence shows that no apparent discontinuity
exists between the gray-white pumice and the black pumice strata
at the Tianwen peak (Figures 5B-D). The stratum in Baiyunfeng
valley near the caldera turns from welded tuff to plastic beddings,
then turning to welded tuff with bombs (Figure 6D). This
stratigraphic evidence indicates a change during the ME, possibly
with two eruption stages. The high-precision carbonized ages
have been identified using the wiggle-match method, namely,
A.D. 938-939 and 946 £ 3 (Yin et al, 2012; Xu et al,, 2013).
The carbonized woods reported in Yin et al. (2012) are from the
north and south slopes, and carbonized wood reported in Xu et al.
(2013) is from the west slope. The high-precision dating results
also indicate a possibility that the strata of the carbonized wood
are from different eruptive stages during the ME. The medial
deposits have magma mixture characteristics (magma fragment
strips in the gray-white pumice). However, most of the distal
deposits are gray-white rhyolite, lacking evidence for a magma
mixture. The above evidences show that the ME is likely to have
at least two eruptive stages.

The grain-size distribution of the medial and distal strata
in the PDCs shows a decrease in the median phi size (Md)
from top to bottom (Figure 10). Layers rich in lithics and large-
particle pumices are mostly developed in the middle and lower
parts (Figures 8A-C), which supports this result. However, this
trend is affected by the physical properties of the clasts and
the fluid properties of the PDCs. Pyroclasts with a high density
and small particles are generally heavily affected by gravitational
differentiation and are deposited at the bottom, such as lithic-rich
layers. Pumices with a low density and large particles accumulate
at the middle and upper parts in the distal stratum (Figure 9B).
The turbulent movement of the ash cloud can carry large-
particle pumices to the upper part. Lithic clasts increase when
the thickness increases, while that of crystal clasts and glass
clasts decreases. When the distance from the caldera increases,
the content of lithics shows a decreasing trend (Figure 10).
The changes in the content of lithics correlate with the vertical
gravitational differentiation and the variation in the PDC density
from the medial to the distal.

The PDCs during the ME, characterized by a large volume
(approximately 7 km?® in the Chinese territory), a high
temperature (280-740°C), long run-out distances (50 km), and
the ability to climb hills, experienced at least two stages, including
an early rhyolite stage and a late trachyte stage. Magma mixing is
common in the pumice. In China, Tianchi volcano is a famous
scenic spot. Within 50 km around the volcano, there are three
towns near the rivers with about 111,000 inhabitants (Ji, 2015).
In 2019, about 2.47 million tourists visited Tianchi volcano park

(Li, 2020). The strata of Tianwen Peak keep the evidence of
several explosive eruptions (Figure 5A). Previous researchers
proposed the ignimbrites forming stage of Tianchi volcano have
occurred during the last 100,000 years (Jin and Zhang, 1994; Liu
and Song, 1998; Liu, 2000). Although most of these eruptions
lack clear age evidences, it is likely that the ignimbrite eruptions
have some cycles. Nakada (2000) proposed that areas previously
impacted by PDCs would be probably affected again in similar
future eruptions. Therefore, the establishment of the PDC facies
during the ME can guide the local government in construction
planning and reducing hazardous affection of PDCs of potential
future eruptions.

CONCLUSION

The ME PDCs form a pyroclastic apron that is thin at both ends
and thick in the middle. When using the Tianchi caldera as the
center, gully-type deposits formed within 0-10 km, valley-type
deposits formed within 10-20 km, and fan-shape deposits formed
within 20-50 km (Figures 1D, 14A,B).

Stratigraphically, the PDC facies have the following
characteristics. The proximal PDC deposits have eutaxitic
and lava-like structures. The medial PDC strata include thick
layer deposits, lithic-rich layers, pumice-rich layers, and
columnar joints. The distal PDCs strata include coarse-tail layers,
climbing layers, and ground surge layers. Gas escape structures
also developed, among other structures. The degree of welding
decreases with an increase in distance away from the caldera. The
entire proximal strata are strongly welded in the vertical profiles,
with a few being lava-like. The middle part of the medial strata
is strongly welded and has a weakening welding degree at the
upper and lower ends. The distal strata consist of loose deposits.
Some of the distal deposits have been changed in to secondary
lahar deposits by river flows.

The specific granulometric manifestation of the PDC facies
are as follows: from the medial to distal strata, the change in
media phi (Md,) indicates a decrease in the particle grain size;
the reduction of the pyroclast content from the medial to distal
strata demonstrates the gravitational differentiation of the PDCs.

The vertically lithofacies characteristics of the ME PDCs
include (Figure 14C): lithofacies changes from welded tuffs
of gray-black rhyolite with black trachytic components in the
proximal deposits to partially welded tuffs of gray-black rhyolite
(containing black trachytic components) in the medial deposits,
followed by loose gray-white rhyolite in the distal PDC deposits.

The above results show that the PDC was a high-dense,
high-energy fluid in the proximal strata with a low thickness.
The PDC density decreases in the medial strata and had a
weakened transportation that led to the formation of thick
layers. An increasingly apparent gravitational differentiation
effect was observed as the distance increases. The distal PDCs
demonstrate strong fluidization characteristics and a density far
lower than that of the proximal and medial strata, which shows a
clear stratification.

The establishment of the PDC facies model assists in
unraveling some PDCs emplacement processes, marked by a high
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level of topography confinement, about 50 km runout distance,
280-750°C emplacement temperatures, and more than 7 km?
volume, which provide insights of the PDCs destruction during
the ME. In order to prevent potential PDCs hazard, newly
constructed residential areas and tourism-related structures near
Tianchi volcano should be at least 50 km away from the caldera,
considering the effect of high temperatures and fire.
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Aluto volcano, in the Main Ethiopian Rift, is a peralkaline caldera system, which comprises
conglomerations of rhyolite (obsidian) lavas and enigmatic pumice cones. Recent work
at Aluto has found that pumice cone eruptions are highly unsteady, and form convective
eruption plumes that frequently collapse to generate pyroclastic density currents (PDCs).
We develop a methodology and present results for the first probabilistic volcanic hazard
assessment (PVHA) for PDCs at a pumice cone volcano. By doing so, we estimate the
conditional probability of inundation by PDCs around Aluto volcano, incorporating the
aleatory uncertainty in PDC hazard. We employ a Monte Carlo energy cone modeling
approach, which benefits from parameterization informed by field investigations and
volcanic plume modeling. We find that despite the relatively modest eruptions that are
likely to occur, the wide distribution of past vent locations (and thus the high uncertainty
of where future vents might open), results in a broad area being potentially at risk of
inundation by PDCs. However, the aleatory uncertainty in vent opening means that the
conditional probabilities are lower (< 0.12), and more homogeneous, over the hazard
domain compared to central-vent volcanoes (where conditional probabilities are often <
1 close to the vent). Despite this, numerous settlements, amenities, and economically
valuable geothermal infrastructure, lie within the most hazardous (P(PDC|eruption) >
0.05) regions of Aluto caldera. The Monte Carlo energy cone modeling approach provides
a quantitative, accountable and defendable background and long-term PVHA for PDCs
from Aluto. These results could be combined in the future with hazard assessments
relating to tephra fall and/or lava to develop a comprehensive volcanic hazard map for the
caldera. Following appropriate parameterization, the approach developed here can also
be used to compute a PDC PVHA at other volcanoes where vent location is uncertain.

Keywords: PVHA, pyroclastic density current, hazard, energy cone, Monte Carlo, Ethiopia
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PDC Hazard Quantification at Pumice Cones

1. INTRODUCTION

Pumice cone eruptions are some of the least studied forms of
volcanic activity on Earth, yet represent the typical eruptive
style at caldera volcanoes along the Main Ethiopian rift valley
(Fontijn et al, 2018). They have also been documented on
Mayor Island, New Zealand (Houghton and Wilson, 1989), and
are characteristic of the more recent volcanism on Pantelleria,
Italy (Orsi et al., 1989). Contrary to previous interpretations,
the eruption of pumice cones has been found to be relatively
intense, generating convective eruption plumes (Fontijn et al.,
2018; McNamara et al., 2018; Clarke et al., 2019) that are
liable to collapse and produce pyroclastic density currents
(PDCs) (Hutchison et al.,, 2016¢; Fontijn et al., 2018; Clarke,
2020). These eruptions are tentatively estimated to range from
violent-strombolian or vulcanian, to sub-Plinian in intensity
(McNamara et al., 2018; Clarke et al., 2019), but column heights,
eruption volumes and eruption durations are still very poorly
constrained for pumice cone eruptions (e.g., Fontijn et al., 2018).
In Ethiopia, a rapidly expanding population (UNDP, 2018),
in excess of 1 million people, live within 10 km of volcanoes
(Aspinall et al,, 2011). Many of these volcanoes have been
associated with pumice cone eruptions, so in this setting, these
are key eruption types to understand. Additionally, valuable
economic and geothermal infrastructure is being developed
near these sites (World Bank, 2016). The increasingly high
exposure to volcanic hazards in Ethiopia (Vye-Brown et al,
2016), and the recent recognition of the potential hazards at
these volcanoes (Fontijn et al., 2018; Clarke et al., 2019; Clarke,
2020), evokes an urgent need for quantitative, accountable, and
defendable volcanic hazard assessment (e.g., Connor et al., 2001;
Newhall and Hoblitt, 2002; Marzocchi et al., 2010; Calder et al.,
2015).

Aluto is a peralkaline rhyolite caldera volcano in the Main
Ethiopian Rift. Aluto lies 7 km SE of the town of Ziway, 5
km NE of Bulbulla town, and hosts a diffuse but significant
population living on and around its edifice (Figure 1). Within
the caldera itself, there is a school, and a developing geothermal
power station (Teklemariam and Kebede, 2010; World Bank,
2016). To the west of the caldera, sits one of the world’s largest
rose farms (AfriFlora and Sher Ethiopia, 2017); which provides
much of the employment in the area. There is an estimated
415,000 people living within 30 km of Aluto, but there is currently
no mandated group responsible for the monitoring of volcanic
activity in Ethiopia (Vye-Brown et al, 2016). Although the
volcano has been the focus of some recent research activity
(Biggs et al,, 2011; Hutchison, 2015; Hutchison et al., 2015,
2016a,b,c; Samrock et al., 2015; Braddock et al., 2017; Gleeson
et al,, 2017; Iddon et al., 2017; Wilks et al., 2017; Fontijn et al.,
2018; Hiibert et al., 2018; McNamara et al., 2018; Clarke et al.,
2019; Clarke, 2020; Iddon and Edmonds, 2020), and has recently
shown signs of volcanic unrest (Biggs et al, 2011), there is
currently no existing hazard assessment or hazard map for Aluto
which could be used to mitigate risk during future episodes of
unrest and/or eruptions. The most recent volcanism at Aluto,
since at least 60 ka, is dominated by pumice cone eruptions,
with the most recent known eruption at 400 4 50 years ago

(Hutchison et al., 2016¢). In this work, we identify 96 vents which
are visible at the surface on and around the Aluto edifice and,
therefore, there is a wide area from which hazardous volcanic
processes, such as PDCs or tephra fallout, could be sourced
during future eruptions. These eruptions could impact proximal
to medial (< ~10 km) sectors around the volcano, endangering
many of the aforementioned sites. PDCs are the dominant
cause of fatalities during volcanic eruptions, particularly from
5 to 15 km from the vent (Brown et al., 2017). This, and the
near ubiquitous presence of [qualitatively small-volume (<0.01
km?)] ignimbrites within pumice cone eruption deposits (Clarke,
2020), emphasizes the need for a PDC hazard assessment for
Aluto volcano.

By their nature, PDCs are complex and dynamic processes,
and the final footprint that they inundate (one potential
measure of their hazard) is the product of a large number
of interacting variables; both internal (collapse height, volume,
granulometry, temperature etc.), and external (topography,
nature of the substrate etc.) (e.g., Branney and Kokelaar,
2002; Sulpizio et al., 2014). This complexity makes hazard
assessment of PDCs very challenging, and is compounded by
aleatory and epistemic uncertainty (e.g., Spiller et al, 2014;
Neri et al, 2015; Tierz et al, 2016b, 2018; Sandri et al,
2018). Aleatory uncertainty (the uncertainty associated with the
natural variation of processes from one event to the next. For
example, tossing a coin), is inherent to all volcanic systems
and processes. The distributed nature of vents at Aluto, and
therefore uncertainty in the location of the next eruption,
contributes to this aleatory uncertainty. Epistemic uncertainty
(the uncertainty associated with a lack of knowledge of how
a system operates. E.g., is the coin fair?) is, to a lesser or
greater extent, present in our understanding of any volcanic
system. This is particularly important for pumice cone eruptions,
which we know relatively little about. Pumice cone eruptions
at Aluto have only recently been studied in detail (e.g., Fontijn
et al., 2018; McNamara et al.,, 2018; Clarke et al., 2019; Clarke,
2020), and their eruption has never been observed. Consequently,
there are only semi-quantitative estimates of eruption magnitude
(vulcanian to sub-Plinian; Fontijn et al., 2018; McNamara et al.,
2018), in addition to qualitative assessments of eruption styles
and processes (unsteady eruptions that frequently generate
convective eruption columns and PDCs; Fontijn et al., 2018;
Clarke et al, 2019). In order to account for and quantify
such uncertainties, probabilistic volcanic hazard assessment
(PVHA) (e.g., Newhall and Hoblitt, 2002; Aspinall et al., 2003;
Marzocchi et al, 2004, 2010; Bayarri et al, 2009; Wolpert
et al,, 2018) is widely used, as it provides a more complete
and accurate quantification of volcanic hazard compared to
single-scenario, deterministic approaches. The aim of this work
is to develop a PVHA of PDCs at Aluto, by using newly
collected information on the nature of its PDCs (Clarke et al.,
2019; Clarke, 2020) to constrain and develop upon some
established quantitative methods previously applied to other
volcanic systems (e.g., Tierz et al., 2016a,b; Sandri et al., 2018).
More broadly, we aim to develop a methodology, which with
appropriate parameterization, may be used at similar volcanoes
world wide.
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FIGURE 2 | A generalized sequence of a pumice cone eruption at Aluto constructed from the record of nine distinct, but similar, eruptions. Some eruptions begin with
the generation of a convective plume producing relatively widespread tephra fall deposits that transition into PDC deposits as the column collapses. Most pumice
cone forming eruptions at Aluto begin at stage 2, where a convective eruption plume is generated, and an increasingly steep-sided pumice cone is deposited around
the vent from tephra falling from the column-edge, and ballistic deposition (Clarke et al., 2019; Clarke, 2020). As the eruption wanes, the column becomes unsteady,
often generating multiple intercalated tephra fall and PDC deposits. The end of the eruption is marked by the emplacement of a silicic lava flow, which may or may not
be accompanied by explosive tephra production. Column collapse PDCs are likely to be generated at stages 1 and 3. After Clarke (2020).
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2. METHODOLOGICAL RATIONALE AND
OVERVIEW

At Aluto, pumice cone eruptions have been found to undergo
self-similar eruption sequences (Figure2). Pumice cone
eruptions at Aluto begin with an intense eruption plume-
forming phase, during which the bulk of the pumice cone is
deposited as tephra fall from the edge of the convective column,
and from the accumulation of ballistic material around the vent
(Clarke et al., 2019; Clarke, 2020). This is followed by a waning
eruption intensity, and repeated column collapse, producing
PDCs (Figure 3). This is shown by the frequent interbedding of
PDC and fall deposits above the massive angular, clast-supported,
cone-forming fall deposits. All the PDC deposits found so far at
Aluto are consistent with generation by column-collapse (Clarke,
2020): PDC deposits are typically associated with underlying
tephra fall deposits (Figure 3), comprise lithologically diverse
lithic populations (indicating fragmentation at depth), and do
not contain large dense blocks of fragmented lava-dome or plug
(e.g., Fisher and Schmincke, 1984). PDC deposits at Aluto are
almost exclusively massive lapilli tuffs (Clarke, 2020), indicating
they were deposited from granular fluid based PDCs, where high
particle density at the base suppresses turbulence and reduces
the tendency to develop sedimentary structures (Branney and
Kokelaar, 2002). PDC deposits are found proximally, in gullies
cut into the sides of pumice cones, as well as further from the
pumice cones themselves (found up to 5 km from the nearest
possible source-cone). Here, PDC deposits are often present as
gorge-filling deposits, and occasionally as sheet-like deposits
with an areal coverage on the scale of a few km? (Clarke, 2020).
The deposits are only sporadically exposed, and outcrops often
intersect the reworked shores of palaeolake Langano, meaning
that maximum PDC run-out and areal coverage are often
minimum values. In summary, we can conclude that the PDCs
typical of this phase of pumice cone eruptions are relatively
low volume, granular fluid based pyroclastic density currents
generated by eruption column-collapse, that are often valley-
confined but occasionally spread laterally, and that often reach
at least 5 km from the vent. The deposits of PDCs are found
on or around most pumice cones that have been investigated at
Aluto (Hutchison et al., 2016¢; Fontijn et al., 2018; Clarke, 2020),
and so as a conservative approach, we assume that all pumice
cone eruptions at Aluto generate at least one column-collapse
derived PDC, in other words: P(PDCleruption) = 1. The final
phase of pumice cone eruptions at Aluto [and at many pumice
cones world wide; (e.g., Houghton et al., 1992; Dellino and
Volpe, 1995; Gioncada and Landi, 2010)] is typified by the
emplacement of a silicic (obsidian) lava flow from the central
pumice cone vent. The source of the lava flow can be ascertained
by the convergence of surface folds (ogives) to a bulls eye like
distribution around the vent, usually accompanied by a dip
or bump on the scale of < 20 vertical meters, and < 100 m
in diameter. This is likely to be a surface expression of the
underlying vent geometry, caused by the final effusion of an up-
heaved dome or spine (bump), or a drain-back or foam-collapse
into the conduit (dip) (e.g., Fink, 1983; Griffiths and Fink, 1993).
The duration of pumice cone eruptions is poorly understood

(Fontijn et al., 2018). Pyroclastic deposits from a single eruption
at Aluto often grade continuously into one another (with the
notable exception of the transition from pyroclastics to silicic
lava flows), and where sharper transitions do occur, there is
little evidence for the development of a significant erosional
surface. This implies relatively continuous (though unsteady)
eruptions; if the eruption is continuous at a violent-strombolian
to sub-Plinian intensity, it is likely to last for a matter of hours
or days, rather than months or years (Pyle, 2015). Duration
of these eruptive episodes is clearly important from a hazard
perspective, but this level of detail has rarely been incorporated
into PVHA (e.g., Wolpert et al., 2018; Bebbington and Jenkins,
2019).

Though eruptions of pumice cones at Aluto appear to follow
a similar sequence, they clearly span a range of magnitudes,
producing pumice cones from 10 to 100s of meters tall
(Hutchison et al., 2016¢; Clarke, 2020), and depositing tephra fall
to greater and lesser distances (Fontijn et al., 2018; McNamara
et al,, 2018). Additionally, distributed pumice cone eruption
vents have been identified on and around Aluto (Figure 1)
using the LiDAR digital terrain model (DTM) from Hutchison
et al. (2014). Field evidence indicates that all of the 9 pumice
cones investigated here are the product of single eruptions
(Clarke, 2020). This means that recent silicic pumice cone
eruptions at Aluto behave in a somewhat similar manner to a
monogenetic field, where vent locations are expected to change
from one eruption to the next and, therefore, the location of the
next eruption is highly uncertain. These uncertainties (poorly
constrained eruption magnitudes and intensities, and uncertain
vent location) need to be robustly accounted for in the PVHA.
Taking such first-order observations into account to produce a
PVHA in a robust and quantitative manner is challenging, but
nonetheless necessary, even for poorly studied volcanic systems.
Often, hazard assessments and maps for such [and many other]
volcanoes are based upon the geological foot print of prior
hazardous phenomena, or the product of a modest number of
deterministic numerical simulations based on a limited number
of scenarios (Calder et al, 2015). Though these methods may
represent a key starting point to estimate volcanic hazard, they
fail to fully evaluate the aleatory and epistemic uncertainty, which
are pervasive in volcanic systems (e.g., Marzocchi et al., 2010;
Spiller et al., 2014; Tierz et al., 2016a,b). To generate a full PVHA
of PDCs, there must be a sufficient number of PDC simulations to
approximate the diversity and distribution of scenarios in nature.
This presents a technical challenge, as often-used PDC simulation
tools such as Titan2D (Patra et al., 2005), and VolcFlow (Kelfoun
and Druitt, 2005; Kelfoun et al, 2017) are computationally
expensive, allowing only a relatively limited number of runs to
be performed in a reasonable time frame. Therefore, performing
PVHA with such models requires the use of complex uncertainty
quantification techniques such as Polynomial Chaos Quadrature
(Dalbey et al., 2008; Tierz et al, 2018) or Gaussian Process
emulators (Bayarri et al., 2009, 2015; Spiller et al., 2014; Wolpert
et al., 2018; Rutarindwa et al., 2019). An alternative approach
is to use a simple, less computationally expensive model that
requires fewer assumptions to be made about the nature of the
eruption. Such a model can then be applied in a Monte Carlo
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FIGURE 3 | Pyroclastic logs and interpretations from two of the 9 Aluto pumice cones investigated in Clarke (2020). (A) The deposits of the Diima eruption, part of the
Kertefa Pumice Cone Complex. (B) Deposits of the Awariftu pumice cone on the northern flank of the caldera. The PDC deposits, and their close association with
tephra fall deposits, are consistent with those often produced during eruption column collapse events. Interpretations from these, and the other 7 eruption
reconstructions were used to develop the generalized pumice cone eruption scenario depicted in Figure 2.

forming a pumice

fashion, covering the parameter space at every potential vent
location in a computationally realistic time frame. Afterwards,
importance sampling can be applied, where the knowledge and
assumptions we make about the systems are used to “weight” the
PDC model outputs according to how their respective likelihood
is considered. This has the advantage of allowing the PVHA to
be updated as knowledge improves, without necessarily having
to re-run the PDC models. This is an approach which is also
central to the work using statistical emulators, first proposed in
Bayarri et al. (2009). A useful final product can be a map of the
conditional probability of PDC inundation given an eruption. If
the chosen PDC model produces some continuous measure of
intensity, such as flow thickness or dynamic pressure, a hazard
curve could be generated for each cell in a cartesian grid (e.g.,
Tonini et al.,, 2015; Tierz et al., 2018). However, for PDCs,

hazard intensity is often considered to be binary (inundation vs.
no inundation); owing to their almost ubiquitously destructive
and deadly nature. Such a probability map, with a binary
“intensity,” is useful; as it displays the most important hazard
metric for human survival from PDCs (inundation vs. no
inundation). Whatever the intensity measure, such a map can be
combined with exposure data, such as population distribution,
or locations of interest or importance. Additionally, if the
conditional probability of PDC inundation is combined with
a temporal probability of eruption, and the probability of a
PDC being produced given an eruption: the non-conditional
probability of PDC inundation within a given time window
can be calculated (e.g., Sandri et al., 2014, 2018; Bevilacqua
et al., 2017; Rutarindwa et al., 2019). This, combined with the
exposure data, allows the calculation of the non-conditional risk
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(probability of asset X being lost due to PDC inundation over
time period Y).

3. VARIABILITY IN VENT LOCATION

The wide distribution of vents around Aluto is evidence that
eruptions are not restricted to a single central vent, and that the
location of the next eruption is highly uncertain. This uncertainty
must be reflected in the PVHA. If we can estimate the probability
of the next eruption occurring at each cell of a grid of potential
vent locations, this can be used to incorporate such uncertainty
into the Monte Carlo outputs of a PDC model, which describe the
uncertainty in PDC generation and propagation (e.g., Tierz et al.,
2016a,b; Sandri et al., 2018). The distribution of existing vents
at Aluto is not homogeneous, and collectively the vents indicate
the presence of a caldera ring fault and cross-cutting region faults
(Hutchison et al., 2015, 2016¢).

We take a two-dimensional kernel density estimation
approach, often applied to basaltic monogenetic fields, and based
on the locations of existing vents (Connor and Hill, 1995; Weller
et al, 2006; Marti and Felpeto, 2010; Cappello et al., 2012;
Bevilacqua et al., 2015). The method assumes that the likelihood
of an eruption occurring at any location should be proportional
to its proximity to vents from previous eruptions. From any
past vent, the probability of a new vent opening near it can be
characterized by an isotropic two-dimensional kernel function,
centered on the past vent, and which needs to integrate to 1
(i.e., it is a bivariate, Easting-Northing, PDF) (e.g., Connor and
Hill, 1995; Weller et al., 2006). The kernel describes how the
probability “decays” at progressively greater distances from each
vent, in this case equally in all directions. For any point within the
hazard domain (i.e., the grid of possible vent-location points) the
probability of vent-opening associated with the kernel function
of each existing vent is summed and normalized by the number
of vents (N). This is in order to ensure that the probability of vent
opening over the entire hazard domain is a PDF itself and, thus,
integrates to 1. In other words, it is assumed that the conditional
probability (given eruption) of a vent opening from one of the
vents within the hazard domain is equal to 1 (e.g., Weller et al,,
2006; Selva et al., 2012). The probability of an eruption occurring
in a particular location is known as the relative “spatial intensity”
of volcanism at that point ():s); calculated using Equation (1):

N 2
1 1[d;
2o 2 (_2 5] )

where N is the total number of existing vents, 4 is the bandwidth
of the kernel, and d; is the distance between existing vent i and
point (x, ). The key variable that characterizes any volcanic field
is therefore the bandwidth of the kernel. The model assumes
that there is a characteristic spacing of vents at Aluto, which can
be fitted by a Gaussian kernel (Connor and Hill, 1995; Weller
etal., 2006). Within reason, the choice of kernel shape is relatively
inconsequential (Wand and Jones, 1994; Weller et al., 2006), but
the bandwidth of the kernel is very important. Following the
procedure of Weller et al. (2006), we fit a Gaussian cumulative

is(x,y) = (1)

Latitude (m)

Longitude (m)

| TS
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P(vent|eruption)

FIGURE 4 | The conditional probability of vent opening at each of the 1,221
simulated vent locations, where color is mapped to P(vent|eruption), using the
kernel density estimation method of Connor and Hill (1995). The small black
boxes mark the approximate locations of the school (left) and geothermal
power station (right). Coordinates are in meters, web mercator projection
(ESPG: 3857).

distribution function (CDF) to an empirical CDF of the nearest
neighbor distances of existing vents at Aluto. Qualitatively, the
Gaussian fit is good, and provides a bandwidth of 0.716 km,
which means that approximately 68% of vents are within 0.716
km of their closest vent. However, it is likely that the closer
a vent is to another, the greater the probability of its burial
and obscuration, meaning it is less likely to be identified. This
introduces an “exposure bias,” and implies that the CDF of
nearest neighbor distances presented here may under-represent
the real proportion of vents at lesser distances. This is a source of
epistemic uncertainty in this form of analysis.

We evaluate Equation (1) over the (x,y) locations of vents
distributed in a regular 500 m cartesian grid across Aluto (1,221
vents), to calculate the probability of the next volcanic eruption
occurring at each. The conditional probability of a vent opening
at each point in this grid, given the next eruption at Aluto
[P(vent;|eruption)] is presented in Figure 4. The code used to
do this is available as a fully reproducible Jupyter notebook
(Zenodo/GitHub: https://doi.org/10.5281/zenodo.3778328). The
sum of these probabilities is 0.995, meaning there is a 0.5%
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probability that the next vent will open somewhere beyond these
points. This map indicates that the southern and northern rims
of the caldera, as well as a diffuse region to the NW of the caldera,
are the most probable regions to host the next vent at Aluto.
These probabilities are only for the next eruption at Aluto, as
for subsequent eruptions, analyses will also have to consider the
location of the new vents. These values of probability are used
directly as weighting factors in the importance sampling of the
Monte Carlo PDC model outputs later. Due to Aluto’s proximity
to Lake Ziway, some of these vents are located within the lake.
The average water depth of Lake Ziway is about 2.5 m (Hengsdijk
and Jansen, 2006). This is clearly below proposed thresholds of
water depth (i.e. pressure) related to the suppression of subaerial
pyroclastic products (e.g., Koyaguchi and Woods, 1996; Lindsay
et al,, 2010; Sandri et al.,, 2012, 2018). Therefore, we consider
that all vent locations on the lake can generate column collapse
derived PDCs. Moreover, even though we acknowledge that
eruption dynamics of eruptive vents opening on the lake will
likely be different than those on land (Mastin and Witter, 2000;
Houghton et al., 2015) for the sake of simplicity in this first
approach to PVHA of PDCs at Aluto, we model the PDCs from
vents on the lake using the same PDC model parameter space as
for the other subaerial vents.

4. VARIABILITY IN PDC INUNDATION

4.1. The Energy Cone Model

We choose the energy cone model (Malin and Sheridan, 1982)
to evaluate binary PDC inundation footprints for the range of
pumice cone eruptions at Aluto. This approach is suitable as
it requires few input parameters (suitable for volcanoes where
there is high epistemic uncertainty), and is computationally light,
meaning that the full parameter space can be thoroughly explored
to account for aleatory uncertainty, at a reduced computational
cost. Monte Carlo energy cone analysis has been applied to
other volcanic systems to produce PVHAs of PDCs, such as
Campi Flegrei and Vesuvius (Tierz et al., 2016a,b; Sandri et al.,
2018). The energy cone model (Figure 5) assumes a source (vent)
location, a height from which the PDC collapses (H,), and a single
mobility parameter (¢) which in effect describes how rapidly
the potential energy from column collapse is consumed during
horizontal PDC propagation. In reality, the mobility of a PDC
changes in space and time and is dependent on a large number
of interacting phenomena; including, for example, the density
current granulometry (e.g., Roche et al., 2006), degree of flow
fluidization (e.g., Wilson, 1980; Breard et al., 2018; Smith et al.,
2018), the development of co-ignimbrite plumes (e.g., Calder
et al., 1997; Andrews and Manga, 2011), and the development
of stratified and [in-part] decoupled mechanical/flow regimes
within the current (e.g., Fisher, 1995; Branney and Kokelaar,
2002; Breard and Lube, 2017). In the energy cone model, all
of these phenomena are integrated into a single (empirically
defined) angle (¢). This angle can be conceptualized as the dip
of a line connecting the PDC collapse source and the most
distal reach of the PDC, where a more mobile PDC will have a
shallower angle. One can then imagine projecting this line from
the PDC source at every degree of azimuth, forming a surface

height of gas
/¢ thrust

B —— horizontal
reach of
PDC
Hy
ol I8
sy
H,
Y. 1
l footprint deflected
by topography
energy energy

cone line

PDC inundation
footprint PDC inundation example

footprint energy line

FIGURE 5 | The energy cone model of Malin and Sheridan (1982). Each PDC
possesses a particular mobility (¢), derived empirically from dH and / of
previous PDCs, and a estimated collapse height H, derived from the height of
the vent (H,) and the height of the gas thrust region (Ho). The point at which an
energy line dipping at mobility angle ¢ intersects the ground marks the
expected distal reach of the PDC at that degree of azimuth. This process is
repeated at every degree of azimuth around the vent to form an energy cone
and a radial PDC inundation footprint. The footprint is perfectly circular on a
flat surface, but is irregular where it meets irregular topography.

or “energy cone.” Where this line first intersects the surrounding
topography marks the outer reach of potential PDC inundation,
and the space within this polygon is the maximum potential PDC
foot print. It essentially represents an aggregated foot print for
flows in any direction, rather than a foot print for an individual
flow. PDCs with a taller collapse height, and a greater mobility,
have the potential to travel further. An important caveat of the
energy cone model, given that is does not attempt to represent
an individual flow footprint, is that it does not consider flow
channelization of PDCs, which is known to be an important
factor controlling the footprint of smaller volume, drainage-
confined, concentrated PDCs (e.g., Calder et al., 1999; Douillet
et al.,, 2013; Di Roberto et al., 2014; Saucedo et al., 2019). Density
current channelization processes are considered in more complex
models such as Titan 2D and VolcFlow, but for reasons already
outlined, such models are not preferred in this situation.

The energy cone model must be suitably parameterized to
capture the aleatory uncertainty of PDC collapse height and
mobility at the volcano in question. This implies choosing
and parameterizing probability density functions (PDFs); which
describe the expected distribution of each parameter in nature
(Rougier et al, 2013; Tierz et al., 2016b). A lack of real
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observational data from eruptions at Aluto means that these
must be informed by other means. Ultimately, the suitable
“target” PDFs will be used later for importance sampling, but
uninformative uniform PDFs spanning the range of these PDFs
will be used to sample 10,000 pairs of collapse height and mobility
for energy cone simulations at each vent (NB. we assume that the
aleatory uncertainty in PDC generation does not vary spatially).

4.2. Parameterizing PDC Collapse Height
The collapse height of the PDC in the case of dome forming
eruptions is simple, as the PDC is sourced from the surface
elevation at the source vent, which can be derived from the
DTM. For column collapse events, such as those at Aluto
(Clarke et al., 2019; Clarke, 2020), the collapse height (H,) is
considered to be the sum of the altitude of the vent (H,),
and the height above the vent from which collapse initiates
(Hp). Hy can be derived from the DTM for each vent during
energy cone simulation. The maximum Hy has been commonly
assumed to correspond with the top of the gas thrust region of
the column (Tierz et al., 2016a,b; Sandri et al.,, 2018). Within
the gas thrust region, a dense mixture of gas and pyroclasts is
transported upwards mainly by momentum linked to explosive
fragmentation. Given that the density of this mixture is higher
than the surrounding atmosphere, it may collapse gravitationally
upon loss of momentum, generating PDCs (e.g., Sparks, 1997;
Doronzo et al, 2011; Dellino et al, 2014). If the eruption
column entrains enough surrounding air as to become buoyant,
a convective region of the column is developed above the top
of the gas-thrust region (Sparks, 1997; Dellino et al., 2014). The
top of the gas thrust region is therefore a good approximation of
Hy. The height of the gas thrust region for the range of volcanic
plumes at Aluto was estimated using the PlumeRise model of
Woodhouse et al. (2013), by a methodology detailed in Clarke
(2020).

A summary of the method to determine the height of collapse
from the gas thrust regions is provided here. The method is
based on the premise that column collapse occurs at the point
when eruption conditions are no longer capable of sustaining
a convective eruption plume (Sparks, 1997). The boundary
between a convective and collapsing column can be mapped out
using PlumeRise, where the critical parameters controlling the
fate of the column are gas mass fraction (volatile content of
the magma), mass eruption rate (ri), and vent radius (Table 1).
Clarke (2020) found that by taking the initial parameters for, and
assessing the height of the top of the gas thrust region (defined
by local minima in plume velocity; e.g., Trolese et al., 2019) for
columns at the convective-column/collapsing-column transition:
Hyj at the onset of collapse can be estimated; given a vent radius
and water content of the magma (Equation 2).

Hy=a- Hzoh - r¢ (2)

where Hj is the height of the gas thrust region in meters, H,O
is the water content of the magma in wt% and r is the vent
radius in meters. a, b and ¢ are regression coeflicients related
to the location of the convecting/collapsing eruption column
boundary within the parameter space. For eruption columns

TABLE 1 | Parameters used in the PlumeRise model to locate the
stable/collapsing column boundary in mass eruption rate/vent radius/gas mass
fraction parameter space.

Parameter Value (range) Units Rationale (reference)

Vent elevation (H,) 2,025 m (asl) Mean altitude for vents at
Aluto?

Vent radius () (10-1,000) m Exceeds measured range at
Aluto?

Gas mass fraction (0.01-0.1) fraction Covers range of H,O

(H20) concentrations in published
pantellerite melt inclusion
datat~"

Source 1023.15 K Estimated magmatic

temperature storage temperature at
Aluto’

Pyroclast density 1,200 kg/m? Recommended mean
density of pyroclast mixture/

Entrainment 0.09 Recommended value/

coefficient

Wind direction n/a degrees Assuming no-wind
atmosphere

Wind velocity 0 m/s Assuming no-wind
atmosphere

Source mass flux (10%-10"9) kg/s Range required to locate

(m) stable/collapse boundary for
the range of other
PlumeRise parameters

Atmospheric standard Standard atmosphere

model atmosphere modeled by PlumeRise for

relevant H,

The regression coefficient values derived from the model outputs (section 4.2) are
therefore appropriate for the range of eruption condition parameters within this table. The
location of the boundary between collapsing and stable eruption columns was determined
to a precision of 0.1 log units of mass eruption rate. @Clarke (2020); PLowenstern and
Mahood (1991); SWilding et al. (1993); Webster et al. (1993); €Horn and Schmincke
(2000); fNeave et al. (2012); 9Field et al. (2012); Middon and Edmonds (2020); 'Gleeson
et al. (2017); IWoodhouse et al. (2013).

produced during pumice cone eruptions at Aluto, maximum-
likelihood estimation yields: a = 12.78, b = —0.61 and ¢ =
1.1. These values are appropriate within the parameter space
explored using PlumeRise (Table 1). Evaluation of the PlumeRise
model parameter space also allows the mass eruption rate at the
point of collapse (1., kg/s) to be estimated given r and H,O, by
Equation (3):

e = (d - HyOF + f) - & RO 3)

where d,e,f,g,h are regression coefficients estimated through
maximum likelihood of the PlumeRise simulation outputs. For
Aluto: d = 809, e = —1.01, f = —50.6, g = —0.014, and
h =2.54.

Since we know, from field evidence, that column collapse
occurs at Aluto, we know that eruption conditions pass through
those at the boundary between stable and collapsing columns.
If we can estimate a fixed gas mass fraction (magmatic water
content) and a vent radius at the point of collapse, there is a
unique value of Hy and i1, determined by Equations (2) and (3).
Equations (2) and (3) were evaluated iteratively (2 x 10° times)
for the expected distribution of vent radii and magmatic water
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FIGURE 6 | Normalized histogram (gray) showing the expected “target”
distribution of collapse heights (H,) above the vent, based on iterative
evaluation of Equation (2) assuming the estimated distribution of vent radii and
magmatic water contents at Aluto. A uniform PDF (blue) is fitted to this data
and was used for sampling the Hy parameter during energy cone simulation.
In importance sampling, the histogram is used as a target PDF to weight the
simulation outputs.

contents at Aluto. Vent radii were measured from the DTM and
fitted with a simple triangular distribution (between 10 and 100
m), that extends beyond the dataset to include the possibility of
larger events in the future. Water contents were estimated from
a review of melt inclusion data in peralkaline rhyolites globally,
though because the data set is limited, and the likely distribution
of these water contents is uncertain, we assume an uninformative
uniform distribution between 4 and 8 wt% H;O. These values
are appropriate for the typical high water contents of pantellerite
melts (e.g., Lowenstern and Mahood, 1991; Webster et al., 1993;
Wilding et al., 1993; Horn and Schmincke, 2000; Field et al.,
2012; Neave et al., 2012), and are consistent with melt inclusion
data from Aluto (Iddon and Edmonds, 2020). The product is
a histogram of expected Hy for Aluto (Figure 6), which can be
combined with H, during the energy cone simulations at each
vent to give H, where H. = Hy + H,.

Though not required for the energy cone model, the
calculated in Equation (3) is a useful incidental parameter. We
note that for the PlumeRise parameterization (Table 1), and
expected distributions of r and H,O at Aluto, ri1. ranges from 104
kg/s to 5x 10° kg/s. This is consistent with violent-strombolian to
sub-Plinian intensity eruptions (Pyle, 2015) tentatively estimated
from tephra fall deposits (Fontijn et al., 2018; McNamara et al.,
2018) and some proximal deposit constraints (Clarke et al,
2019). This provides confidence that our estimates of eruption
conditions are within the correct orders of magnitude for Aluto.

An alternative approach to estimate Hy is to treat the
plume at the point of column collapse as a simple turbulent
fountain (e.g., Kaye and Hunt, 2006; Carazzo et al., 2010),
where the height of the fountain (Hp) can be estimated by the
vent radius, entrainment coefficient and, in volcanic plumes,
the dimensionless Richardson number (Ri). The transition
between a stable plume and collapsing column occurs at a
critical Ri (~ 0.3) (Kaminski et al., 2005; Degruyter and
Bonadonna, 2013; Aubry and Jellinek, 2018), and so Hy can be
approximated as ~ 6.4r. Though this method is less adapted
to the specific volcano, it is more generalizable, and does not
require estimation of the gas mass fraction of the magma. Within
the range of vent radii expected at Aluto (10-100 m), this
parameterization of H is broadly consistent with the PlumeRise-
based methodology that we employ in this work, and so is a
viable alternative (see Supplementary Material). If the turbulent
fountain-based methodology is used, a Monte Carlo approach
can be used to produce a PDF of Hj, based on the expected
distribution of vent radii only. For importance sampling, this
Hy PDF can be used identically to that derived from the
PlumeRise-based methodology.

4.3. Parameterizing PDC Mobility

In the energy cone model, PDC mobility is empirically defined
from the dH/I ratio, where dH is the measured vertical height
drop of the PDC (H, minus the measured altitude of the PDC
deposit toe), and [ is the PDC horizontal run out (measured
horizontally from the vent to the most distal reach of the deposit)
(Malin and Sheridan, 1982). The mobility of the PDC, or angle of
the energy line (¢) is then (Equation 4):

¢ = tan”! dTH (4)

In our Monte Carlo energy cone model, ¢ is iteratively sampled
from a uniform distribution, and combined with a sampled Hy.
Later, importance sampling can be used to adapt this sample
to the expected distribution of ¢ and Hy in nature. The model
is therefore contingent on a realistic distribution of ¢. Ideally,
this would be measured at the volcano in question, but at
many volcanoes, including Aluto, such data are very hard to
obtain, and/or has not been collected yet. We utilize the FlowDat
database (Ogburn, 2012) of PDC data, which includes published
dH and [ values for a large number of PDCs world wide. As
the values in the FlowDat dataset are sourced from numerous
workers, the ways in which dH and [ are measured in the
field vary; from observed eruption column collapse and deposit
measurement, to approximating dH as the difference between H,
and the altitude of the PDC deposit toe (thus ignoring Hy, and
overestimating ¢). Because of this, values within the FlowDat
dataset are each known to greater or lesser degrees of confidence
and precision. This is an additional source of uncertainty, which
remains unaccounted for in our assessment. Nonetheless, it has
been previously observed (Pablo Tierz, unpublished data) that
the impact of Hp uncertainty on the estimates of ¢ values
in the FlowDat database is small. We filter the FlowDat data
set, excluding PDCs not representative of Aluto, so that those
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FIGURE 7 | The truncated Gaussian “target” PDF (gray) showing the expected
distribution of PDC mobilities (¢) at Aluto in nature. The uniform PDF (blue) was
used to sample the ¢ parameter during energy cone simulation. In importance
sampling, the target PDF was used to weight the simulation outputs.

remaining only include those from column collapse events, and
also excluding those produced during caldera forming eruptions
or by lateral blasts. Details of the analog data used can be found
in the Supplementary Materials. This provides 59 values of ¢
to which we fit a truncated Gaussian distribution (u = 15.18,
o = 6.3, lower limit = 2, upper limit = 30) (Figure7), in
accordance with the observed Gaussian distribution of PDC
mobilities (Sheridan and Macias, 1995; Tierz et al., 2016a,b).
The Gaussian PDF is truncated to avoid extreme and physically
inconsistent mobilities (including zero and negative values) that
would otherwise be sampled in the upper and lower tails of
a standard Gaussian distribution (Tierz et al., 2016a,b). The
locations of the truncation points are the closest integers to
the highest and lowest values of ¢ in the filtered FlowDat
dataset. This truncated Gaussian PDF is used for the importance
sampling later, but a uniform PDF between 2 and 30 degrees is
used for initially sampling the parameter pairs for simulation.

5. COMPUTING PROBABILITIES OF PDC
INUNDATION

5.1. Energy Cone Modeling

The energy cone model was iterated across the regular grid
of 1,221 potential vents, with 10,000 PDC simulations at each
vent; each time sampling the same list of input parameter
pairs (Hp and ¢). Hy and ¢ pairs were randomly sampled
from uniform distributions entirely independent from one
another, and so we implicitly assume that these parameters are
independent. We justify this as there is no clear relationship
between collapse height and mobility in the FlowDat dataset
(Tierz et al, 2016a). Ten thousand simulations is generally

considered to be statistically representative (e.g., Tierz et al.,
2016a,b; Sandri et al., 2018), and provides a precision of 0.01,
or 1% (precision = ﬁ, where n is the number of iterations).
The energy cone analysis was conducted using a modified version
of the Matlab script developed for Somma-Vesuvius and Campi
Flegrei (Tierz et al., 2016a,b), and a 30 m resolution DTM re-
sampled from Hutchison et al. (2014). Each simulation produces
a footprint over a grid of 30 m cells, where each inundated cell
is given a value of “1,” and cells which were not inundated are
given a value of “0.” Though individually each simulation is
computationally light, the computational expense of the 12x10°
necessary energy cone simulations is still high. However, as
each simulation is independent, the task can be readily divided
across a computing cluster, minimizing the total run time. The
analysis was conducted on the EDDIE cluster at the University of
Edinburgh Compute and Data Facility, producing 10,000 PDC
inundation footprints from each potential vent. Collectively,
the results represent uniformly distributed input parameters of
vent location, collapse height, and mobility across the range of
expected values for each.

5.2. Importance Sampling

In the next phase of the assessment, each grid of results from
an energy cone simulation is multiplied by a “weight factor,
in a process known as “importance sampling”; placing greater
importance on the results of simulations we consider more likely,
and less importance on those we consider less likely. Once this
is done, the weighted results of all simulations are summed. Grid
cells with the highest values are those which are the most prone to
inundation by the type and source location of PDCs we expect to
see at Aluto. This value is the conditional inundation probability
[P(PDCl|eruption)]; our PVHA.

Firstly, the importance, or “weight factor” (W), associated
with the Hy and ¢ used for each simulation (k) must be calculated
(Equation 5). This is done by taking the product of the probability
of Hy and ¢ from their expected, or “target,” PDFs calculated
earlier [f(Hy) and f(¢)]. This is then divided by the product of
the sampled probabilities of H, and ¢, taken from the uniform
PDFs [g(Hy) and g(¢x)]. A graphical representation of this
process, with a worked example, is provided in Figure 8. The
weight associated with each simulation parameter pair is shown
in Figure 9.

L) xS
g(Hy) x g(r)
The probability of PDC inundation in grid cell j, given an

eruption of vent i [P(PDCj|vent;)], can then be calculated as
Equation (6):

(5)

N
P(PDC;j|vent;) = - x Z(Wk X Sk) (6)
k=1

Nl

where S is the total number of simulations from vent i (in this
case, 10,000), k is the identity of each simulation, and s is a binary
1 or 0 within each grid cell noting inundation vs. no inundation.
Effectively, this counts the proportion of weighted simulations in
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FIGURE 8 | Graphical explanation of the methodology to calculate the weight factor (W) for simulation k. The values for the probability of the collapse height (H,), and
PDC mobility (¢), from the target (f) and uniform (g) probability density functions (PDFs) are evaluated at the value of ¢ and H, used in simulation k. Wj can then be
calculated by Equation (5). In this example, Wy = 0.641, meaning that grid cells in the output of this simulation will be multiplied by 0.641, lowering their relative
importance.
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1 Supplementary Material). The 0.01 (1%) probability contour
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FIGURE 9 | Weighting factors associated with each of the 10,000 collapse and the W and NW (between Abule and Sedecha). The caldera
height-mobility parameter pairs for energy cone simulations at Aluto. Uniformly floor has the highest probability of PDC inundation with a
distributed parameter pairs are simulated in the energy cone model at each . s oot . 0 .
. oo , , . maximum conditional probability just exceeding 0.12 (12%). This
vent, and then the desired weighting can be applied retrospectively. This allows R . L K
updated collapse height and mobility distributions to be included in future maximum probability is in the eastern region of the caldera
PVHASs without having to re-run the time consuming energy cone model. floor, which happens to be the location of the geothermal power

which a PDC inundated cell j from vent i. The final step is to also
consider the probability of the PDCs being sourced from each
vent; this gives the probability of inundation in grid cell j given
an eruption [P(PDC;)], by Equation (7).

N
P(PDC)) = Y _ P(PDCj|vent;) x P(vent;)
i=1

@)

where P(vent;) is the probability of vent i being the source of
the next eruption; calculated in Equation (1). Equation (7) is
applied to every grid cell, producing a map of P(PDCleruption).
Importance sampling was conducted using Python, and a fully

station. Despite being the most probable location of the next vent
(Figure 4), the highest topography on the volcano (just beyond
the southern edge of the caldera floor) represents the lowest
probability of PDC inundation on the edifice.

7. DISCUSSION
7.1. PDC Hazard Around Aluto

The map presented in Figure 10 indicates the areas that are most
likely to be inundated during the next pumice cone eruption
at Aluto volcano. The highest probabilities are in low lying
regions close to, and on, the edifice. The wide area of possible
vent locations around Aluto means that the probability of PDC
inundation is spread broadly around the edifice. This means that
a wider region may potentially be affected by any given PDC,
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FIGURE 10 | Result of the energy cone modeling showing the conditional probability of PDC inundation around Aluto given an eruption P(PDC|eruption). Probability is
provided at a 30 m resolution and has a precision of 0.01 (1%). Apart from the bounding 0.01 (1%) contour, contours of probability are in increments of 0.02 (2%).
Settlements names and locations are sourced from the Ethiopian mapping agency. Roads are sourced from OpenStreetMap. High resolution (2 m) LIDAR DTM of
Aluto is from Hutchison et al. (2014). Lower resolution (1 arc second) STRM DTM of surrounding regions is from NASA (2014).

but that probability of inundation is more homogeneous across ~ Sandri et al., 2018), although the computed probability map of
the hazard domain. This “dissipating effect” has been observed at ~ PDC inundation may still strongly depend on the vent-opening
other caldera systems (e.g., Campi Flegrei, Italy; Neri et al,, 2015;  model used (e.g., Long Valley caldera, USA; Rutarindwa et al.,
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2019). By Comparison, at “central-vent” volcanoes, conditional
(or even absolute temporal) PDC inundation probabilities
approach 1 close to the vent [e.g., Somma-Vesuvius, Italy; (Tierz
et al., 2016a,b); Soufriere Hills, Montserrat; (Dalbey, 2009)]. In
any case, Aluto is more geomorphologically complex than the
two cases just illustrated; with many connected prominences, a
central caldera depression, and a diversity of eruptive centers.
This means that topographically high regions on the edifice
itself, despite being the most probable source location of PDCs,
are amongst the least likely to be inundated. This is because
their high elevation renders them accessible only to PDCs that
originate locally, as opposed to basins around the volcano which
are susceptible to inundation by PDCs from a far wider range
of potential vents. The caldera is therefore the most likely
region to be inundated, as it represents a basin surrounded
on all sides by regions with a high vent opening probability.
This result is particularly relevant from a risk perspective, as
the caldera hosts a school, small settlements, and a geothermal
power station. Away from the volcano, flat lying plains to
the NE, S, and W provide little impedance to PDCs, whereas
topographically complex regions to the E provide barriers that
shelter regions comparatively closer to the edifice. It is also
important to consider that the maximum area inundated during
simulations also strongly depends on the choice of widest vent
radius and minimum gas mass fraction (thus tallest Hy), and the
most mobile PDC (smallest ¢); so that the results are a direct
consequence of decisions made in the model parameterization.

Despite Ziway’s (the main town in the region) proximity to
a region of high vent opening probability (the hills between
Sedecha and Dodicha), the conditional probability of PDC
inundation given an eruption there is relatively low. This is
because Ziway sits on the NW edge of the hazard domain, and
so is only susceptible to inundation by locally generated PDCs;
mostly those from the Sedecha-Dodicha hills, which represent a
small subset of those simulated in the entire analysis. However,
if the vent opening probability was conditioned so that the vent
opened in the region of these hills, the probability of PDC
inundation in Ziway would be higher. With the results of the
Monte carlo energy cone model at Aluto, it is possible to conduct
the importance sampling such that particular scenarios (such
as an eruption from somewhere in the region of the Sedicha-
Dodicha hills) can be assessed. These scenarios could be useful
during a volcanic crisis, where monitoring information (seismic
swarms, ground deformation etc.) may indicate the probable
location of the vent (e.g., Sandri et al., 2012; Sigmundsson et al.,
2015).

7.2. The Use of Field Data to Parameterize
Energy Cone Models

To generate a robust PVHA, the model parameterization must
reflect the range and distribution of processes that occur at the
particular volcano in question (e.g., Connor et al., 2001; Newhall
and Hoblitt, 2002; Marzocchi et al., 2004; Bebbington, 2014). This
presents a significant challenge for volcanoes which are poorly
studied, or behave in a manner distinct to other volcanoes. As far
as the authors are aware, this work represents the first PVHA for

PDCs atany African volcano, and is certainly the first for pumice-
cone style eruptions globally. For any volcano, it is essential to
understand the behavior of the system in order to tailor the
methodology for PVHA to (1) minimize epistemic uncertainty;
gaining the most precise picture possible; and (2) to evaluate
aleatory uncertainty, to present a result that reflects an inherently
uncertain volcanic system. This understanding is gained through
field, laboratory and remote sensing investigations (e.g., Tierz,
2020). In the case of this work, such investigations played a
central role, they:

1. Indicated that pumice cone eruptions frequently generate
PDCs, and suggested that they were generated by a column
collapse mechanism.

2. Showed that at Aluto pumice cone eruptions occur in distinct
locations, and that individual vents tend only to be active
during one eruption. Which was essential information to
quantify the vent-opening probability.

3. Provided evidence to quantify the mass flux, gas mass fraction
and vent radius just prior to column collapse, and in turn
estimate the height of the gas thrust region (therefore the
collapse height of PDCs) (Clarke, 2020).

4. Provided criteria for filtering the FlowDat PDC dataset.

However, there are problems inherent in the use of such data.
The first is that they only represent events that have occurred
in the past, and so do not necessarily represent the range of
events that could occur in the future (e.g., Marzocchi et al., 2012).
In order to consider such eventualities, it may be appropriate
to extend model parameter distributions. At Aluto, we did
this for the vent radius, extending beyond the measured range
taking a precautionary, or conservative, approach to consider the
possibility of more intense events in the future.

Characterizing a particular eruption style for a volcano is
also problematic, as volcanoes often change their behavior over
time, and current activity unavoidably represents a “snap-shot”
in the geological history of the volcano. Aluto, for example, first
existed as a trachytic shield volcano, dominated by trachyte lava
flows and tuffs (Hutchison et al., 2016¢). Later it generated a
caldera during one or two large-magnitude eruptions generating
ignimbrite sheets (Hutchison et al., 2016c). Most recently,
eruptions are dominated by the relatively modest magnitude
peralkaline rhyolite pumice cones modeled here (Fontijn et al,,
2018; Clarke et al., 2019; Clarke, 2020). We assume that the most
recent pumice cone eruptions at Aluto are the most likely to be
representative of the next eruption at Aluto, and so our PVHA
does not consider the possibility of a different eruption style. Such
caveats need to be clearly communicated to ensure that decisions
made upon the PVHA are well informed.

Sampling issues must also be considered when using field
data. The field investigations of pumice cones at Aluto focused
on 9 pumice cone eruptions, out of 96 vents visible at the
surface, and doubtless many more buried vents (Clarke, 2020).
It is therefore important to question how much confidence
should be placed on eruption scenarios based on these data.
Field investigations are also limited by both exposure and
preservation. Small events, or events that produce deposits which
are more susceptible to erosion, for example, are likely to be
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under-represented in the geological record (e.g., Brown et al.,
2014; McNamara et al., 2018). It is therefore possible that the
larger, perhaps more hazardous, events are over represented in
the energy cone models. The fact that new deposits cover older
ones also presents a bias in the data set, where more recent
events are the most likely to be exposed and therefore excessively
influence the conceptual model of eruptions. However, if
we assume stationarity of post-caldera volcanism (ie., future
eruptions will behave similarly to the post-caldera eruptions that
were investigated), this bias is not necessarily problematic, and
is implicit in the stationarity assumption. These issues are not
unique to Aluto, and are important caveats to PVHA. Because of
these limitations, careful and transparent extrapolation from the
existing data set is required. Without extrapolation, there is a risk
that the modeled parameter range is insufficient to truly reflect
the natural variability. However, excessive extrapolation risks
an overly-cautious and pessimistic PVHA, which might unduly
influence decision making. Ultimately, decisions surrounding
extrapolation are subjective, and so it is essential that a PVHA
clearly and transparently communicates the scope, limitations
and caveats of the assessment.

7.3. Scope, Limitations, and Caveats of Our

Assessment

1. The PVHA presented here provides a conditional probability
of PDC inundation around Aluto during its next eruption,
assuming that the next eruption is similar to previous dry (not
phreatomagmatic) post caldera eruptions at Aluto.

2. The intensity of eruptions (mass eruption rate: ultimately
relating to Hp; Clarke, 2020) modeled here exceeds the
range of intensities based purely on measured vent radii and
assumed water contents of the magma. To be cautious, we
assume potential vent radii (<100 m) are capable of reaching
roughly twice the largest measured vent radii. This increases
the top-end of Hy to reflect the potential for more intense
eruptions in the future.

3. The energy cone model does not consider eruption magnitude
(total erupted mass), or the volume of any resulting PDCs.
PDC volume is positively correlated to mobility (e.g., Hayashi
and Self, 1992; Ogburn, 2012), and so volume remains
an uncontrolled variable that may influence ¢ at Aluto.
Considering the relatively low magnitudes of post-caldera
eruptions at Aluto in the past (Fontijn et al., 2018; Clarke
etal., 2019; Clarke, 2020), it is possible that some of the higher
mobilities sampled here exceed those likely to occur naturally
at Aluto.

4. The energy cone model does not consider PDC
channelization, and so an increase in effective mobility
within drainages is not considered.

5. The energy cone model assumes a radial PDC footprint
around the vent, this can be unrealistic for PDCs with a strong
directionality (e.g., Charbonnier and Gertisser, 2012; Tierz
et al,, 2016a,b; Ogburn and Calder, 2017). However, it does
provide a cautious estimation of areas that could be inundated
by a given PDC. It is also important to note that directionality
of PDCs can be related to transient controlling mechanisms

(Wolpert et al., 2018), and so assuming a radial footprint
removes this bias (though admittedly does not address the
uncertainty in directionality).

6. The PDC inundation footprint from the energy cone model is
contingent on an accurate digital terrain model, even though
it has been shown that uncertainty linked to DTM resolution
is the lowest contribution to total epistemic uncertainty
at other volcanoes (Somma-Vesuvius; Tierz et al., 2016b).
However, terrain changes over time, particularly in dynamic
volcanic-tectonic systems. For example, the generation of
fault scarps, volcanic edifice collapses, or channel/basin-filling
during eruptions may all influence the final PDC inundation
footprint. Such potential changes are not considered in this
assessment. The DTM acquisition dates are 2014 on the
edifice, and for the wider region (Hutchison et al., 2014, NASA
STRM, 2014).

7. The behavior of PDCs when they enter water is complex, and
poorly understood (e.g., Branney and Kokelaar, 2002; Dufek
et al.,, 2009; Sulpizio et al., 2014). The energy cone model does
not consider the influence of the substrate on flow mobility,
and therefore the footprint over water is highly uncertain
(Sandri et al., 2018). For this reason, the PDC inundation
probability map is clipped to exclude Lake Ziway in the north,
and Lake Langano in the south.

8. As the understanding of Aluto’s physical volcanology is in its
early stages, and there has not been an observed eruption of
the volcano, this model relies heavily on proxy and modeled
data. This situation is quite common for many volcanoes
around the world (e.g., Loughlin et al., 2015), but obviously
introduces epistemic uncertainty into the PVHA results (e.g.,
Marzocchi et al., 2004). This epistemic uncertainty can be
in part reduced using the recently developed VOLCANS
methodology to more objectively select the most appropriate
volcano analogs based on relatively first-order characteristics
of the target volcano (Tierz et al., 2019).

8. CONCLUSIONS

By informing a Monte Carlo energy cone model with field
constraints, volcanic plume modeling and global proxy data sets,
we have developed the first PVHA for a pumice cone volcano. We
find that at Aluto volcano (Ethiopia), the wide spread of potential
vent locations means that despite the modest eruption columns
that are likely to occur during pumice cone eruptions (Fontijn
et al., 2018; McNamara et al.,, 2018; Clarke et al., 2019; Clarke,
2020), there is a wide area with a probability of PDC inundation
equal or >5%, in the event of a pumice cone eruption. Given
the aleatory uncertainty in vent opening, the probabilities tend to
be more homogeneous and lower than those typically computed
at “central-vent” stratovolcanoes (e.g., Bayarri et al., 2009; Tierz
et al,, 2016a,b, 2018). The highest conditional probability of
PDC inundation is 12% within the caldera floor. Other relatively
hazardous regions are the western and the south eastern flanks.
This probability decays to 1% at around 5 km from the break in
slope surrounding the edifice. This area encompasses numerous
settlements, and the highest risk region, the caldera floor, hosts
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a school and geothermal infrastructure. Though the Monte Carlo
energy cone modeling method comes with important caveats, this
work now provides a robust background on which further PVHA
(for PDCs and other volcanic hazards) at Aluto volcano can be
developed. The work also provides a transferable methodology
which could be applied to quantify PDC hazards at other caldera
systems worldwide; particularly at peralkaline caldera systems,
where volcanism is often dominated by pumice cone eruptions.
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Lahars impose significant secondary hazards on highly populated volcanic islands by
remobilizing volcanic ash deposits. Karthala, on Grande Comore Island, is a relatively
young and poorly eroded basaltic shield volcano with sporadic occurrence of ash-
forming phreatic eruptions. In 2005, two mildly explosive episodes emplaced tephra
blankets on the summit area. Heavy precipitation subsequently triggered the repetitive
occurrence of small-volume secondary lahars up to 2012. These lahars damaged roads
and hundreds of houses, affecting thousands of inhabitants at the foot of Karthala
volcano, but were poorly documented at the time of their occurrence. Their future hazard
remains unclear as well. This study aims at gaining insights into the main characteristics
of these lahars, as well as testing and comparing the effectiveness of two numerical
tools to simulate the extent of these small-volume lahars. To understand the physical
characteristics of the lahars, we first documented the spatial extent and characteristics
of the debris deposits at the foot of Karthala volcano and in the ravines that guided
the flows. Our observations suggest that the debris were emplaced by small-scale
(volumes < 10° mS3), rain-triggered and predominantly low sediment concentration
lahars. The spatial extent of the deposits served to calibrate and compare numerical
lahar simulations from the widely used volume-limited LaharZ model with simulations
from Q-LavHA, a probabilistic flow model originally developed for lava flows. Q-LavHA
mitigates some limitations of LaharZ, such as its ability to simulate flow bifurcations and
the transition from constrained to unconstrained flow but comparison demonstrates that
Q-LavHA typically yielded lower simulation accuracies compared to LaharZ simulations.
The obtained accuracy values represent a rather poor performance for both models
compared to existing studies on larger-volume lahars on stratovolcanoes, and are
inferred to result mostly from difficulties in delineating lahar flow paths on the smooth,
poorly eroded topography of the volcanic edifice. We therefore also evaluated the
potential to increase simulation accuracy by updating a 10 m resolution Digital Elevation
Model (DEM) with channel topography measurements. By using such updated DEMSs,
the correctly delineated area improved for both models. This approach, however, did
not prevent simulations to sometimes miss the hazard-prone position of settlements
which were actually affected by the hazard in the past. Our study shows the limitations
of numerical volcanic flow simulation strategies on young and poorly eroded volcanic
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edifices, such as active basaltic shields. The results indicate that accurate topographic
representations and detailed documentation of spatial extent of the impacted area and
lahar deposit thickness are needed to produce accurate lahar simulations, as well as the
further adaptation of existing numerical simulation tools to better suit these particular

environmental settings.

Keywords: volcano-hydrologic hazards, small-scale lahars, field observation, LaharZ, Q-LavHA, tropical Africa,

Digital Elevation Model, Comoros

INTRODUCTION

Lahars are sudden and highly mobile mixtures of water, sediment
and rock debris originating from volcano slopes (Smith and
Lowe, 1991). Since lahars are fundamentally unsteady flows and
experience temporal and spatial transformation while flowing
downstream (Pierson and Scott, 1985), the term has commonly
a genetic connotation rather than referring to a particular flow
behavior or sediment concentration (Vallance, 2005; Manville
et al., 2009; Vallance and Iverson, 2015). Lahars are defined as
primary when syn-eruptive and secondary when occurring after
the volcanic activity. Secondary lahars can notably be triggered
by heavy precipitation events. They represent a significant and
persistent volcanic hazard, capable of impacting downstream
infrastructures and settlements years to decades after an eruption
(Vallance, 2005; Mothes and Vallance, 2015; Jones et al., 2017).
A critical requirement for the formation of a lahar is the
availability of erodible material in the rainwater accumulation
zone or along the flow path, allowing an increase of both
the initial lahar volume and a multiplication of the discharge
by several times while flowing downstream (Scott et al., 2005;
Doyle et al.,, 2011; Vallance and Iverson, 2015). This volume
increase process is known as bulking and can lead to intensive
channel and bank erosion upstream and incremental infilling of
channels downstream of break-in-slope. By reducing the channel
conveyance capacity, the infilling can induce overflows during,
but also after the event(s) if no action is undertaken to improve
the channel conveyance capacity (Pierson, 2005).

Lahars are major volcanic hazards, particularly in tropical
and warm temperate volcanic regions where high-intensity
rainstorms are common (Mothes and Vallance, 2015). The
reduction of the risks related to lahar hazards and the
determination of proper mitigation measures require delimiting
potential lahar runout and extent as well as understanding the
triggering factors (Rodolfo, 2000; Huggel et al., 2008; Darnell
et al., 2012). Delineation of lahar hazard zones has traditionally
been based on field identification of the inundation limit and the
review of past records (Scott, 1988; Lavigne et al., 2000; Perrotta
et al., 2006), but now computer models are used as part of lahar
hazard assessment to overcome the absence of, or complement
historic and geologic records of past lahars (e.g., Canuti et al.,
2002; Macias et al., 2008; Darnell et al., 2012; Pistolesi et al., 2014;
Castruccio and Clavero, 2015). These models commonly fall
into different categories, ranging from empirical models lacking
explicit flow physics (e.g., MSE, Huggel et al, 2003; LaharZ,
Iverson et al., 1998) to complex models based on computational
fluid dynamics (e.g., FLO-2D, O’Brien et al., 2007 or Titan2D,

Pitman and Le, 2005; Manville et al., 2012; Mead et al., 2016;
Cérdoba et al., 2018).

Accurate numerical simulation of topography-driven mass
flows requires adequate representation of topography (e.g.,
Wechsler, 2007; Huggel et al., 2008; Boreggio et al., 2018).
However, virtual representations of the topography in a
Digital Elevation Model (DEM) are not exempt of errors and
uncertainties, for example associated to data acquisition method,
local environmental condition, spatial resolution or simply time
since their acquisition. Those uncertainties can propagate into
the output of volcanic flow simulations, reducing overall model
accuracies (Stevens et al., 2003; Hubbard et al., 2007; Darnell
et al., 2010; Deng et al,, 2019). To increase the performance of
flow models, some authors use enhanced versions of the original
DEM in which field measurements of the channel morphology
are implemented (Mufioz-Salinas et al., 2008, 2009; Darnell et al.,
2012; Deng et al., 2019). Such updates to a DEM commonly
allow for more realistic simulations and extraction of topographic
information, but were mainly tested on steep stratovolcanoes
with deeply incised ravines (Mufioz-Salinas et al., 2008, 2009;
Darnell et al., 2012; Deng et al., 2019).

This work focuses on a series of lahars which affected Grande
Comore Island for nearly a decade after the occurrence of
two mildly explosive eruptive phases of Karthala volcano in
2005. These flows affected thousands of inhabitants living in
settlements situated at the foot of Karthala, becoming one of the
main hazards linked to the volcano (IFRC, 2013; Morin et al.,
2016). Despite the relatively extensive impact of these lahars,
only the impact of these flows on the surrounding population
was investigated (Morin et al., 2009, 2016; Morin, 2012), the
characteristics of the lahars, as well as the future hazard they
represent remaining largely overlooked. Hence, we first describe
the physical characteristics and map the spatial extent of the
debris deposited by the flows that affected Grande Comore Island.
While the repetitive occurrence of these lahars over populated
terrain favored important impacts, these events were relatively
small-scale compared to the ones commonly occurring on
stratovolcanoes (e.g., Vallance, 2005; Mothes and Vallance, 2015).
The smooth surface topography of the basaltic shield volcano
contributes to further challenge the numerical simulation of
the lahar inundation susceptibility, because the narrow ravines
that guided the flows are poorly incised in the surroundings
and barely represented in the existing digital topographic data.
Therefore, we aimed at testing the ability of a recent probabilistic
flow model (Q-LavHA; Mossoux et al., 2016) to reproduce these
lahars numerically, compared to a standard volume-limited lahar
model (LaharZ; Iverson et al., 1998; Schilling, 2014). The mapped
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lahar deposits served to calibrate and compare numerical lahar
simulations through the use of fitness indices. Uncertainties in
the original DEM associated with the limited erosion of the
volcanic edifice yielded to an unclear modeled drainage pattern,
and ultimately introduced important errors in the estimation
of the lahar-prone areas. Therefore, we also evaluated the
simulation accuracy by updating the digital topography with
ravine geometries measured in the field.

STUDY AREA: KARTHALA VOLCANO,
GRANDE COMORE

Grande Comore Island or Ngazidja is part of the Comoros
archipelago, located in the northern part of the Mozambique
Channel, between East-Africa and Madagascar (Figure 1). The
archipelago is under the influence of a tropical humid climate
composed of two seasons: a hot and wet season from October to
April during which most of the lahars occurred, and a relatively
cool and dry season from May to September. The highest
precipitations on a yearly basis, 6000-9000 mm, occur close to
the summit of Karthala volcano, compared to 2700 mm per year
on average at sea level (Morin, 2012). Despite the high amounts of

rainfall, the runoff experienced on the island is generally limited
to an estimated 5% of rainfall annually. This is due to important
infiltration in the permeable lava and scoria that make up the
bulk of the volcano (Bourhane et al., 2016) and the dense tropical
vegetation cover on the flanks of the volcano. As a result, there is
no permanent river on the island.

Karthala volcano (11.75°S, 43.35°E; 2361 m a.s.l.) forms the
southern two-thirds of Grande Comore Island (Figure 1). It is
a typical, relatively young (formations of the western flank date
0.1 £ 0.1 Ma) basaltic shield volcano constructed primarily by
successive lava flows and therefore erosion is limited (Bachelery
and Coudray, 1993). Karthala’s eruptive style is primarily effusive,
but sporadic ash-forming phreatic eruptions also occurred from
the summit crater at times when a permanent crater lake was
present (Bachelery et al., 2016). Two, mildly explosive, eruptions
occurred in 2005 and each emplaced more than 50 x 10° m? of
loose volcanic material on Grande Comore Island (Morin et al.,
2009). Centimeter-deep tephra fall deposits have affected between
two-thirds (April 2005) and half (November-December 2005)
of the island, with meter-deep deposits being measured at the
summit of Karthala volcano (Smietana et al., 2007; Morin et al.,
2009). Following these eruptions and until 2012, the recurrent
formation of lahars from the summit area of the volcano was
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observed. These lahars were guided alongside the flanks of the
volcanic edifice by small-scale ravines. The decrease in slope
gradient and loss of confinement at the foot of the volcano
favored overflow and the emplacement of large quantities of
sediments within the narrow coastal zone. The majority of the
events were documented on the western flank of the volcano.
This zone coincides with the most densely populated area on
the island, that for a large part concentrates over the coastal
zone at the foot of the western flank of Karthala (Mossoux
et al., 2018, 2019). At present, the central summit crater holds
no permanent lake.

MATERIALS AND METHODS

Survey of Lahar Deposits

A field survey of the lahar deposits was completed in September
2015 to assess the nature of lahars on Karthala volcano. We
delineated the extent of the deposits in the area downstream of
the break-in-slope (i.e., the aggradation area within the coastal
zones, Figure 1) by using participative mapping with local
communities and extensive field survey. The impacts of the
different lahars in each village were discussed with inhabitants
and the affected area was collectively delineated on printed
satellite views (Google Earth images from 2012). In addition,
areas affected by lahars in the villages and their surroundings
were visited with local inhabitants. A systematic characterization
of deposit thickness and granulometry could not be obtained any
longer due to erosion and commercial excavation during the lag

time between the event occurrence and the field observations.
Instead, a general picture of the characteristics of the deposits
(e.g., overall grain size, sorting, thickness, etc.) at different sites
over the aggradation area was obtained in man-made trenches
where lahar deposits are commercially excavated. The lahar
deposits were mapped in September 2015 and therefore integrate
material from several events. Yet, they best represent the 2012
lahars which were the last and largest-scale events.

Update of the DEM With Field

Measurements of Ravine Morphology

Many of our preliminary lahar simulations at Karthala volcano
poorly simulated the hazard-prone position of infrastructures
and settlements actually affected by lahar events (see “Results”
section). Adequate representation of the topography in a DEM
being a fundamental parameter for numerical simulation of
mass flows such as lahars (Wechsler, 2007; Huggel et al., 2008;
Darnell et al., 2010), we suspected that poor simulation results
were caused by lack of representation of small-scale ravines in
the DEM. Those ravines guiding the flows over the otherwise
smooth topography of the flanks of Karthala, their inaccurate
representation resulted in errors in flow path calculations. In an
effort to increase simulation accuracies, we updated the available
high-resolution DEM [a 10 m TanDEM-X (from 2011 TDX
images)] by using field measurements of ravine morphology
(Figure 2). This DEM was produced by EADS-ASTRIUM with
expected absolute horizontal and vertical accuracies < 10 m and
relative vertical accuracies < 4 m (Wessel, 2018).
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The method used for the survey of ravine morphologies was
adapted from Muifoz-Salinas et al. (2008) and Maerker et al.
(2015). It aimed at a rapid and accurate survey of many ravines
in a limited amount of time. For each ravine, we recorded
the position (x-, y- coordinates) of the thalwegs using a hand-
held GPS device with a 2-5 m precision. Measurements of the
channel geometry (width and depth) were collected using a
measuring tape each time a change in the morphology of the
ravine’s cross-section was encountered. Not all ravines located
on the flanks of Karthala were surveyed and none on its
entire length due to access difficulties (e.g., dense vegetation,
high cliffs, steep slopes, etc.). A priority was given to ravines
which are most important by their size, the quantity of material
transported to the coastal area and/or by their probability to
affect a village.

The collected information concerning ravine geometry then
served as basis to update the DEM, adapting the methods
developed by Munoz-Salinas et al. (2008). To limit the
overall complexity of implementing a very large number of
different channel cross-sections, we first grouped all different
ravine segments into 20 groups (later called representative
segments) based on their observed channel geometry (width
and depth; Supplementary Figure 1). For segments where
no field measurements could be collected (about 50% of the
combined ravine length on Karthala western flank), the position
of the thalweg was deduced from high-resolution Pléiades images
(2013) and the channel characteristics were assigned based on
known segments having similar elevation, distance from summit
and/or slope characteristics.

The implementation of the ravine channel in the DEM was
started by creating points along the thalweg (i.e., the middle
of the ravine channel) at 2 m intervals (Figure 2). At the
position of each of these points, we schematically drew a ravine
channel cross-section (perpendicular to the thalweg line) by
defining four points representing the top and the bottom of
each stream bank (see Mufioz-Salinas et al,, 2008; Figure 2).
Both width and depth of the cross-sections were defined based
on the values of the representative segment derived from field
observations. The elevation of the top the streambanks is simply
determined from the original elevation at this location (derived
from the DEM). The elevation of the bottom of the streambanks
corresponds to the depth of the ravine, therefore subtracted
from the original elevation at this location (Figure 2). To allow
the implementation of these 4 points representing the cross-
section along the ravines, the TDX DEM was fully converted
into a point feature, where we replaced the points located
in the ravine with these newly created cross section points.
Because the 10 m resolution of the DEM is not adequate
to represent the small ravine dimensions, the initial elevation
points were resampled to 5 m resolution using a bilinear
interpolation resampling technique in a GIS environment. The
final DEM was then interpolated using the ANUDEM method
developed by Hutchinson (1989) and Hutchinson et al. (2011).
The result is a raster DEM at 5 m resolution where the ravine
channels, previously imperceptible to both the eye and flow
models, are now present in the DEM representation of the
surface topography.

Models for Lahar Flow Simulations

Two simple models were used to reproduce the lahars
documented on the flanks of Karthala volcano. Both models
are topography driven and do not require the input of
hydraulic parameters.

LaharZ (Iverson et al., 1998; Schilling, 2014) is one of the
most widely applied models for lahar hazard zonation (Manville
et al., 2012; Castruccio and Clavero, 2015). This semi-empirical
model is based on relationships derived from the compilation of
data from ~30 lahars worldwide, which provides a correlation
between the lahar volume V (m?), the channel cross-sectional
area filled by the flow A (m?), and planimetric inundation area
B (m?):

A=cVi (1)

B=KV3 )

where C and K are constants commonly set at 0.05 and 200 for
lahars, respectively (Schilling, 2014). These values may not be
accurate for all environments (Carranza and Castro, 2006), and
some authors (e.g., Worni et al., 2012; Castruccio and Clavero,
2015) have modified those to fit more closely to the characteristics
of the flows studied. Given the relatively small scale of the
lahars generated on Karthala compared to those included in the
dataset of Iverson et al. (1998), we recalibrated the constants
using our estimates for the lahars of Karthala (Table 1) and
data for events of similar scale in the dataset of Iverson et al.
(i.e., lahars with volumes less than or equal to 1.5 x 10°® m3).
From this set combining 16 small-scale lahars, we obtained
values for C and K coeflicients of 0.04 and 100. We evaluated
the potential increase in accuracy provided by the recalibrated
constants by comparing to simulation outputs obtained with
the values commonly used for lahars (C = 0.05 and K = 200;
Schilling, 2014). Simulations were performed for flows with four
volumes ranging from 0.5 x 10° m?® (average estimated volume
from the study of the lahar deposits (section “Description of Flow
Deposits”) to 5 x 10° m, that is ca. 3 times the largest estimated
volume for a lahar at Karthala volcano.

In LaharZ the onset of the inundation area is usually defined
by the intersection of a theoretical cone and the real topography.
This so-called H/L cone is known as the proximal hazard zone
boundary (PHZB). Owing to the convex shape of Karthala’s
volcanic edifice (shield volcano), the automatic location of the
PHZB was found unrealistic. Similar limitations have already
been encountered on other edifices (e.g., Canuti et al., 2002;
Pistolesi et al., 2014). Hence, the location of simulation onsets was
here manually defined based on the reconnaissance fieldwork,
with onsets located between 600 and 800 m a.s.l. on the flank
of Karthala. This position is located directly downslope of the
lowermost flank section steeper than 20° (hereafter called Onset-
L), where ravines are less incised and overflows (i.e., deposition
of material outside the ravine channel) were documented.
This position might best represent the point where the lahars
reached their maximum volume through runoft accumulation
and bulking. To assess the capability of LaharZ to also simulate
propagation of lahars on steep, erosive section of the ravines

Frontiers in Earth Science | www.frontiersin.org

September 2020 | Volume 8 | Article 369


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Dille et al. Modeling Lahars on Karthala Volcano

TABLE 1 | Extent and estimation of volume of lahar deposits mapped in the field in September 2015 for the ravines draining the western flank of Karthala volcano.

Settlements Fine-grained Bouldery deposits Total deposits volume Flow volume estimates
deposits (10° m?) (105 m?) (105 md) for 2012 event (10° m3)

Vouvouni and Mde 11+£15 0.7 £0.07 6+£1.0 8+1.6

Kafouni 52+05 1.3+0.15 3+0.6 5+ 1.0

Selea 6.5+ 0.7 1.56+0.16 4+08 6+1.2

Nioumadzaha 10+1.0 45+05 711 10+ 2.0

Mitsoudje and Salimani 35+04 20+0.2 3+0.6 44+0.8

Bandani 55+06 1.6+02 4+08 5+1.0

Bangoi 2.6+0.3 0.8 +0.08 2+04 3+0.6

Total 44 +£52 12+14 29+53 41+£82

A discrimination between the extent of fine-grained and bouldery deposits is made and total volumes of sediment are provided for each ravine (named by the closest
settlement). Estimates are provided for the deposits mapped in the low-lying coastal area below the break-in-slope at foot of Karthala (see Figure 4). An evaluation of
potential flow volumes for the April 2012 event is provided by considering that 60% of the total volume of sediment documented in the field were emplaced at this date
(coherent with testimonies and field observations). From this estimation of the volume of material transported by the flows, an estimation of the total volume of the lahars

(water and sediments) is provided, assuming the lahars had a mean sediment concentration of 40% of the volume (e.g., Lavigne and Thouret, 2003).

such as performed by Q-LavHA, simulations were also performed
from the summit of the volcano (>2200 m) where the lahars were
initiated (Onset-H).

Q-LavHA is an open-source plugin that combines existing
probabilistic and deterministic models to simulate flow invasion
probability based on a DEM (Mossoux et al., 2016). Although the
complete plugin was initially designed to model lava flows, the
probabilistic approach proposed - because simply constrained by
the steepest slope - is relevant to model any other topographically
controlled gravity-driven mass flow. Its utilization for modeling
lahars is evaluated in this study. With this approach, flow
path simulations are iterated from a predefined source point
to calculate the probability of inundation of every pixel of the
area, with iterations allowing to mimic lateral spread and flow
bifurcations. To define where the flow will propagate, the model
analyses at each step the elevation of the eights surrounding
pixels, allocating to each the following probability to host the flow
(Mossoux et al., 2016):

PZ (Ahi)2

i =8 ., 5 =
> (AR

where Ah; is the difference in altitude between the pixel where the
flow is located (central pixel) and each of the eight surrounding
pixels. The probability of each pixel to be inundated by the flow
is then calculated by computing several random paths by means
of a Monte Carlo algorithm and calculating which proportion
of these paths passes through any given pixel. The use of the
second power increases the probability of the selection of the
steepest flow path and reduces the flow width (Mossoux et al.,
2016). This parameter is certainly important for lahars which are
more constrained by gravity and more confined in the channel
because of their lower overall viscosity with respect to lava flows.
To the elevation of the central pixel, the user may decide to add
two topographic correction factors (H; and Hp) that allow the
flow to overcome small obstacles and split in several branches.
H, is always added to the elevation of the central pixel before
calculating Ah; and represents the average thickness of the flow
(in meters). H,, factor is designed to represent the maximum flow
thickness (in meters). By filling small cavities and allowing to

. 8 3)

N 9 e

overcome small topographical obstacles when H, is not sufficient,
it also influences the degree of lateral spread of the flow. We
tested a conservative range of values for H, (mean flow thickness;
0-4 m) and H, (maximal flow thickness; 0-6 m). These values
seem appropriate in light of the maximum inundation depth
reported by eyewitnesses in the villages affected by the lahars, and
relationships from the literature stating that lahar flow thickness
can be 4-5 times the deposit thickness (Thouret et al., 2020). For
each ravine are defined two simulation onsets: Onset-H located
over the summit of Karthala where the lahars were initiated
(>2200 m a.s.l.) and Onset-L, defined for LaharZ simulations
and located where the lahars reached their maximum volume
through runoff accumulation and bulking (~600-800 m a.s.l.).
While LaharZ simulations are volume limited, in Q-LavHA, the
length of the simulated lahar is simply limited to a maximum
length defined by the user. We here provided input lengths
(~30-120 km) that preliminary tests showed sufficient for the
simulated lahars to reach the coastal area at the foot of the
volcano but that are actually largely exceeding the actual (~10-
14 km) distance between Karthala summit and the coastal area.
Accuracies of simulations using four different runout length
values were compared. The set-up of the Q-LavHA model,
including interdependencies between simulated flow length and
DEM resolution, is described in detail in Mossoux et al. (2016).

Three different DEMs were used in the simulations: the
original TDX 10 m DEM, an original TDX DEM resampled to 5 m
resolution and an updated version of the 5 m resolution DEM that
considers the detailed ravine geometry (see section “Update of
the DEM With Field Measurements of Ravine Morphology”). The
use of these different DEMs allow discrimination of the effect of
resampling and of the implementation of the ravine morphology
on the simulation outputs.

Different inundation scenarios were tested, to allow parameter
calibration and therefore compare the outputs of the most
accurate LaharZ and Q-LavHA simulations. For both models,
we ran a range of simulation scenarios with the different
combination of input parameters that can be tuned in the models
(i.e., C, K coefficients and volumes for LaharZ and H,, H, and
flow length values for Q-LavHA). This was done for simulations
over the three ravines draining the western flank of Karthala
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that experienced the largest documented lahar flows. In addition,
those simulation scenarios were replicated for the two different
simulation onsets (Onset-L and Onset-H) and the three different
DEMs. The accuracy of each simulation scenario is assessed by
use of fitness indices (FI), where the simulated flow is compared
to the spatial extent of the deposits mapped in the field (e.g.,
Favalli et al., 2009; Mossoux et al., 2016). For each ravine, we
selected based on the fitness indices the simulations with the
highest accuracies for comparison with the best simulations from
the other model (best-fit scenario). Detailed fitness indices are
provided for the simulations with the highest accuracy for each
model, ravine, onset and DEM in Supplementary Table 2.

Three different fitness indices are calculated. The true positive
(TP) assesses the fit between the simulated inundation area (Ag;;,)
and the area mapped in the field (Agelq). Also referred to as the
Jaccard similarity coeflicient (Levandowsky and Winter, 1971),
it is calculated by dividing the overlapping area between the
simulated flow and the actual flow by the net total area covered
by the simulated and actual event (Eq. 4).

AgnN A
true positive = A (4)
Agim U Aﬁeld

The false positive (FP) measures overestimation of the actual
inundated area. It therefore represents the fraction of the
simulated inundation area that was not mapped as inundated in
field (Eq. 5).

Asim — (Agim N Aﬁeld)

(5)
Agim U Aﬁeld

false positive =

Finally, the false negative (FN), measures the underestimation
of the actual inundated area, representing the fraction of the
inundation area mapped in the field that is not simulated by the
model (Eq. 6).

Afieid — (Asim N Afela)

(6)
Agim U Aﬁeld

false negative =

The three indices being divided by the total area covered by the
two flows, their sum equals one (see Mossoux et al., 2016). Note
that we consider that high accuracy simulation must both have
high true positive values (area correctly delineated) and very low
false negative values (area underestimated), both indices being
crucial for effective use in risk management (Mossoux et al.,
2016). Since Q-LavHA outputs provide probability-related values
indicating areas more or less likely to be inundated, a probability
value of 0.01% was chosen to classify Q-LavHA simulation pixels
into the same two categories as the binary outputs of LaharZ
(inundated or not inundated) to allow comparison with the latter.
Finally, note that the fitness indices are calculated only over the
area downstream of the concave break-in-slope found at the
foot of the volcano (Figure 1). This allows comparing the two
models despite their different strategies in the positioning of the
simulation onset.

CHARACTERISTICS OF LAHARS

Karthala Ravines
The majority of the ravines on the Karthala edifice have their
origin close to the volcano summit (Figure 1), where important
tephra fall deposits (up to 2 m thick) were emplaced during the
2005 eruptions (Smietana et al., 2007; see Figure 3a). Ravines’
width ranges from 5 to 20 m and depth from 1 to 20 m. These
values vary greatly, both among ravines and within a single ravine
as a function of elevation along the volcano flank. As expected,
while most are narrow and shallow close to the fairly flat Karthala
summit, they deepen with increase in slope gradient. On the
steep flanks, these ravines cross a series of resistant lava flows
separated by weaker layers of scoriaceous rubble, sporadic ash or
soil. We observed many collapsed streambanks probably formed
by undercutting of the weaker layers by intense flows (Figure 3b).
Not all ravines reach the shoreline. Many exhibit significant
reduction in depth or even total disappearance in the low-lying
area after the concave break-in-slope at the foot of Karthala
volcano (Figure 1). There, debris-fans represent most of the
lahar deposits (Figures 3c,d). Most of these debris fans are
occupied by settlements.

Description of the Flow Events

Ash fallouts associated with the two 2005 explosive eruptions
damaged or killed Karthala summit vegetation (depending on
the distance from the summit crater). Locally up to meters-thick,
a fine ash blanket greatly modified the infiltration capacity of
the soil through the formation of an impermeable crust. The
combined effect of poor vegetation and decreased permeability
increased runoff on the upper slopes of Karthala during heavy
precipitation episodes. Surface runoff was able to erode the
surface crust, conveying large quantities of loose volcanic
material from the summit area by converging into the pre-
existing ravines. The first lahars occurred in April 2005 and
were described as relatively cohesive hyperconcentrated flows
composed of 20-60% of fine to very fine ash (Morin, 2012).
Following the limited reestablishment of the vegetation and the
relative depletion of unconsolidated volcanic material over the
summit area, the sediment concentration of the flows tended to
decrease, particularly after 2008 when most of the flows could
be considered as normal streamflow (Morin, 2012). However,
the two largest and most destructive series of lahar events were
experienced in April 2009 and April 2012. This last sequence
was of unprecedented volume and debris content and led to
significant damages over the densely inhabited south-west part of
the island, disrupting the ecology and human activity in the area
for months while destroying kilometers of roads and hundreds of
houses (Direction Générale de la Sécurité Civile [DGSC], 2012;
IFRC, 2013). The complete series of events (2005-2012) is not
known due to the scarcity in archive sources, but at least ten
sequences were documented (Supplementary Table 1).

Rainfall data could aid understanding of the formation
processes of the observed lahar events. The quality of in situ
precipitation measurements available (Agence nationale
de T'Aviation Civile de la Métérologie [ANACM], 2015) is
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events) and the use of the deposits as construction material.

FIGURE 3 | (a) Tephra accumulation zone at the edge of the caldera rim of Karthala (September 2015). The blue arrow represents the outlet of a ravine located on
Karthala” western flank. (b) Example of streambank collapse. Massive lava flow cores (outlined in red) are separated by weaker layers of scoriaceous rubble (yellow
hatching). Once competent lava layers are damaged, the weaker underlying layers are easily undercut. Streambank may then collapse during large water discharge
and produce debris with various sizes (up to 5 m), mainly made up from the more competent lava cores. Erosion processes can also take place in the ravine bed.
Example of (c) boulder-supported and (d) fine-grained lahar deposits found at the foot of Karthala volcano. Notice the proximity of housing (built after the 2012 lahar

l caldera

nevertheless inconsistent for the period of interest (2005-2012).
Considering the quality of new global satellite precipitation
measurements (e.g., Dezfuli et al., 2017; Skofronick-Jackson
et al., 2017), we processed data from version 6 of the Integrated
Multi-satellite Retrievals for Global Precipitation Measurement
(IMERG; Huffman et al., 2019) to retrieve rainfall estimates
(Supplementary Figure 2). We investigated the period 2001-
2018 for two IMERG pixels located over the center and
the western coastal area of Grande Comore Island. These
measurements highlight the exceptional rainfall during the
lahars of April 2009 and 2012. Respectively 145 and 290 mm of
rain were recorded over the center of the island (i.e., Karthala

volcano) on 6 and 7 April 2009. Surprisingly, the lahars were
reported to have occurred on 15 and 16 April (Supplementary
Table 1), nearly 10 days after this major rainfall event but coeval
with a second, lower magnitude rainfall episode (150 mm in 2
days). The complete series of 10-day cumulative rain measured
between 7 and 16 April 2009 shows values that are, by far, ranked
as the highest for the 2001-2018 period. Precipitation was less
concentrated in April 2012, with measured daily maxima up to
70 mm/day over the coastal area, and 50 mm/day over the center
of the island. However, the 10-day cumulative precipitation
series for the coastal area (up to 450 mm) is ranked as the highest
for the period 2001-2018. During the 2012 event, lahars were
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reported to occur between 20 and 25 April. This suggests that
the lahars occurred after 10 days of nearly continuous moderate
to heavy rainfall.

Description of Flow Deposits

Most of the lahar deposits mapped over the two flanks were
observed in the low-lying areas below the concave break-in-slope
found at the foot of the volcano (Figure 4). There, a decrease
in slope gradient and loss of confinement favored incremental
infilling of the ravine channels by repetitive deposition from
sediment-laden flows. The deposits mapped in September 2015
therefore integrate material from the recurrent sequences of
small-scale secondary lahars that followed the 2005 eruptive
phases. Yet, their outline probably best represents the April 2012
sequence, which was the last and largest recorded over the island.
The mapped deposits cover an area of about 4.4 £ 0.5 km? over
the western flank of Karthala (Table 1) and 0.8 & 0.1 km? over
the eastern flank.

As expected, lateral and distal thinning of deposit thicknesses
and diminishing grain sizes are observed with increasing distance
from the break-in-slope. Deposits found near the foot of Karthala
are mostly composed of coarse clasts [angular to rounded
boulders (0.25-2.0 m diameter) and large gravels] and poorly
sorted sediment, sandy (and smaller) sediments being present in

relatively low quantity (estimated < ~30%, Figure 3c). Similar
coarse clasts were found at all altitudes during the survey of
the ravines suggesting that these clasts originate from scouring
and undercutting of the ravine beds and streambanks. In total,
about a quarter (1.2 & 0.2 km?) of the area mapped over the
western flank of Karthala is dominated by such bouldery deposits
(Table 1). Farther downstream, the presence of large clasts
decreases, and an overall more fine-grained matrix composed
of coarse sand, sand and silt, is prevalent. These deposits were
likely emplaced by low-concentration streamflow resulting from
the dilution of hyperconcentrated flows (Lavigne and Thouret,
2003). Layering is observed, sometimes with an important
change in the average clast size suggesting the occurrence of
multiple deposition events. The composition of these sandy
deposits is similar to that found on the summit area of Karthala
and therefore probably represent eroded tephra-fall material
associated to the 2005 eruptions.

From these observations, rough estimates of volcanic material
volumes remobilized by the lahars can be estimated for each
ravine. Assuming a typical thickness of 1 m for the zones
dominated by boulders and 0.5 m for the remainder, debris
volumes range from 3 + 0.6 10° m® to 7 + 1.1 10° m? for each
individual ravine. By summing up, a total remobilized volume of
2.9 + 0.5 10° m? is estimated for all the ravines of the western

Slope (°)
l 0-5
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10-15
15-20
20-25
25-30
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Main ravines
Principal settlements
Urbanized areas
Road network
Break-in-slope

Lahar deposits [all]
Boulder-supported deposits

Moroni
a

WGS 84, UTM Zone 385 310000 E

FIGURE 4 | Extent of lahar deposits on the western flank of Karthala Volcano as mapped in the field in September 2015. The extent of zones characterized by
boulder-supported deposits is highlighted in red. Notice the frequent overlaps between the settlements and the lahar deposits. The background slope map highlights
the position of the break-in-slope. Sectors characterized by large boulder-supported deposits are observed at the foot of ravines crossing the steepest slopes.
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flank of Karthala. This estimation yields a mean deposit depth of
0.6 m, which is coherent with field observations. Testimonies and
our study of the deposits support that a large fraction of this total
volume is associated with the April 2012 flows. Investigation of
the lahar deposits also showed that the pattern and scale of lahars
varied from catchment to catchment. Bouldery deposits are for
instance mostly absent (Figure 3d) in the northern ravines that
originate from the less steep catchments (Figure 4).

NUMERICAL MODELING

Lahar Simulations

Figure 5 displays LaharZ and Q-LavHA simulations with the
highest accuracies on the western flank of Karthala. Significant
differences are observed in the general spatial pattern of the
inundation areas provided by the two models. LaharZ exhibits
a single flow unit for each ravine with ragged lateral limits
offering binary discrimination between “affected” and “non-
affected” zones. Q-LavHA, on the other hand, highlights the
probability of inundation of every pixel of the area (DEM). It
simulates bifurcations in the flow path and provides a relatively
smoother (less ragged) edge of the extent of inundation compared
to LaharZ. Comparison of the simulation outputs also shows
discrepancies in the lateral extent of the upstream inundation
area (before the break-in-slope). While it is kept within a few
tens of meters with Q-LavHA, LaharZ simulates widths up to
hundreds of meters. Field observations have shown that the actual
flows were confined within the ravines over most of the channels’
lengths, with lateral overflows limited to a few dozens of meters
width (<25 m) over the flatter slope sections. In the low-lying
area following the break-in-slope, both codes capture the increase
in the lateral extent of the inundation area expected from the loss
of confinement and the general decrease of the slope, predicting
inundation areas that roughly fit field observations.

Overall, the calculated model accuracies are relatively low,
with a median true positive (TP) below the break-in-slope for
the three ravines of 0.40 with LaharZ and 0.37 with Q-LavHA
(Table 2). Importantly, a generally higher fraction of false
negative (FN) is observed with Q-LavHA (median value of
0.30 compared to 0.06 for LaharZ simulations). The location
(elevation) chosen for the origin of the simulation greatly
impacted the calculated accuracy of the outputs of both models.

Except for one LaharZ simulation set over the northern ravine,
the highest accuracies were always obtained with the lower
simulation onset (Onset-L; see Supplementary Table 2).

Calibration procedure to obtain best-fit scenarios (most
accurate simulations for each DEM, onset and ravine are shown
in Supplementary Table 2) shows no significant variations of
LaharZ simulation outputs with a modification of the C constant.
The best-fit value for the planimetric coefficient K depends on the
location of the simulation onsets. Simulations performed with a
K value of 100 gave the most accurate results for simulations from
Onset-L; while a K value of 200 provided the highest accuracies
for simulation from Onset-H (Karthala summit). Simulation with
volumes in the high spectrum of the range provided the highest
accuracies (ie, 3 x 10°m?® — 5 x 10°m?). For Q-LavHA,
corrective factors providing the most accurate simulations were 2
m for H and 2-4 m for Hj, in function of the ravine. These values
seem appropriate in light of the maximum inundation depth
reported by eyewitnesses in the villages affected by the lahars.
Usually, very high runout length values (between 30 and 120 km)
gave the most accurate simulations in Q-LavHA (Figure 5 and
Supplementary Table 2).

Impact of DEM Update on Flow

Simulations

The highest simulation accuracies were generally obtained
with the use of the updated DEM (Figure 5 and Table 2).
The modifications of the DEM impacted the flow trajectory
(particularly for LaharZ), sometimes allowing for the correct
identification of the hazard prone-position of settlements
otherwise missed with the use of the original DEM. However, the
implementation of an accurate drainage system into the DEM did
not fully prevent flow simulations from bifurcating to ravines that
correspond to another catchment.

Figure 6 displays averaged quality indices over the three
ravines using distinct DEMs. Comparison of the fitness indices
for the different simulations shows slight improvements for
LaharZ and more significant changes with Q-LavHA. On average
over the three ravines, the true positives (TP) increased for the
two models, from 1 to 10% with LaharZ and from 13 to 77%
with Q-LavHA. False negative (FN) values, on the other hand,
decreased 7-40% with LaharZ, but increased up to 120% for
Q-LavHA in comparison to the use of the original DEM. This

TABLE 2 | Fitness indices for simulations with the highest accuracies obtained by LaharZ and Q-LavHA for the three different ravines.

True positive

False positive False negative

Ravines Laharz Q-LavHA Laharz Q-LavHA Laharz Q-LavHA
Vouvouni 0.40 +0.06 © 0.37 £0.08 ¢ 0.45+0.01°¢ 0.30+£0.11¢ 0.16 +0.07 © 0.33+0.08¢
Kafouni 0.38 +0.01°¢ 0.44 +£0.04 ¢ 0.57 £0.01 ¢ 0.44 +0.09 © 0.06 +0.00 © 0.124+0.05€
Nioumadzaha 0.63 +0.01AB 0.35+0.05€ 0.31 £ 0.00AB 0.33+0.13€ 0.06 + 0.01AB 0.32 +0.09 ©
Average 0.47 £ 0.12 0.38 + 0.04 0.44 £+ 0.10 0.36 & 0.06 0.09 £ 0.05 0.26 & 0.10

The exponent indicates the DEM with which the highest accuracies were obtained [original 10 m TDX DEM (A), unsampled original TDX DEM at 5 m (B) and the updated
TDX DEM at 5 m (C)]. Standard deviation is used to highlight the variation in simulation accuracy depending on the DEM. All the simulations present simulations were
performed using the lower simulation onset site (Onset-L). Fitness indices are calculated on the low-lying area below the break-in-slope where most of the lahar deposits

were mapped.
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FIGURE 5 | Lahar simulations on Karthala western flank with (a) LaharZ and (b) Q-LavHA. Simulations with the highest accuracies for the three ravines are shown.
The inundation area modeled is compared to the extent of lahar deposits mapped in the field in September 2015 and indicated in orange. The triangles represent the
locations of the onsets used for the simulation. All area having an invasion probability lower than 1% in Q-LavHA outputs were filtered out.
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increase of false negatives with Q-LavHA simulations is reduced
when compared to the upsampled original DEM (Figure 6).

DISCUSSION

Lahars Following the 2005 Karthala
Eruption

Destruction of vegetation and loss of infiltration capacity
by deposition of a meter-thick ash blanket greatly increased
surface runoff at the summit of Karthala. Since the summit
also represents the origin of most of the ravines draining the
flanks of the volcano, it is not surprising that these changes
provoked important disturbances to the drainage dynamics. The
geomorphic responses included an increase in the frequency,
magnitude and spatial extent of seasonal floods, adjustments
of the ravine morphology and a strong rise in sediment
yield. While common for the aftermath of explosive volcanic
eruptions (e.g., Pierson and Major, 2014; Jones et al.,, 2017),
this is unusual for basaltic shield volcanoes. It was here made
possible by the deposition of fine ash associated with two
phreatic eruptions in 2005, as well as the relative steep flanks
and very high rainfall intensity around the volcano summit.

Altogether, the documented series of sediment-laden flows are
considered as secondary lahars such as defined by Vallance
(2000) and Pierson (2005). The study of lahar deposits and
eyewitness testimonies illustrate both variations in total discharge
volume and sediment concentration across different lahar
sequences. Overall, flow magnitudes were probably constrained
by catchment characteristics (small and densely vegetated),
with recurrent formation of small-scale secondary lahars having
volumes of about 10*~10> m? and peak discharges in the order of
a few 10 m%/s.

Material from both the volcano summit and ravine channels
was found in the aggradation zones over the coastal area,
illustrating that flow sediment concentration and mean
particle size were increased by bulking. This process led to
significant channel and bank erosion upstream of the break-
in-slope and incremental infilling of the ravine channels
downstream. Incremental filling promoted further reductions
of the conveyance capacities of the lower channel reaches,
facilitating overflow and the emplacement of large quantities
of sediments over adjacent low-lying slopes. This process was
certainly favored by the relatively small scale of the ravines in
a context of absence of perennial streams. The locations of the
villages, almost all located near the break-in-slope, situate them in
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False positive

FIGURE 6 | Averaged accuracy indices for simulations using different DEMs for LaharZ (left) and Q-LavHA (right). These indices show the average for results of
simulations with an origin located at both onsets (H and L). The use of the updated DEM does not provide significant improvements in LaharZ simulation accuracies.
With Q-LavHA, it allows for an important increase of the true positives (TP), which, however, comes at the expense of a rise in false negatives (FN) due to the
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this zone of overflow. The local socio-economic conditions also
made the inhabitants highly vulnerable by preventing mitigation
measures from being implemented (Morin et al., 2009; Direction
Générale de la Sécurité Civile [DGSC], 2012; Mossoux et al., 2018,
2019). Reestablishment of channel conveyance capacity between
flow sequences and channelizing flows through construction
of dykes are measures that otherwise could have reduced the
impact of recurring flow sequences (Blong, 2000; Pierson, 2005).
However, it must be underscored that the lahars have initially
not only been considered a threat by the inhabitants but also as
an economic opportunity in the form of extractable construction
materials their deposits offer (Morin et al., 2009).

A decrease in sediment concentration with time after
tephra deposition is rather common for secondary lahars. It is
commonly associated with depletion in erodible material and
re-establishment of vegetation (e.g., Vallance and Iverson, 2015;
Major et al., 2016). However, the largest lahars on Karthala
occurred in April 2009 and 2012, respectively, 4 and 7 years after
the initial tephra emplacement. The 2012 lahar sequence also
accounts for most of the debris deposits found at the foot of
Karthala, reflecting its unprecedented volume and debris content.
The absence of perennial flows on the flanks of the volcano
strongly couple flow discharge with precipitations intensity,
causing large variations in flow competence from one flow to
another. We therefore suggest that, if most small-scale events
probably had the capacity to trigger bank and bed erosion, many
may have had insufficient competence to transport the largest
scoured clasts downstream. This material would ultimately
be transported by larger-scale events which would thus have
unusually high solid load. This may explain the 4-7 years
offset between the volcanic eruptions and the occurrence of the
largest lahars (that were associated with exceptional rainfalls

(section “Description of the Flow Events”). At the daily scale,
the apparent delay between the onset of intense rainfall episodes
and the timing of the documented lahars [occurring after a
few days of important precipitations for both April 2009 and
2012 (Supplementary Figure 2)] is difficult to explain. A 1-
or 2-day(s) offset may be associated with uncertainty in the
(incomplete) testimonies documented, but up to a 10 days offset
is recorded in April 2009. An explanation may lie in the high
permeability of volcanic material (when not cover by fine ash),
that could accommodate first rains through infiltration, while
prolonged rainfall would lead to saturation and high surface
runoff. Whether the small overall transport capacity of the ravines
could in addition be responsible for a relatively “slow” erosion
and transport of material downstream remains to be understood.
Although no clear evidence has been found in the field, another
explanation may lie in the occurrence of landslides on the tephra-
covered forested hillslopes. The time needed to the ground to
saturate and pore water pressure to rise to a level potentially
triggering slope failure would in this case explain the apparent
delay (Korup et al., 2019).

No lahars have occurred since April 2012, suggesting that
infiltration capacity and quantity of easily mobilized volcanic
material have returned to normal, decreasing the probability of
lahar events. However, our study helps understanding the effect
potential future (mildly) explosive eruptions may have to renew
the conditions for the occurrence of similar new lahar events.

Modeling of Lahars

Flow modeling commonly aims for the delineation of potential
lahar extent to evaluate the hazard exposure of assets such
as settlements or infrastructure (Rodolfo, 2000; Huggel et al.,
2008; Anderson et al., 2016). Our simulations benefited from
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the collection and integration of extensive field measurements
and observations allowing calibration of mass flow model input
parameters and evaluation of the output accuracies. As shown,
however, none of the simulations performed here captured the
full spatial pattern of the documented flood areas. Apparently
restricted both by the relative small scale of the lahars (that
e.g., changes relationships between volume, cross-sectional and
planimetric inundation area compared to large-volume lahars;
Schilling, 2014) and by the complex topographic settings (smooth
topography with unclear drainage pattern that leads to errors
in the simulation of the flow path), the proportion of false
negatives in simulation outputs is never negligible (from 0.06 to
0.16 for LaharZ and 0.12 to 0.33 for Q-LavHA). False positive
(overestimation), however, commonly represents the largest
proportion of the modeled inundation area (Figure 6). Such a
high proportion of false negative is a major flaw for the effective
use of simulation outputs in risk management. While simulations
often represent a key aspect of lahar hazard assessment -
especially in the rather common circumstances where no direct
field observations of previous events are available — these results
demonstrate the need for careful investigation and evaluation
of simulation outputs before their dissemination. We expect
that similar simulations on a rougher topography (e.g., at a
stratovolcano, where ravines are commonly deeply incised in the
volcano edifice) would obtain higher accuracies (e.g., Castruccio
and Clavero, 2015; Charbonnier et al., 2018). Our study therefore
highlights a limiting case in the use of numerical models for lahar
hazard assessment where reliable, detailed input data lack.

The ash blanket emplaced by the 2005 eruptive sequence
at Karthala volcano has been largely depleted over the past
decade. Future phreatic eruptions may nevertheless emplace new
tephra material, after which renewed periods of increased lahar
hazard may be expected. In this perspective, our calibration
data and study of models limitations provides insights to
better evaluate future lahar hazard, key for improving the risk
mitigation strategies on this highly populated volcanic island
(Mossoux et al., 2018).

Comparison of Flow Models

This study also aimed to investigate the relevance of Q-LavHA
for numerical modeling of lahars and compare it to the widely
used LaharZ code. Important disparities between the simulated
and affected areas are observed with both models, but LaharZ
generally achieves higher simulation accuracies than Q-LavHA.
Fitness indices and visual investigation of the outputs show
that LaharZ is able to both limit the underestimated area
(FN) and constrain overestimation of the inundated area (FP)
after the break-in-slope. Q-LavHA, on the other hand, has a
stronger tendency to underestimate the area affected by the
flow (higher FN).

Our results also illustrate the difference in the type of model
outputs, with a probability of inundation of each individual grid
cell calculated by Q-LavHA to be compared to the planimetric
inundation area for given flow volumes in LaharZ. Consideration
of volumes in LaharZ allows investigating multiple hazard
scenarios with a gradation of their likelihood. It however also
comes with the disadvantage of a binary discrimination between

“safe/unsafe” zones which may reinforce the misperception of the
hazard map as absolute, while Q-LavHA offers the possibility of
constructing probabilistic hazard maps which are found to be
usually better suited for communication with and between local
stakeholders (e.g., Zerger, 2002; Smemoe et al., 2007; Darnell
et al., 2012; Thompson et al., 2015). Note, however, that the
volumes needed in LaharZ to obtain the most accurate simulation
outputs were unrealistically high (usually 3 x 10° to 5 x 10° m?)
in comparison to the documented flows (3 + 0.6 10° -
14 0.210° m?).

Commonly highlighted LaharZ drawbacks include its
sensitivity to the vertical accuracy of the DEM and the unrealistic
shape of the modeled inundation zones, noticeable as jagged
edges of the simulation results (e.g., Huggel et al, 2008;
Castruccio and Clavero, 2015). Placing the simulation onsets at
the foot of the Proximal Hazard Zone Boundary (PHZB) in a
study area deprived of a clear drainage pattern implies that the
different catchments have to be accurately delineated in advance.
As shown in this study, the origin of the ravines may, however,
be difficult to define in certain environments. When considering
localized drainage disturbance, this can lead to confusion in the
zonation of the future hazard. Another highlighted limitation of
LaharZ is its impossibility to simulate a bifurcation of the flow
path, despite its importance for simulations over gentle terrains
and complex topographies (e.g., Darnell et al., 2012).

Q-LavHA overall simulation accuracies are lower than those
of LaharZ, the first being regularly penalized by higher false
negative. Q-LavHA has, however, features that allow getting
around some limitations of LaharZ. Besides its ability to simulate
flow path bifurcations, Q-LavHA generally offers a better
distinction between channelized and unconfined flow zones. This
characteristic is important over gently-sloping terrains. Another
advantage is the high sensitivity of Q-LavHA to small topographic
features, that can be fine-tuned by the use of the corrective factors
(H¢ and Hp). On the other hand, the absence of implemented
relations between initial flow volume and potential runout length
yield the need for a manual calibration with historic events
or inundation scenarios. While for the sake of hazard zone
delineation on volcanic islands a choice for selecting run-out
distances that allow the simulated flows to reach the shoreline
may be valid, it may be trickier for other environments, in
particular in absence of historic events. The unrealistically high
run-out length values needed in our simulations (up to 130 km
while the maximal ravine length is 14 km) is a common flaw
of iterative probabilistic flow models (Mossoux et al., 2016).
These models being built from iterations of single flow lines, the
higher the resolution, the less direct and more meandering, and
thus longer, a flow line is before it reaches the actual physical
head of the simulated flow. As an alternative to the use of
maximal runout distance in Q-LavHA, an estimation of the lahar
mobility could potentially be implemented by parameterizing a
coefficient of friction along its flow path, such as proposed in the
Modified Single Flow Model (MSF; Huggel et al., 2003). Such
coeflicient could be approximated using the Heim Coeflicient,
which is simply a measure of the tangent of the mean slope from
the top of the source area to the most distal part of the flow
(Charbonnier et al., 2018).

Frontiers in Earth Science | www.frontiersin.org

September 2020 | Volume 8 | Article 369


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Dille et al.

Modeling Lahars on Karthala Volcano

Finally, both models assume that lahars flow from a fixed and
unique source and all at once. This assumption is not completely
valid for lahars. Indeed, the incorporation of material through
bulking and debulking processes and water integration from
tributaries has to be considered. Both may lead to important
volume changes along the flow path (Vallance and Iverson, 2015).
The potential for repetition of lahar events is neither taken
into account, while, as shown for Karthala, it may greatly affect
the impacted zone due to incremental infilling of the channels
with material deposits. Models that incorporate channel infilling,
volume and concentration changes as well as bulking along the
flow path (such as investigated by Fagents and Baloga, 2006;
Castruccio and Clavero, 2015; Reid et al., 2016) are considered
as particularly promising (Doyle et al., 2011).

Influence of DEM Modifications:

Pertinence and Limitations

Despite its high original resolution, the 10 m TDX DEM
incompletely represents the drainage system and ultimately leads
to errors in the simulation of the lahar-prone areas. We suggest
that those uncertainties were not associated with the intrinsic
qualities of the DEM, but rather with the characteristics of
the volcanic edifice. Karthala is a representative example of
a young basaltic shield volcano not yet heavily dissected by
erosion (Bachelery et al., 2016). Its flank topography is therefore
relatively smooth, with the presence of only few, low relief
topographic features and no well-defined valleys. In addition,
the dense and persistent forest canopy conceals large sections of
Karthala’s small-dimension ravines, making their identification
difficult for the X-Band SAR sensor used for DEM creation (i.e.,
X-Band SAR has low vegetation penetrating capabilities, e.g.,
Dzurisin and Lu, 2006). These characteristics are less common
on stratovolcanoes — where the topography is usually dominated
by deeply incised valleys. The smooth topography and tropical
forest make the simulation of flow trajectories on tropical shield
volcanoes more subject to errors, in turn reducing the accuracy
of hazard-zone delineations. Similar limitations were highlighted
with LaharZ at other tropical volcanoes, motivating the design of
our study (Mufioz-Salinas et al., 2009; Deng et al., 2019).

The implementation of detailed channel geometries into the
DEM generally improved the delineation of lahar flow paths,
and ultimately of modeled inundation areas. Small changes
in the terrain morphology are known to modify the drainage
course (Stevens et al., 2003; Hubbard et al.,, 2007; Schneider
et al., 2008). The consequences of such hydrographic errors
may be that the model misses the hazard-prone position of
settlements actually affected by the hazard. This was especially
noticeable in simulations initiating from source areas close
to Karthalas summit. Changes in DEM particularly impacted
Q-LavHA simulation results. In these simulations, the highest
accuracies were obtained using an updated 5 m DEM in which
channel geometries were edited. However, the change in DEM
resolution (upsampling from 10 to 5 m) itself had a strong
influence on the simulation outputs. Q-LavHA is known to be
sensitive to differences in DEM resolution (Mossoux et al., 2016)
and our results highlight that a careful selection of the DEM

resolution is essential to ensure the most accurate simulations.
Although the implementation of the drainage network within the
DEM led to a clear increase in true positives, the upsampling
strongly reduced the overall inundation area, ultimately leading
to an increase of the false negatives. In our case, the small spatial
scale of the ravines did not allow the use of an updated DEM with
a lower spatial resolution, but it should be considered bearing in
mind the size of the ravine.

Overall, our results highlight the importance of accurate
terrain representation in the context of hazard assessment, as
well as the differences in model sensitivity to the DEM quality
and resolution (e.g., Davila et al., 2007; Hubbard et al., 2007;
Huggel et al, 2008; Darnell et al, 2010, 2013). Updates of
DEMs generally yield improved lahar simulation accuracies
and could be considered in similar environments with unclear
drainage systems such as other undissected basaltic shields or flat
alluvial plains.

CONCLUSION

This study aims to gain insights in the recurrent formation
of small-scale secondary lahars subsequent to the basaltic
phreatic eruptions of Karthala volcano in 2005. Emplacement
of unconsolidated volcanic material and damages to the summit
vegetation caused important disturbances to water infiltration
and drainage, ultimately leading to the repetitive formation of
lahars on the flanks of the volcano. Exceptional rainfall events
triggered the occurrence of the two largest lahar sequences in
2009 and 2012. The complete sequence of flows repetitively
affected thousands of inhabitants living in settlements located
at the foot of Karthala, becoming one of the primary hazards
associated with the volcano. Our analysis allowed defining these
flows as small-scale (volumes < 10° m?®), rain-triggered and
predominantly low sediment concentration lahars.

Field measurements served to calibrate and compare
numerical lahar simulations from the widely used LaharZ
model with results from Q-LavHA, but were hindered by the
time lag of several years between the occurrence of the events
(2005-2012) and the field observations (2015). Our model
comparison demonstrates that LaharZ outperforms Q-LavHA
for small-scale lahar simulations. While Q-LavHA has features
that mitigate some limitations of LaharZ, such as its ability to
simulate flow bifurcations and the transition from constrained
to unconstrained flow, it typically yielded lower simulation
accuracies compared to LaharZ simulations (true positive
values of 0.38 £ 0.04 vs. 0.47 % 0.12). Such values represent a
rather poor performance for both models compared to existing
studies on larger-volume lahars. While the relatively small scale
of Karthala lahars certainly played a role - e.g., by changing
relationships between volume, cross sectional and planimetric
inundation area compared to larger lahars - our results indicate
the lower simulation accuracies to mostly result from errors
arising from difficulties in delineating lahar flow trajectories on
the smooth, poorly eroded topography of the volcanic edifice.
Both models encountered difficulties delineating lahar flow
paths. We showed that using a DEM updated on a small spatial
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scale with detailed channel topography can lead to improved
simulations with both models (increased true positive values of
1-10% for LaharZ and 13-77% for Q-LavHA simulations). This
approach did not fully prevent simulations to sometimes miss the
hazard-prone position of settlements which were actually affected
by the hazard. Whereas we illustrate how the simulations can
benefit from the integration of field observations, the rather poor
performance of both simulation strategies demonstrates the need
for careful investigation and evaluation of simulation outputs
before their dissemination.

Although small flood events occurred in 2016, no lahars have
occurred on Karthala since. The regrowth of vegetation on the
upper flank of Karthala as well as the decline in the quantity of
volcanic material which can potentially be mobilized decreases
the occurrence probability of such lahar sequences. However,
new (mildly) explosive eruption(s) may occur in the future.
In this perspective, our study of the lahars that followed the
2005 eruptions, as well as our calibration data and study of
models limitations, provides insights to better evaluate future
lahar hazard, key for improving the risk mitigation strategies
on this highly populated volcanic island (Mossoux et al., 2018).
Our results indicate that accurate topographic representations
and detailed documentation of spatial extent of the impacted
area and lahar deposit thickness are essential to produce
accurate lahar simulations, as well as the further adaptation of
existing numerical simulation tools to better suit these particular
environmental settings.
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Heating of water under hot pyroclastic flow deposits can drive hydroeruptions, forming
craters and aprons of secondary deposits. According to the established conceptual
model, steam pressure builds until failure of the pyroclastic overburden and a relatively
low permeability (fine-grained) cap promotes secondary explosions. We explore a
complementary model where the stress from drag related to gas flow up through the
particle interstices is comparable in magnitude to the static pressure difference between
the base and the top of the pyroclastic flow deposit. The drag force supports (part of)
the weight of the particles and so reduces inter-particle friction; in a mono-sized bed
this friction is effectively eliminated at the “minimum fluidisation velocity,” which depends
on the size and density of the particles. Through analogue experiments we show that
violent outbursts can be generated when there are vertical variations in the minimum
fluidisation velocities of granular materials. We ran experiments with layers of particles
with different sizes or size distributions (bi-modal with different proportions of fine and
coarse particles) in a tank with a porous base that allowed a distributed upward airflow
through them. A finer-grained layer capping a coarser layer does not generate jets of
particles or craters; rather, increased gas flux leads to fluidisation of first the fine and then
the coarse (lower) layer. However, when the upper layer is coarser, the bed domes upward
as a gas pocket grows within the finer layer for some combinations of layer thicknesses
and grain sizes. When the gas pocket penetrates the top of the bed, it forms a crater and
erupts particles. The gas velocity when doming initiates is greater than that calculated
for the weight of the top layer to be balanced by drag and the pressure difference across
that layer. This discrepancy is explained by the layers having a strength (from inter-particle
friction), which is consistent with the observed dependence of the initiation velocity on
the absolute thickness of the layer. Using data from Mt St Helens 1980 deposits, we
show that the drag-related trigger observed in the laboratory is a feasible mechanism for
secondary hydroeruptions through pyroclastic flow deposits.

Keywords: fluidisation, pyroclastic flow, secondary eruption, hydroeruption, drag, granular, jet, minimum
fluidisation velocity
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1. INTRODUCTION

Pyroclastic flows are currents of hot particles and gases which
travel down valleys and spread laterally under gravity, and so are
often deposited in stream-valleys and near-shore environments.
Steam generated by heating surface water or shallow groundwater
under a pyroclastic deposit may escape passively via fumaroles or
diffusively through the permeable deposit; however, under some
conditions the steam can drive sudden secondary eruption(s)
through the primary pyroclastic flow deposit leaving craters,
surge deposits and fallout from ballistics and tephra fountaining
(e.g., Moyer and Swanson, 1987; Keating, 2005).

The secondary eruption craters spatially associated with water
sources in historic pyroclastic flow deposits including those of
Mount St Helens 1980 (e.g., Moyer and Swanson, 1987), Redoubt
1990 (Gardner et al., 1994), Mount Pinatubo 1991 (Torres et al.,
1996) and Katmai (Valley of Ten Thousand Smokes) 1912 (e.g.,
Hildreth, 1983), suggest that it is common to form secondary
hydroeruptions when hot pyroclastic flows are deposited on a wet
terrestrial environment. Not only are they a hazard to people near
freshly emplaced pyroclastic flows, they are a potential trigger
for destabilisation and remobilisation of pyroclastic material,
forming secondary flows with more distal effects: the secondary
ignimbrites after the main 1991 eruption of Mount Pinatubo
travelled up to 10 km and generated ash clouds up to 10 km high
(Torres et al., 1996). Their common occurrence and associated
hazards motivate a better understanding of mechanisms for
generating secondary explosive hydroeruptions in pyroclastic
flow deposits. There are likely to be multiple mechanisms; here
we only consider the scenario of a non-welded pyroclastic flow
deposit with an underlying water source and not any mechanisms
that involve welding nor cohesion nor water gulleying down into
hot pyroclastic material (e.g., Torres et al., 1996).

When a fluid (e.g., steam) source is set under a layer of
granular material then fluid will flow through the layer at a rate
determined by the permeability of the layer and the pressure
gradient across it. If the layer is not sufficiently permeable for
the flow through it to match the rate of fluid generated at the
source, then the source pressure will increase until fluid leaves the
source at the same rate as it is generated. The forces exerted on the
granular layer by the fluid are due to both the pressure difference
generated across it, which pushes up on the base of the layer,
and the drag caused by the flow through it, which pushes up on
particles throughout the thickness of the layer (van der Hoef et al.,
2005). These forces are opposed by the weight of the granular
layer and the inter-particle friction within it. When these forces
are exceeded by those generated by the source, then the layer
will fail.

The modelling of secondary hydroeruptions has concentrated
on the build-up of pressure. Moyer and Swanson (1987) proposed
what we term a “static pressure build-up” model for secondary
hydroeruptions in pyroclastic flow deposits (also discussed by
Keating, 2005), building on their and other’s (Rowley et al.,
1981) observations from Mount St Helens 1980-1981. This
remains the best-documented and most-studied set of secondary
hydroeruptions. Most of the secondary craters formed within
a few days of the emplacement of the May 18, and to a lesser

degree the June 12 1980, pyroclastic flows that were deposited
on top of May 18 debris avalanche material; however, there were
some secondary eruptions much later, including one in May
1981 that was filmed (Moyer and Swanson, 1987). Photographs
of craters dotting the landscape and a vertical section through
a crater later exposed by fluvial erosion are found in Rowley
et al. (1981) and Brand et al. (2014) respectively. The craters
were generally near-circular in plan, 5-100 m diameter and 1-
20m deep. There is a clear spatial association of the craters
with pre-1980 stream-valleys even though the streams were
disrupted by the debris avalanche. Moyer and Swanson (1987)
inferred that the source of steam driving the secondary eruptions
was water ponded on the debris avalanche deposit at the base
of the pyroclastic flows and not deeper groundwater because
the secondary eruption products are lacking in clasts of the
distinctive May 18 “blast dacite” (cryptodome) from the debris
avalanche under the primary pyroclastic flow deposits.

The “static pressure build-up” model (Moyer and Swanson,
1987; Keating, 2005) involves steam generation at the base of
the hot pyroclastic flow deposit at a rate faster than it escapes,
until the steam pressure reaches some critical value slightly
exceeding lithostatic pressure (Keating, 2005), causing failure of
the deposit. This failure causes rapid rise of steam, including
steam flashed from water that became superheated due to the
sudden decompression when the pyroclastic overburden failed.
Thus factors that should control explosive vs. passive steam
release include the rate of steam generation (i.e., availability of
water and rate of heat transfer) and the deposit permeability,
which if not welded depends on the grain size distribution and
packing. Moyer and Swanson (1987) emphasise the importance
of the permeability of the pyroclastic overburden in regulating
the eruptive phenomena, with finer-grained, lower permeability
deposits more conducive to explosive steam release; Torres et al.
(1996) even suggest that a confining layer of fine ashfall can
significantly inhibit the release of pore pressure in pyroclastic
flow deposits. Torres et al. (1996) note that increased pore
pressure within the pyroclastic flow deposit would decrease its
strength, and Moyer and Swanson (1987) discuss the possibility
that increased pore pressure might expand (de-compact) the
pyroclastic material and so increase its permeability (with
potential complex feedback if localised). However, there is no
consideration of the dynamic drag force pushing up on pyroclasts
throughout the deposit that is related to gas flow up though the
pore space between the particles.

In this paper we explore an alternative mechanism for
secondary hydroeruptions where the drag force is critical, and
variations in grain size distribution of the pyroclastic flow deposit
matter not because grain size affects permeability but because
it affects the gas flux at which the drag force supports the
weight of the particles. Using analogue experiments we show
how it is possible for violent eruptions to take place in layered
beds where the top layer is more permeable than the bottom
when gas is passed through them. We argue that the observed
behaviour is a result of the interaction between the particles and
the fluid, the flow pattern induced in the bed of particles, and the
collective mechanical properties of the particles. The mechanism
we propose for secondary hydroeruptions has many similarities
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(and some differences) with that proposed by Nichols et al.
(1994) to explain fluid escape structures in layered sediments in
areas of rapid sedimentation in water. For both applications, it
is important to understand the role of internal friction in the
deformation and fluidisation of granular materials.

A granular layer can deform in response to a stress applied
at a margin (e.g., pushing up on the base of the layer) because
the particles transmit force to each other through friction,
enabling them to behave collectively; however, it can also deform
when there is a vertical fluid flow through the interstices of
the granular layer owing to the drag exerted. In a bed with
fluid flow up through the particles, the weight of the particles
will be opposed by the drag, and so friction between particles
decreases. If the particles are monosized and the flow rate is large
enough to support the entire weight of the bed (the “minimum
fluidisation velocity;” u,,s) then friction between the particles will
be eliminated and the layer does not deform collectively. For a
simple bed of uniform particles, u, is greater (i.e., a greater fluid
velocity is needed to support the weight of the particles) for larger
and/or denser particles (e.g., Rhodes, 1998).

Nichols et al. (1994) suggested that fluidisation might be
an important process for the violent breaching of a layer
of particles subject to a fluid flow through them. In their
laboratory experiments they observed water flow up through
water-saturated layered beds in which a layer of larger (or denser)
particles overlaid a layer of smaller (or less dense) particles in
a tank with a solid porous base to provide a distributed water
source. At water velocities greater than Upnf of the bottom layer
but less than u,, of the top layer, the bottom layer divided so
that a void (i.e., a pocket of water) formed between a fluidised
layer of small particles at the bottom of the tank and a static
layer of small particles pressed up against the base of the layer of
large particles above it. In this condition, the drag exerted on the
static layer of small particles exceeded that necessary to support
its weight, and so this excess drag allowed these small particles
to support the layer of larger particles. If the fluid velocity was
increased so that the total drag on the top, composite (coarse
and fine) layer exceeded its weight, the composite layer deformed
until it suddenly failed, releasing a plume of particles into the
water above it. Unlike secondary hydroeruptions in pyroclastic
deposits, the burst-out and jetting in these experiments did not
generate conical craters in the top of the granular bed.

We present new experiments that, like those of Nichols et al.
(1994), involve fluid flow up through layers of particles in a tank
with a porous base. However, a key difference is that the fluid
is gas (air) rather than liquid water. The associated difference in
buoyancy and Reynolds number will affect inter-particle forces
and drag, and so the mechanical response of the layers and
the fluidisation dynamics. For example, it is well-established in
chemical engineering that in gas-fluidised systems, when the
gas velocity exceeds u,,f, the excess gas flow forms bubbles that
rise through the bed, whereas in liquid-fluidised beds, bubbles
do not form and the bed expands when the velocity exceeds
Upny (Davidson and Harrison, 1963). These differences make the
new experiments more relevant to secondary hydroeruptions in
pyroclastic deposits.

We have kept the experiments simple in order to identify
the key physical processes involved and to isolate the effects
of individual factors. The goal is to test whether a fluidisation
mechanism for triggering secondary hydroeruptions is feasible
and not to reproduce the full dynamics of the eruptions. For
example we use room-temperature air and a bed thickness of
order 10 cm rather than steam and a deposit thickness of tens
of metres, which means the analogue eruptions are not boosted
by sudden decompression-induced flashing of superheated water
to steam as in nature. A more fundamental simplification is
representing the primary pyroclastic flow deposit as layers of
uniform-density spheres with narrow unimodal or bimodal
size distributions. Pyroclastic flow deposits often have complex
vertical and lateral facies changes and broad particle size
distributions from ash to blocks, and a range of clast densities
from lithics to pumice. However, due to multiple flow units and
pulses, as well as changes in conditions with time as the deposit
is progressively aggregated, there can be sub-horizontal layers
defined by changes in grain size distribution and componentry
(e.g., dense lithic content) on the scale of interest to this
study (e.g., tens of metres). Such layering is present in the
pyroclastic flow deposits of Mount St. Helens 1980, as shown
in the photographs and data from vertical sections exposed
by fluvial incision presented in Brand et al. (2014). In a
fluidisation mechanism for secondary hydroeruption triggering,
we hypothesise that what matters is vertical variations in u,f, not
whether the size (or density) distribution of particles is narrow
or broad. We make use of a huge body of work on fluidised
beds, mostly in chemical engineering (but also in volcanology),
with particles of different size, density, shape, and packing in
order to relate the results of our simplified experiments to more
complicated natural conditions.

2. EXPERIMENTAL METHODS AND
MATERIALS

The experiments were conducted with beds of particles in a
transparent Perspex, vertical, planar (near-2D) container with a
rectangular cross-section 300 mm by 8 mm as shown in Figure 1.
The base was fitted with a porous plastic distributor (Vyon “D,
pore size nominally 20 um) to ensure uniform gas distribution
into the base of the bed of particles, which was fluidised
using air from a central supply, controlled and metered by
rotameters to a maximum accuracy of 2 mm/s for superficial
gas speed in the particle bed. The upstream pressure was set
by a pressure regulating valve at 1bar. The particles were glass
spheres (ballotini) with density p, = 2,500 kg/m?, chosen for
their known and uniform properties.

The ballotini were sieved and the nominal diameter (d) taken
to be the centre of the sieved range. The Sauter mean diameter
(e.g., Breard et al., 2019) is the most suitable diameter for
considering the balance between particle weight and fluid drag,
but as the samples are well-sorted, the arithmetic, geometric and
Sauter means are within a few percent (based on measurements
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FIGURE 1 | Schematic diagram of the layered fluidised bed when there is a layer of large particles over a layer of small ones.

TABLE 1 | Particles used for two-layer beds with mono-sized particles.

r Lower layer Upper layer

Range (wm) df (wm) Range (.m) dc (wm)
2.67 125-250 188 400-600 500
5.63 45-75 60 250-425 338
8.33 45-75 60 400-600 500
10.08 45-75 60 510-700 605

r is the ratio of the diameter of the large particles in the top layer, d. to that of the small
particles in the bottom layer, df.

of other batches of ballotini in the same laboratory), and we have
taken this into account in our errors.

The total bed depth (H) was varied, with a maximum of 12 cm;
the thickness of the component layers of the bed, and the sizes of
particles in those layers were also varied. In all experiments the
superficial gas velocity u (the volume flow rate per unit cross-
sectional area of the bed) was increased incrementally and the
behaviour of the particle layers observed through the transparent
container walls. For some experiments pressure in the air near
the base of the bed was determined with a metal tube attached to
a manometer.

Most experiments began with a two-layer bed with each layer
consisting of single particle components. The combinations of
particle sizes tested are shown in Table 1. In a subset of these
experiments the total bed depth (H) was kept constant at 10 cm
but the coarse layer thickness (H.) was varied as well as particle
sizes in the two layers and therefore the size ratio r = d./dj,
where the subscripts ¢ and f refer to the coarse and fine particle
layers respectively. A second subset of experiments consisted

of a lower layer of 45-75um particles and an upper layer of
particles with a diameter of 250-425um while H, and H.,/H
were varied systematically. A set of preliminary experiments
explored the dynamics for three-layered beds with either a fine
layer between two coarse layers or a coarse layer between two
fine layers. In these experiments each layer contained a single
particle size.

Experiments were also performed with two-layer beds
consisting of mixtures of particles, where each layer contained
two particle components, one large with a diameter d; and
one small, diameter d;. The diameter for each layer was then
determined by calculating the Sauter mean diameter, d,,, which
preserves the ratio between volume and surface area for the
particles. In general, for a bi-modal mixture this is given by

1 Xs/z¢ (1=x5)/7,
= e B
dgy ds d;
where x; is the mass fraction of the smaller component in the
mixture, and the density ratio for component i is
a=2 )
IOaV

with the average density given by

1 X, 1—x
— = (3)
Pav Ps L1

For particles of the same density, this reduces to

1 _x5+1—xs @)
dav_ds dl .
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TABLE 2 | Particles used for two-layer beds where each layer is a mixture of
particles.

r Lower layer Upper layer

Xs ds d; dr of Xs ds d dc [

132 06 60 338 89 073 04 60 338 118 0.71
244 08 60 338 72 070 02 60 338 175  0.65
293 08 60 605 73 073 02 60 605 214  0.64
618 08 60 338 72 070 02 215 605 444 0.64

Particle volume fraction ¢ is calculated using the linear-mixture model of Yu and Standish
(1991). xs is the mass fraction of the smaller particles in each layer. ds and d, are the
mean diameters of the small and large components in a layer, respectively. dr and d¢
are the Sauter mean diameter for the lower and upper layers, respectively. All diameters
are in pm.

The particle volume fraction, ¢, of mixtures was calculated
with the linear-mixture method of Yu and Standish (1991) for
randomly-packed mixtures of spherical particles; ¢ depends on
the particle size ratio of the components of the mixture, ds/4;, and
has better packing than mono-sized beds when ds/d; < 0.741. The
mixtures used and the resulting values of d,, and ¢ for each layer
are shown in Table 2.

3. OBSERVATIONS

3.1. Fine Particles on Top of Coarse

Particles

When a layer of large particles (high permeability) is on
the bottom and covered by a layer of small particles (low
permeability), we were unable to find any experiment conditions
(gas flow rate, layer thicknesses) with our apparatus and particles
for which static-pressure failure or crater formation occurred.
For this configuration, as the gas velocity was increased there was
no particle motion until u,,s for the top layer was reached and
the top layer fluidised. At this point all the small particles were
in motion and gas bubbles rose through the fine-particle layer.
However, these motions did not disturb the bottom (coarse) layer,
which remained undeformed and acted as a type of distributor
(i.e., the behaviour of the top layer was the same as if it were the
only layer in the container and was directly on the distributor
plate at the base of the container). Nothing further took place
until u,,r for the large particles was reached and it was fluidised,
causing mixing of the layers.

3.2. Coarse Particles on Top of Fine

Particles

A much greater diversity of behaviour is seen for gas flows up
through beds of particles with a layer of larger particles on top of
a layer of smaller particles. The situation is shown schematically
in Figure 1.

3.2.1. Jetting and Bubbling

For beds where r(= d./df) < 6.5, as u was increased, a velocity
u; is reached at which activity initiates. Initially, a longitudinal
gas pocket formed within the bottom fine particle layer similar to
those seen in the liquid-fluidised beds of Nichols et al. (1994). The

FIGURE 2 | An example of jetting behaviour in a two-layer bed. r = 5.63,
He/H = 0.6, H = 10cm, df = 45-75um, d; = 250-425um. u = 3.3cm/s
(Continued)
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FIGURE 2 | and photographs (B-E) were taken 0.5s, 1.0s, 3.0s, and 5.0s
after (A). The experiment started with a layer of coarser particles (darker) over
a layer of finer particles (lighter grey); the lighter-grey at the top of (A) relates to
lighting at the top of the coarser layer. The red lines in (B) indicate apparent
planes of failure in the bed.

upper part of the layer of small particles was forced up against the
layer of larger particles forming a double layer. This double layer
deformed while maintaining the same thickness until the upper
(coarse) layer of the bed is penetrated by the lower layer. This
penetration could have the form of a jet or bubbles.

Jetting is shown in Figure 2. After initiation and the formation
of a pocket, a column of fine particles intruded into the upper
layer of large particles and a large cavity formed below it (both
sometimes inclined). There appeared to be mechanical failure of
the bed at the edges of the cavity. The top layer then suddenly
failed and was penetrated and then broken through, causing
particles to be projected above the bed and forming a jet of fine
particles. While gas continued to be input at the base of the tank,
the penetrating column of small particles widened and a stable,
conical, bubbling pit of fine particles formed. In the example in
Figure 2, before the breakthrough, the entire bottom layer was
pushed up against the top layer and was not fluidised; however,
after breakthrough only a portion of the fine layer pushed up on
the base of the coarse layer, the rest formed a bubbling fluidised
bed at the base of the tank.

An example of bubbling is shown in Figure 3. Many aspects
of the bubbling regime were identical to jetting, but instead
of a single cavity forming below the intruded column of
small particles, smaller bubbles formed in the intrusion. When
the top layer was breached, there was an overflow of small
particles on top of the top layer, which broke up into blocks
and sank. The crater area was dominated by bubbling. On
some occasions this type of behaviour could be quite violent
(“bubbles-jets”) with a plume of particles being thrown above
the bed.

When either of the layers was very thin compared with the
other (H, or Hf = 1cm), the bed could just become wholly
fluidised as for a bed of single-sized particles.

There was no evidence seen of a large-scale expansion of
the layers with increasing u; instead structures largely void of
particles—the pocket, jets, bubbles—formed, even for 45- 75 pm
particles for which some expansion might be expected (Geldart,
1973). If the gas flow into the base of the apparatus was ceased
while there was a gas pocket in the lower layer but before
breakthrough, the pocket simply collapsed non-dramatically.

3.2.2. Strength of Breakthrough

The strength of the breakthrough of gas and fines through the
top layer is important in connection with behaviour (jetting,
bubbling, bubble-jets). The type of behaviour and its strength,
based on the maximum height attained by the ejected particles, is
plotted out for beds of a fixed depth (H) and different values of r
in Figure 4. The type of activity observed is indicative, and repeat
tests showed it could differ for the same nominal conditions

FIGURE 3 | An example of bubbling behaviour in a two-layer bed showing the
progression with time from after initiation (A) to breakthrough (B) and further
bubbling of fines (lighter grey) as gas continues to flow through the bed (C then
D).r =2.67, He/H = 0.25, H = 12cm, df = 125-250 um, d; = 400-600 um.
The dark lines are a cm grid drawn on the front of the tank.
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FIGURE 4 | The observed activity type in two-layer planar beds for different particle size ratios r, different coarse layer thicknesses (H,) and constant total bed
thickness (H) of 10 cm. Colours indicate the maximum height particles are ejected above the top of the bed (hmax). The nine points for r = 6.18 correspond to
experiments where both layers were formed from a mixture of two particle sizes (bimodal); all other data are for experiments with unimodal layers. The percolation
limit, i.e., the value for r above which small particles can move through the interstices of large particles, is 6.5 (Yu and Standish, 1991).

for some of the beds. However, jetting was more prevalent than
bubbling for middling values of He/H and higher values of r. The
strength of the breakthrough appeared to be highest for middling
values of He/H but for all He/H it was diminished when r exceeded
the percolation limit that permitted infiltration of fine particles
into the coarse layer (see section 3.2.3 below) when jets could still
take place but their vigour was significantly diminished. When
the coarse layer was too thin then the void would not grow
sufficiently to cause a jet to form; when it was too thick then
the void could not grow sufficiently on its own to rupture the
coarse layer.

After breakthrough, in the central part of the bed where
breakthrough took place there appeared to be a region largely
composed of fine particles which is fully fluidised. Away from
this region, the layered structure of the bed was preserved though
there might be some distortion and as for Nichols et al. (1994)
some coarse particles passed downwards into the fluidised layer
of fine particles below. A second layer of fine particles could form
on top of the coarse layer owing to the fine particles that pass
through the breakthrough region.

3.2.3. Percolation

A third type of behaviour occurred when a layer of large particles
was over a layer of small ones when the small particles were
sufficiently small relative to the large particles and Umfp <

u < upf. In this case, the formation of the pocket after
initiation did not take place, but the small particles travelled
through the interstices between the large particles, percolating
between them as shown in Figure 5. This would happen when
r > 6.5 (Yu and Standish, 1991) for a packed bed. Vertical

columns that were evacuated of small particles formed relatively
slowly as for Gilbertson and Eames (2001) and Nermoen et al.
(2010). These acted as high-permeability conduits for gas and
so suppressed bubbling (Gilbertson and Eames, 2001) and there
was no projection of particles above the bed. Small particles were
transported through the spaces between the large particles to the
top of the bed where they form a shallow pool.

3.2.4. Three-Layer Beds

Experiments were also performed in beds of three layers of
unimodal spheres, always with 4 < u,,s . When a fine layer
was between two coarse layers, the experiment proceeded in the
upper two layers as if the bottom layer was not present: as u was
incremented, a void formed in the fine layer and the top coarse
layer was lifted until it failed. The particles in the bottom coarse
layer did not move (i.e., the bottom layer acted as a distributor).
When a coarse layer was between two layers containing the same
fine particles, the upper layer behaved like an ordinary fluidised
bed, and the behaviour of the lower-two layers was similar to the
equivalent experiment with just those two layers.

4. FLUID FORCES ON LAYERED PARTICLE
BEDS

Although uniform gas flow up through a layered bed of
particles is a simple system, there is a rich variety of behaviour
possible through the interaction between many different physical
processes. Following the work of Nichols et al. (1994), the driving
mechanism behind the deformation and rupture of the layers is
the drag exerted on the particles by the passage of fluid past it.

Frontiers in Earth Science | www.frontiersin.org

September 2020 | Volume 8 | Article 324


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Gilbertson et al.

Fluidisation and Secondary Hydroeruptions

FIGURE 5 | Photographs of percolation behaviour in experiment with:
r=10.08, Hr/H = 0.1, df = 45-75um, d; = 500-710 um.u = 5.0 cm/s and
photographs (B-D) were taken 10, 16's, and 28's after (A).

This exerts a force on the particles directly, but also can change
the interaction of particles.

4.1. Fluidisation in Beds of Particles of a
Single Size

For a bed of uniform particles of diameter d and density pp,
when there is a flow of fluid of superficial velocity u through
it, the forces on the bed are the particles’ net weight and the
drag exerted on them. The drag is considerably larger than that
on a single isolated particle owing to the presence of nearby,
surrounding particles. As the fluid flow through a bed of single-
sized particles is increased, the drag on the particles increases.
Eventually the minimum fluidisation velocity, u,y, is reached
when drag balances the net weight of the bed. For mono-sized

particles, this is also the point at which the weight of individual
particles is supported and inter-particle friction is eliminated so
that the bed behaves in a similar manner to a fluid. A simple way
of expressing this balance is the semi-empirical Ergun equation
(Ergun, 1952)

15042 wH
(1—¢) d

1.75 H
ﬁ%”fnf Unf = ¢ApgH,  (5)
where ¢ is the particle volume fraction of the bed, u is the
viscosity of the fluid, Ap is the difference between the particle
and the fluid densities, and H is the depth of the bed. u is
a superficial velocity and so the actual average velocity within
the bed is ums/p. The left-hand side of the equation expresses the
drag on the particles. A heuristic approach is taken summing
the first term representing the inertial force to the second
term representing the viscous force. The right-hand side of the
equation is the net weight of the bed. It may be written in
non-dimensional form as

PRefnf + QRe,p — Ar =0, (6)

where Re,s is the particle Reynolds number (the ratio between
inertial and viscous forces on a particle) at u = u,,

Uyrd
Remf _ 1Y mf X
"

and Ar is the Archimedes number

Ap pd®
Ar = 2P PES

e
the ratio of net weight to viscous forces, and a function of particle
and fluid properties only. P and Q define the effect that the close

proximity of particles has on drag in the bed and so are functions
of ¢. They are defined by

1.75 150¢
P=—s, = —.
(1-¢y (1-¢)°
They may be related to inertial permeability (= d/P) and viscous
(Darcian) permeability (= a?/Q).

Above the velocity of minimum fluidisation the net weight
and the drag on the particles remain balanced. For particles that
are not too small or light (Geldart, 1973), the excess gas flow
is concentrated forming voids or “bubbles” in the bed that pass
up through it (Davidson and Harrison, 1963). These bubbles
can coalesce and divide, and also drive circulation currents of
particles within the bed.

Fluidisation in a mono-sized bed of particles is idealised as a
discrete event: it takes place at the gas velocity when at the bed
scale the drag balances the net weight of the particles and at the
particle scale inter-particle friction is practically eliminated. It is
assumed that the drag on all the particles is the same for a given
gas velocity and for each particle the only net vertical forces acting
on it are its net weight and drag.
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4.1.1. Fluidisation in a Two-Layer Bed

When a bed consists of two layers of particles, its fluidisation
behaviour can be much more complicated. The minimum
fluidisation velocity depends on the size and density of particles,
and so from the point of view of individual particles, when there
are two layers of different particles in a bed there will be an
interval of fluid velocities over which the particles of one set will
be fluidised and the other set will not be. The particles used in
our experiments were differentiated by size only (density was
constant) and so will be referred to as coarse and fine particles,
but this is a proxy for referring to particles in a bed in which
one set of particles has a higher value of u,,; than the other. In
addition, the discussion below is for sets of particles for which r
is not sufficiently large to allow particle percolation.

When a two-layer bed consists of a layer of coarse particles
overlaid by a layer of fine particles, then the observed behaviour
was straightforward as described in section 3.1.

More complex behaviour is seen when small u,, particles
form the lower layer and large u,,s particles the upper one. As
for the opposite case (fine layer on top), as the fluid flow rate is
increased it reaches the minimum fluidisation velocity for the fine
particles; however, in this configuration the entire layer of small
Uy particles cannot be fluidised owing to the weight of the still
unfluidised top layer of large u,,s particles. This causes a division
of the fine-particle layer with a static upper part forced up against
the upper layer and a lower part that is fluidised (Nichols et al.,
1994): the drag exerted on the upper part of the fine-particle layer
supports the weight of the small u,,s particles composing it and
the excess drag (i.e., the total drag on the fine particles minus
the drag to support the weight of the fine particles) supports
the effective weight of the upper layer (Nichols et al., 1994). In
this state, the weight of the upper layer of the bed (composed
of coarser and so larger u,,s particles) is fully supported by the
gas flow, but individual particles are not fluidised and there is
significant friction between them; the same is true of the upper
part of the layer of fine particles where the excess drag forces the
particles together and so there is a frictional force between them.
The particles in the lower part of the layer of fine particles (below
the gas pocket) are fully fluidised i.e., the weight of the particles
is fully supported and the inter-particle friction is insignificant.

A schematic diagram of the bed at the point at which the
weight of the top layer is fully supported is shown in Figure 6.
From the point of view of fluid drag, it is possible to estimate
for a given gas velocity the thickness, HY, of the upper part of
the layer of low u,,s particles required to support the weight of
the upper layer of large u,, particles. From the Ergun equation,
Equation (5), summing the pressure drop through the two parts
of the composite layer gives

PE—!—H—; Ofthmfs +Qﬂ+H—; [
d. " ds TS ped 2 dfz mf bed
= ApcgHe + ApsgHy, (7)

where uy¢, . is the superficial velocity at which the weight of the
upper layer is supported, and Ap is the difference between the
density of the particles and that of the surrounding fluid. The

Upper layer of coarse particles

Static upper part of fine particle layer

Empty pocket

Fluidised fine particles

u

-

FIGURE 6 | Schematic diagram of a two-layered bed just after activity in the
bed has initiated when the weight of the top layer is supported by the effects
of fluid drag.

Ergun equation accommodates both drag and hydrostatic forces,
the latter accounting for a factor of (1 — ¢) in the denominator
of both P and Q. The particle volume fraction ¢ is assumed
to be uniform throughout the composite layer. This expression
includes the effects of inertia, which were neglected by Nichols
etal. (1994).

Equation (7) may be non-dimensionalised so that

PRef (Hé(l -1+ r) + QRe, (Hé(l — 2+ 1’2)
— (HL(1 = Vw) + Y/w) Arc = 0, (8)

where Rec is calculated when u = wyf, ., Hi = H/H.+H}, the
relative thickness of the layer of coarse particles, and the density
difference ratio w = Ap./Apy.

For a given H/, this equation may be solved implicitly to obtain
the corresponding uy, » the gas velocity at which the net weight
of the upper layer is balanced by fluid flow drag. For a given

Upnf g then
Hé _ Are/w — rPRef — 2QRe, ©)
PRe2(1 — 1) + QRe (1 — r?) — ((1 — 1/w)Ar.)
or, when all the particles have the same density so that w = 1,
, Ar. — rPRef — 72QRe, (10)

H = .
¢ PRe2(1 — 1)+ QRe.(1 —1?)

These equations are wholly in terms of the large particles: the
properties of the small particle layer enter only through r. The
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FIGURE 7 | Variation of the Reynolds number of the large particles at the point
of initiation of the formation of a pocket in the lower, fine particle layer of the
bed. The initial thickness of the bed was 10 cm for all the beds. Curves are
Equation (10), which relates Re and H./H at u = upy; points are experimental
measurements.

value of H. given by Equation (10) is a minimum value. In a
system where u is steadily incremented, the value of H]. required
from Equation (10) will decrease as more of the weight of the
coarse particles is supported directly by the flow through drag,
but there is no mechanism by which fine particles can detach
themselves from the double layer and so there will be a net
upward force on the double layer.

4.2. Initiation of Activity in Layered Beds of

Mono-Sized Particles

When the weight of the upper layer of the bed is supported, then
it can start to deform, allowing the pocket to form in the lower
layer of the bed. s, , can therefore be identified with the point
at which deformation in the bed is first observed; we call this
the initiation velocity u; with corresponding particle Reynolds
number, Re; = pguide/p. Equation (10) is plotted out in Figure 7
along with experimental data for the first sub-set of experiments
(fixed H = 10cm). For the small-scale experiments, Hy has
been used to calculate H.. H* was measured for the second sub-
set of experiments (fixed r = 5.63). Neglecting the case when
either layer was very thin (H, or Hf = 1cm), the mean relative
thickness of the layer was Hf/H; = 0.87 with a standard deviation
0f 0.10; therefore it is reasonable to identify H. with H./H. When
H/ =1then Re; = Reyy ..

It is apparent that even a thin bottom layer of fine particles
is sufficient to greatly increase the fluid force on the upper
layer of large particles and cause a sharp drop in the expected
value of Re;. In the model, e.g., Equation (10), r controls the
concavity of the curve, while the endpoints are controlled by the
minimum fluidisation velocities for the fine and coarse particles

Ri,j
HQ

®
. R("i (“’mf[

Foiosee ©
00 2 4 6 8 10 12
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FIGURE 8 | Initiation Reynolds number as a function of H for the larger
particles in two-layer fluidised beds consisting of a lower layer of particles with
diameters 45-75 pm and an upper layer of particles with diameters of
250-425 pm for five He/H values. The two black horizontal lines indicate the two
Reynolds numbers corresponding to the minimum fluidisation velocities, Umrs
and Unre, determined experimentally with mono-sized fluidised beds of each
component with a depth of 4cm.

alone. Many aspects of the theoretical curves are captured by
the experimental measurements; however, the theory consistently
under-predicts the Reynolds numbers at which initiation occurs
in the experimental beds.

In the second sub-set of experiments there was a lower layer
of 60 um particles and an upper layer of particles with a diameter
of 338 um. Their particle size ratio r = 5.63 corresponded to
some of the most energetic breakthroughs seen in the first sub-
set of experiments. Figure 8 shows the Reynolds number for the
initiation of activity with overall bed depth for sets of experiments
where H/ was kept constant. It can be seen that Re; depends
strongly on He/H, as would be expected from Equation (7);
however, if the activity in the bed was solely determined by
the balance between weight and fluid drag then Re; should be
a constant for a given value of He/H; in fact there is a clear
dependence on H, or perhaps H. + H}‘. There are signs that this
levels out for deeper beds, but at values of Re; that are significantly
in excess of what would be expected from Equation (7). For the
largest values of He/H, the levelling-off occurs when the value of
Rejc = Rey .

4.2.1. Initiation of Activity for Two Layers of Particle
Mixtures

Geological materials are rarely composed of a single component.
Two-layer beds where each layer was composed of a mixture of
particles as detailed in Table 2 were therefore examined. Each
mixture consisted of a small component (subscript s) and a large
component (subscript /). When calculating the drag, the Sauter
mean diameter (4) is the most suitable diameter (van der Hoef
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FIGURE 9 | Dependence of initiation Reynolds number on relative coarse layer thickness for several beds consisting of mixtures of particles as specified in Table 2. All
the beds had an overall thickness H = 10 cm. The curves describe Equation 10 and the points are experimental measurements.

et al., 2005) and its value for the upper layer is the diameter that
is used in Re. and Ar.. The mixing of particles can also allow
better packing and so increase the drag experienced by the bed.
The effect of packing in Equation (8) is determined by P and Q,
and as ¢ will now be different in the upper and lower layers of the
bed, then P and Q will also differ. Equation (8) therefore becomes

Re? (PFHL(1 — 1) + Pcr) + Rec (QeHL(1 — ) + Qcr?)
— (H.(1 = 1/w) + V/w) Arc = 0. (11)

¢r and ¢ can be estimated using a linear-mixture model (Yu
and Standish, 1991; Yu and Zou, 1998), and the values for the
mixtures used are listed in Table 2. From these, P and Q may be
calculated for each layer and the equation solved for Re..

The same types of behaviour were seen for layers that are
bi-modal mixtures of particles as for the layers of mono-
sized particles, except that for the mixtures tested, jetting
was seen more often than for the mono-sized layered beds.
For r = 6.18, the maximum height of ejected particles
was also measured and these results are plotted in Figure 4,
and it can be seen that the types of activity and the
strength of breakthrough were comparable to the beds of
mono-sized layers.

Figure 9 shows the Reynolds number at which activity
initiates. The trends are the same as for the mono-sized (non-
mixed) layers shown in Figure 7 including the significant under-
prediction of the initiation Reynolds numbers by the theory based
on fluidisation, Equation (10).

4.3. Breakthrough for Layered Beds

After initiation, H} is maintained as there is no mechanism by
which fine particles may be detached from it. This generates an
excess drag on the layer of coarse particles and the immobile
top part of the layer of fine particles, and so they are forced

upwards to form the longitudinal air pocket. This pocket was
typically centred within the tank, though on some occasions an
asymmetrical pocket formed. A void above the pocket grew with
increments of u until there was a sudden breakthrough of the
lower layer through the upper layer in the form of bubbles or a jet.

For the set of experiments when H./H was kept constant, the
breakthrough of the upper layer took place when u ~ 1.2u;.
In a conventional fluidised bed with a single layer of particles,
the pressure drop over the bed would rise until it matched the
weight of the bed and then level off (Davidson and Harrison,
1963); however, in our experiments for a two-layer bed with
Unfe > Unfy there was a steady pressure rise to a value

significantly in excess of the weight of the bed until breakthrough.
When breakthrough occurred, there was a sudden drop in
pressure to a value close to that corresponding to the weight
of the bed.

Figure 10 shows a typical pressure drop over a bed, recorded
using a manometer with an outlet positioned at the bottom of the
bed (i.e., just above the distributor plate). The pressures measured
are steady pressures i.e., after each increment of u, the pressure
was allowed to come to an equilibrium value. When u = 4 cm/s,
the estimated pressure drop over the bed owing to drag calculated
from terms equivalent to the first two terms of Equation (11)
was 7200 Pa compared to the 6000 Pa measured. Some difference
would be expected owing to the distortion of the particle layers
at breakthrough, but this gives some confidence that the force
exerted on the particles is dominated by drag.

The strength of breakthrough, as indicated by the maximum
height of the particles ejected from the bed, is shown in Figure 11
for five sets of experiments from the second sub-set for which
Hc/H is constant. There is a similar dependency in the strength of
the breakthrough on He/H with the strongest breakthroughs for
middle values; however, there is a dependence on H in absolute
terms as well.
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FIGURE 10 | Change of pressure drop over a two-layer bed as u is
incremented. The sudden fall in pressure corresponds to the point at which
breakthrough takes place. The total bed thickness was 10 cm and the bed
layers conformed to r = 2.44 in Table 2. The dashed line is the bed weight
calculated as ¢c ApcgHc + ¢ AprgHr. He/H = 0.6.
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FIGURE 11 | Strength of breakthrough for a two-layer fluidised bed where
Hmax is the maximum observed height of particles ejected from the bed.
Heights were measured to an accuracy of £0.1 cm. The bed consisted of a
lower layer of particles with diameters 45-75 pm particles and an upper layer
of particles with a diameters 250-425 pm where Hq/H is kept constant over a
range of H for five values of He/H.

5. DISCUSSION

The established conceptual model of secondary hydroeruptions
through hot pyroclastic flow deposits (e.g., Moyer and Swanson,
1987) emphasises the role of permeability (fine grain size) in
the primary deposit. In this model, which we term “static
pressure build-up,” the low permeability reduces the rate of

steam escape enabling the underlying steam source to pressurise
until the overburden fails, triggering the secondary eruption.
However, for any non-zero permeability, if the pressure at
the steam source increases, so will the flow up through the
interstices of the deposit, increasing the drag force pushing
upwards throughout the entire deposit thickness. We propose
an alternative model where drag is fundamental to triggering
secondary hydroeruptions. It is suitable for deposits that are
effectively granular materials for which the permeability is high
enough for the drag force to be comparable to the static pressure
force; it is not relevant to secondary eruptions through welded
deposits in which the particles will be stuck together regardless
of the flow rate of gas. Our simple analogue experiments with
uniform-density spherical particles demonstrate that upflow of
gas from an underlying distributed source can cause localised
violent outbursts of particles from the top of a bed of layered
granular material.

Violent outbursts do not occur for single-layer beds or
in two-layer beds where the capping layer is finer-grained
(lower permeability) than the layer below it; however, if the
layers are reversed so that the coarser-grained layer is on
top, then jets of particles form for some gas fluxes and layer
thicknesses and grain size contrasts. Our experiments and
theoretical considerations, including those outlined in Nichols
et al. (1994), indicate that what matters is not the permeability
of the layers but the minimum gas velocity for drag to support
the weight of the particles, u,,s. In the experiments we controlled
uyf through particle size and used spherical particles with
unimodal or bimodal size distributions, which are well-studied
in industrial applications and are the easiest to model and
understand; however, in general u, s will be determined by
the size distribution, densities and shapes of particles making
up a layer.

The violent breakthrough in layered systems where the top
layer has a u,,s larger than that in the lower layer is enabled
by the interaction between the two layers. The upper part of
the lower layer of fine particles (above a gas pocket) supports
the weight of the upper layer of coarse particles, forming a
composite structure. In neither part of this composite are the
particles individually fluidised because the gas flow is not large
enough to fluidise the large particles, and the small particles
are forced against the large ones by the excess drag on them.
This ensures that there continues to be significant inter-particle
friction and the composite has a strength so that the upstream
pressure increases to a value in excess of the lithostatic. The
theory based on fluidisation alone, Equation (10), underestimates
Re; for both mono-sized layers and mixed layers; this is consistent
with the static strength of layers also playing a role in the
initiation of activity. It is the arching of the bed (permitted by
it having a strength) which forms a region with no particles.
This gas pocket causes increased flow through its apex, locally
fluidising the particles above. In this region where there is full
fluidisation, jets and bubbles can form which further concentrate
the flow. Once breakthrough is achieved, the central portion of
the bed is fully fluidised and the pressure drop over it is suddenly
reduced to that corresponding to the bed’s weight, releasing the
excess pressure. This transient, and the concentrated flow owing
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to bubbles or a jet, generates the plume of particles expelled
at breakthrough.

The analogue experiments and theoretical constraints indicate
that the drag-induced triggering of secondary hydroeruptions
pyroclastic deposits requires that:

e The deposit is a granular material with particles free to move
relative to one another if the local gas flow is sufficient for the
weights of particles to be supported. This means the primary
deposit is not welded and has low cohesion.

e The deposit has some strength through friction in order to
allow buildup of overpressure.

o The primary deposit is layered with vertical changes in u,,s.

o There is a layer with sufficiently low u,,s (e.g., it is sufficiently
fine-grained) for the upwards velocity of steam generated by
the thermal energy of the primary deposit to exceed it.

o This low-u,, layer is overlaid by a layer with higher u,, (e.g.,
due to coarser grain size and/or higher proportion of lithic
clasts of high density).

o The low-u,s layer is sufficiently thick compared to the
thickness of the deposit above it to satisfy Equation (9).

5.1. Application to Deposits

To consider the above requirements and apply the insights from
our analogue experiments to secondary hydroeruptions, we refer
to the Mount St Helens (MSH) 1980 eruption. It has well-
studied primary pyroclastic flow deposits (Kuntz et al., 1981;
Rowley et al., 1981; Brand et al., 2014) and the best-documented
secondary hydroeruptions (Rowley et al, 1981; Moyer and
Swanson, 1987). That the deposits can be treated as low-strength
granular materials that would fluidise with sufficiently fast upflow
of gas is suggested by the “striking deformation” when people
attempted to walk on the primary deposits in the weeks after
emplacement (Wilson and Head, 1981) and the sloughing of
the primary deposits into the secondary hydroeruption craters
to form gentle slopes (Rowley et al, 1981). Based on the
responses to loads on the top surface and shear vane tests in
the upper channel deposit, Wilson and Head (1981) estimated
a yield strength of ~ 300-2,000 N/m? and 400-18,000 N/m?,
respectively. However, a degassed and compacted deposit (with
degassing induced by loading experiments) was substantially
stronger (e.g., it could support an adult standing on one foot), and
they attributed much higher compressive strengths of 100,000—
250,000 N/m? determined from cone penetration to the efficiency
of degassing induced by the steadily increasing force applied
during these tests. We hypothesise that for the drag-induced
triggering of secondary hydroeruptions, the increased strength
with compaction demonstrates how the portion of the (fine-
grained) layer where u,; < u can gain an appreciable strength
when it is pushed up and is compacted against the weight of the
overlying material with u,,y > u. The pressure that builds in
the gas pocket, which contributes to the intensity of the outburst
when the overlying material is breached, depends on the bending
strength of the material above the pocket, and so although most of
the deposit would be weak and easily deformed, the compaction
induced by excess drag in the low u,,¢ part of the composite layer

above where the pocket initiated would allow greater pressure
to accumulate.

Sections through the MSH May 18 pyroclastic flow deposits
exposed along drainages by recent erosion that were studied
by Brand et al. (2014) reveal that the primary deposits can
be considered as layered with vertical changes in grain size
and componentry, and so there are vertical variations in u,,s.
Although the four main units (I, II, III, IV) of the May
18 pyroclastic flows have intricate vertical and lateral facies
variations, the outcrop photographs and diagrams of Brand et al.
(2014) show laterally continuous layering defined by grain size
(and componentry) is common over distances of tens of metres.
Lithofacies include: massive lapilli tuff; block-rich massive lapilli
tuff, sometimes with block-rich basal breccia; pumice lens; fine-
grained massive ash, up to tens of centimetres thick. There is
considerable variation in median grain size and sorting (Kuntz
et al, 1981; Brand et al,, 2014): for example, the median of the
samples sieved by Brand et al. (2014) 7.1-7.2km from source
vary from < 100 pm to > 10cm. The stratigraphic logs show
that there is commonly a sudden increase in grain size with
stratigraphic height across unit boundaries (e.g., from units II
to IIT and from III to IV), which would correspond to vertical
increases in uy,.

The preservation of layers in the primary deposits, including
close to secondary hydroeruption sites, means that the steam
flux after emplacement was not sufficient to exceed u,,; of
most (or all) of the deposit. However, for the proposed drag-
induced triggering of secondary eruptions, there must be layer(s)
where the steam velocity exceeded u,,r. Figure 12 shows u,,
as a function of particle diameter for three particle fractions
(¢ = 0.5,06,0.7) and two end-member particle densities
that correspond to the typical pumice density (750 kg/m?) and
the bubble-free (glass and crystals) juvenile clast density (2,550
kg/m3 ) determined by Kuntz et al. (1981). It indicates that the
effects of the expected variations in density and particle volume
fractions would usually be much less important than variations in
grain size in their effects on variations of u,,s in pyroclastic flow
deposits. For beds with a range of particle sizes (e.g., pyroclastic
deposits), if the property of interest relates to drag (e.g., tpy
and permeability, Breard et al., 2019), then the relevant particle
diameter is the Sauter mean diameter (Equation 4). The Sauter
mean diameter is sensitive to the finer grain sizes and is always
smaller than the median (by mass) when all the particles are
considered to have the same density (and also when the fine
particles are relatively dense).

Most of the secondary hydroeruptions occurred within a few
days of emplacement of the May 18 pyroclastic flows. Moyer and
Swanson (1987) include data on the grain size distribution of one
May 18 pyroclastic flow sample down to 9® =~ 2 um, with just
0.12 wt.% finer than 9®. Applying Equation (4) and using the
geometric mean for the diameter of each particle size bin gives
a Sauter mean diameter of 110 pm. Breard et al. (2019) show
how to estimate the Sauter mean diameter from the commonly
reported ®-scale based median (Md) and sorting (o) parameters,
assuming a log-normal particle size distribution. This gives a
Sauter mean diameter of 97 um for the same Moyer and Swanson
(1987) sample, in good agreement with Equation (4). Applying
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the Breard et al. (2019) approach to the nine May 18 pyroclastic
flow size distributions in Kuntz et al. (1981) gives mean Sauter
mean diameters of 55-206 pum. Data from the more extensive
sampling of recent exposures of the May 18 units along drainages
by Brand et al. (2014) suggest the Sauter mean diameter can range
from < 10 microns to > 1mm [c.f. Figure 4F of Brand et al.
(2014) and Figure 9B of Breard et al. (2019)].

Figure 12 gives a sense of the implications of these grain
size data for the ranges of u,,s in pyroclastic flow deposits. For
example, for a density of 2,550 kg/m?, Sauter mean diameters
of 55, 200, and 1,000 pum correspond to u,s values (and the
volume flux of steam generated per unit area) of 3 x 107> m/s,
4 x 1072 m/s, and 0.7 m/s, respectively. These steam rates
suggest that it is feasible for upflow of steam to overcome
of some, but not most, of a pyroclastic flow deposit succession
as required to trigger secondary hydroeruptions and preserve
layered deposits. However, the argument would clearly be
strengthened by modelling of steam generation and data on grain
size and density from samples collected at the roots of secondary
hydroeruptions, which are beyond the scope of this study.

In our laboratory experiments with layers of mono-sized
particles, the intensity of outbursts of particles was substantially
diminished when the ratio of the particle diameters of the two
layers was sufficient for the smaller particles to percolate through
the interstices of the coarser layer above. For these experiments
this meant that violent outbursts were abated when r > 6.5.
This will be partly because excess drag on the particles in
the lower layer causes percolation rather than it being exerted
against the upper layer. Also the mixing of the small and
large particles causes uy for the upper layer to be decreased
(Gilbertson, 2019). For natural pyroclastic deposits with much
broader size distributions we expect percolation to be much less
important because of the more efficient packing and smaller
interstices than in mono-sized beds. In fluidised beds of mixtures,
segregation often takes place owing to the difference in u,,s of the
components (Gilbertson, 2019); however, this was not apparent

in experiments with mixtures of particles because the particles in
the composite structure are not individually fluidised and they
are not free to move. Thus we expect the intensity of outbursts to
increase for greater r, even when r > 6.5, in pyroclastic deposits,
with r based on the ratio of Sauter mean diameter of layers.
Other factors that would affect intensity are the bending strength
of the beds and the relative thickness of the layers; further
work is required to make robust quantitative predictions of
their roles.

The mechanism for triggering secondary hydroeruptions we
have explored in this paper complements that proposed by Moyer
and Swanson (1987) in that in both models steam pressure builds
at depth before the deposit is breached causing a sudden pressure
drop and eruption of steam and particles. The addition of the
role of drag in our model means that the root of the secondary
eruption is not necessarily at the depth of the steam source: it
can, and generally would, be higher up in the deposit where there
is a relatively low-u,,¢ layer. Moyer and Swanson (1987) proposed
that the steam source for the MSH secondary hydroeruptions
was pools of water on top of the May 18 debris avalanche
deposit because of the dearth of the distinctive cryptodome dacite
clasts from the debris avalanche in the secondary hydroeruption
deposits. In our drag-related mechanism for secondary eruption
triggering, the water could be in pools on top of the debris
avalanche but could also be groundwater. Indeed, the secondary
hydroeruptions that took place a year after emplacement of the
pyroclastic flows are most likely to be related to seasonal recharge
and a rising water table.

6. CONCLUSION

Secondary explosions through pyroclastic flow deposits have
occurred in several historical eruptions, indicating they are a
common hazard where hot pyroclastic flows are deposited on a
wet environment. There has however been relatively little study
of the phenomenon, perhaps because the explosion craters and
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the associated surge and fallout deposits are readily modified and
eroded, and so may often be poorly preserved or not recognized
in the geological record.

Our laboratory experiments show that violent outbursts
analogous to secondary eruptions can be generated by the drag
induced by a distributed flow of gas through a granular material
with vertical variations in the minimum fluidisation velocities.
Notably, a low-permeability cap is not required to trigger a
secondary eruption; in fact, the experiments demonstrate that
distributed gas flow up through a granular layer capped with
a finer-grained (and so lower permeability) layer made of
particles of the same density does not generate jets of particles
or craters. However, when the upper layer is coarser, a gas
pocket may grow within the finer layer causing the bed to
dome upwards until it fails forming a crater and erupting
particles. Combining these results with theoretical considerations
and constraints from the Mt St Helens 1980 sequence, we
conclude that for sufficient steam flux, secondary eruptions
can be triggered within pyroclastic flow deposits where there
is a fine-grained layer with very low minimum fluidisation
velocity under a layer that is coarser and/or contains more dense
clasts so that a greater upward velocity of steam is required
to fluidise it.

Our experiments with air flow up through layers of
unimodal or bimodal glass spheres are very simple; however, the
complex behaviour observed provides insights into even more
complicated natural secondary eruptions. The experiments are
intended only to elucidate the physical origins and triggers of
eruptions and not the dynamics of the eruptions themselves,
which will be strongly affected by the generation of the steam
that drives them. When the eruption is triggered, the associated
pressure drop will induce flashing of superheated water at depth

REFERENCES

Brand, B. D., Mackaman-Lofland, C., Pollock, N. M., Bendana, S., Dawson,
B., and Wichgers, P. (2014). Dynamics of pyroclastic density currents:
Conditions that promote substrate erosion and self-channelization - Mount
St Helens, Washington (USA). J. Volcanol. Geotherm. Res. 276, 189-214.
doi: 10.1016/j.jvolgeores.2014.01.007

Breard, E. C. P, Jones, J. R, Fullard, L., Lube, G., Davies, C., and Dufek, J.
(2019). The permeability of volcanic mixtures-implications for pyroclastic
currents. J. Geophys. Res. Solid Earth 124, 1343-1360. doi: 10.1029/2018]B
016544

Davidson, J. F., and Harrison, D. (1963). Fluidised Particles. C.U.P.

Ergun, S. (1952). Fluid flow through packed beds. Chem. Eng. Prog. 48, 89-94.

Gardner, C. A., Neal, C. A., Waitt, R. B,, and Janda, R. J. (1994). Proximal
pyroclastic deposits from the 1989-1990 eruption of redoubt volcano, Alaska-
stratigraphy, distribution, and physical characteristics. J. Volcanol. Geotherm.
Res. 62, 213-250. doi: 10.1016/0377-0273(94)90035-3

Geldart, D. (1973). Types of gas fluidization. Powder Technol. 7, 285-292.
doi: 10.1016/0032-5910(73)80037-3

Gilbertson, M. A. (2019). Estimation of the minimum fluidisation velocities
in well-mixed bi-disperse fluidised beds. Powder Technol. 346, 433-440.
doi: 10.1016/j.powtec.2019.02.019

Gilbertson, M. A., and Eames, I. (2001). Segregation patterns in gas-fluidized
systems. J. Fluid Mech. 433, 347-356. doi: 10.1017/S0022112001003950

Hildreth, W. (1983). The compositionally zoned eruption of 1912 in the Valley of
Ten Thousand Smokes, Katmai National Park, Alaska. J. Volcanol. Geotherm.
Res. 18, 1-56. doi: 10.1016/0377-0273(83)90003-3

to steam. Steam compressibility may also affect the eruption,
which is not the case in the experiments due to the much
smaller length-scale and pressure drop. These differences mean
that once triggered, the natural secondary eruption is likely to
be more energetic than predicted by the processes involved in
the experiments.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/Supplementary Material.

AUTHOR CONTRIBUTIONS

AR conceived the project and supervised AT and SM, who
did the experiments and analysis of data. MG re-analyzed and
re-plotted the data, and developed some theoretical constraints.
MG, AR, and SM created the figures. MG and AR wrote the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

The research was conducted by the authors in the ordinary course
of their employment or education at the University of Bristol.
Expenses were paid from academic discretionary accounts.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/feart.
2020.00324/full#supplementary-material

Keating, G. N. (2005). The role of water in cooling ignimbrites. J. Volcanol.
Geotherm. Res. 142, 145-171. doi: 10.1016/j.jvolgeores.2004.10.019

Kuntz, M. Rowley, P., MacLeod, N., Reynolds, R., McBroome, L.,
Kaplan, A., et al. (1981). “Petrography and particle size distribution of
pyroclastic flow, ash-cloud and surge deposits,” in The 1980 eruptions
of Mount St. Helens. U.S. Geological Survey Professional Paper 1250,
425-539.

Moyer, T. C., and Swanson, D. A. (1987). Secondary hydroeruptions in pyroclastic-
flow deposits: examples from Mount St. Helens. J. Volcanol. Geotherm. Res. 32,
299-319. doi: 10.1016/0377-0273(87)90081-3

Nermoen, A., Raufaste, C., deVilliers, S. D., Jettestuen, E., Meakin, P., and Dysthe,
D. K. (2010). Morphological transitions in partially gas-fluidized granular
mixtures. Phys. Rev. E 81:061305. doi: 10.1103/PhysRevE.81.061305

Nichols, R. J., Sparks, R. S. J, and Wilson, C. J. N. (1994).
Experimental studies of the fluidization of layered sediments and
the formation of fluid escape structures. Sedimentology 41, 233-253.
doi: 10.1111/j.1365-3091.1994.tb01403.x

Rhodes, M. (1998). Introduction to Particle Technology. Chichester: Wiley.

Rowley, P. D., Kuntz, M. A, and MacLeod, N. S. (1981). “Pyroclastic-flow
deposits,” in The 1980 Eruptions of Mount St. Helens. U.S. Geological Survey
Professional Paper 1250, 489-512.

Torres, R. C,, Self, S., and Martinez, M. M. L. (1996). “Secondary pyroclastic flows
from the June 15, 1991, ignimbrite of Mount Pinatubo,” in Fire and Mud:
Eruptions and Lahars of Mount Pinatubo, Philippines, eds C. G. Newhall and
R. S. Punongbayan (Seattle: University of Washington Press), 625-678.

van der Hoef, M. A., Beetstra, R., and Kuipers, J. A. M. (2005). Lattice-boltzmann
simulations of low-Reynolds-number flow past mono- and bidisperse arrays of

Frontiers in Earth Science | www.frontiersin.org

September 2020 | Volume 8 | Article 324


https://www.frontiersin.org/articles/10.3389/feart.2020.00324/full#supplementary-material
https://doi.org/10.1016/j.jvolgeores.2014.01.007
https://doi.org/10.1029/2018JB016544
https://doi.org/10.1016/0377-0273(94)90035-3
https://doi.org/10.1016/0032-5910(73)80037-3
https://doi.org/10.1016/j.powtec.2019.02.019
https://doi.org/10.1017/S0022112001003950
https://doi.org/10.1016/0377-0273(83)90003-3
https://doi.org/10.1016/j.jvolgeores.2004.10.019
https://doi.org/10.1016/0377-0273(87)90081-3
https://doi.org/10.1103/PhysRevE.81.061305
https://doi.org/10.1111/j.1365-3091.1994.tb01403.x
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Gilbertson et al.

Fluidisation and Secondary Hydroeruptions

spheres: results for the permeability and drag force. J. Fluid Mech. 528, 233-254.
doi: 10.1017/S0022112004003295

Wilson, L., and Head, J. (1981). “Morphology and rheology of pyroclastic flows
and their deposits, and guidelines for future observations,” in The 1980
Eruptions of Mount St. Helens. U.S. Geological Survey Professional Paper 1250,
513-524.

Yu, A. B,, and Standish, N. (1991). Estimation of the porosity of particle mixtures
by a linear-mixture packing model. Indus. Eng. Chem. Res. 30, 1372-1385.
doi: 10.1021/ie000542045

Yu, A. B, and Zou, R. P. (1998). Prediction of the porosity of particle mixtures.
KONA Powder Part. ]. 16, 68-81. doi: 10.14356/kona.1998010

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Gilbertson, Taylor, Mitchell and Rust. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Earth Science | www.frontiersin.org

143 September 2020 | Volume 8 | Article 324


https://doi.org/10.1017/S0022112004003295
https://doi.org/10.1021/ie00054a045
https://doi.org/10.14356/kona.1998010
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

1' frontiers

in Earth Science

ORIGINAL RESEARCH
published: 15 September 2020
doi: 10.3389/feart.2020.557788

OPEN ACCESS

Edited by:

Laura Sandri, National Institute of
Geophysics and Volcanology
(Bologna), Italy

Reviewed by:

Lucia Capra,

National Autonomous University of
Mexico, Mexico

Roberto Sulpizio,

University of Bari Aldo Moro, Italy

*Correspondence:
Sylvain Charbonnier
sylvain@usf.edu

Specialty section:

This article was submitted to
Volcanology,

a section of the journal
Frontiers in Earth Science

Received: 30 April 2020
Accepted: 24 August 2020
Published: 15 September 2020

Citation:

Charbonnier SJ, Thouret J-C,
Gueugneau V and Constantinescu R
(2020) New Insights Into the

2070 cal yr BP Pyroclastic Currents at
El Misti Volcano (Peru) From Field
Investigations, Satellite Imagery and
Probabilistic Modeling.

Front. Earth Sci. 8:557788.

doi: 10.3389/feart.2020.557788

®

Check for
updates

New Insights Into the 2070calyrBP
Pyroclastic Currents at El Misti
Volcano (Peru) From Field
Investigations, Satellite Imagery and
Probabilistic Modeling

S. J. Charbonnier*, J.-C. Thouret?, V. Gueugneau’ and R. Constantinescu’

" School of Geosciences, University of South Florida, Tampa, FL, United States, 2 Laboratoire Magmas et \Volcans, CNRS, OPGC
et IRD, Université Clermont-Auvergne, Aubiére, France

Pyroclastic currents (PCs) are the most challenging volcanic hazards for disaster planners
in populated areas around volcanoes. “El Misti” volcano (5,825 m above sea level), located
only 17 km from the city center of Arequipa (>1.1 million inhabitants), South Peru, has
produced small-to-moderate volume (<1 km®) PCs with a frequency of 2,000-4,000 years
over the past 50 kyr. The most recent Plinian eruption dated at 2070 cal yr BP (VEI 4) has
been selected as one of the reference events for the hazard assessment and risk mitigation
plan of Arequipa. Associated pumice- and lithic-rich PC deposits were emplaced from at
least four phases of column-collapse into the radial valleys draining the volcano as far as
13 km toward the city. Field mapping and stratigraphic surveys conducted in seven valleys
affected by the 2070 cal yr BP PCs were combined with a new high-resolution (2 m) digital
surface model of the volcano to better estimate the distribution of individual PC volumes.
Such data acquisition is particularly critical for two of these valleys (San Lazaro and
Huarangal-Mariano Melgar) for which the medial and distal reaches now cross the suburbs
of Arequipa. The total area covered by the PC deposits is estimated at 141 km? for a total
bulk volume estimated at 406 + 140 x 10°m?®. These volumes were used as input
parameters to better calibrate probabilistic numerical simulations of future similar PC
events using the two-layer VolcFlow model and assess the impacts of both the
concentrated and dilute portions of these currents in the San Lazaro and Huarangal
valleys. We discuss probability values of PC inundation obtained from these simulations
both in terms of their implications for the dynamics of such hazardous PCs at El Misti and
for their integration into its current multi-hazard assessment. Modeling results demonstrate
that the risk of overbank processes and spreading of unconfined PCs inside Arequipa
should be refined. This multi-disciplinary study aims to help the civil authorities’
understanding of the likely effects of PCs associated with a similar VEI 4 eruption of El
Misti on the urban area of Arequipa.

Keywords: El Misti volcano, pyroclastic currents, probabilistic modeling, field data acquisition, hazard assessment
and mapping
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INTRODUCTION

Pyroclastic currents (PCs) are one of the most dangerous and
least understood phenomena of explosive volcanism, leading to
the highest number of fatalities during recent explosive eruptions.
In the past decade alone, more than 1,000 people were killed by
PCs around the world [e.g., Merapi (Indonesia) in 2010 (Surono
etal,, 2012), Sinabung (Indonesia) in 2014 and 2016 (Andreastuti
et al, 2019), Fuego (Guatemala) in 2018 (Charbonnier et al.,
2019), White Island (New Zealand) in 2019]. With more than
500 million people living in the proximity of an active volcano
around the world and growing populations spreading over their
flanks (Marti, 2017), improved methodologies and techniques for
quantitative PC hazard assessment constitute a primary research
objective in volcanology and volcanic hazard sciences. In this
paper, we use the example of El Misti volcano (Peru) and its last
Plinian eruption (~2070 calibrated '*C years or “cal yr” BP) to
demonstrate how robust field and laboratory work, along with
high-resolution satellite imagery, can inform state-of-the-art
computer models and drive a fully probabilistic PC hazard
assessment at this high-risk volcano.

El Misti volcano (5,822 m), located in southern Peru within
the northern segment of the Central Andes volcanic zone, is
potentially one of the most active volcanoes in the region
(Thouret et al., 2001; Harpel et al., 2011; Coberfias et al., 2012).
Arequipa, the second largest city and economic center of Peru
with a population of 1,130,000 (as of 2017), is located at the foot
of El Misti. The city center lies only 17 km southwest of El Misti’s
crater and approximately 3.5 km below the summit (Figure 1). In

El Misti 2070 calyrBP PCs

the past, El Misti has displayed a variety of eruptive styles,
including Vulcanian and Plinian eruptions (Table 1).

From these, two eruptions have been selected as reference
hazard scenarios (Sandri et al., 2014): 1) The small magnitude and
high frequency VEI 2 (Volcanic Explosivity Index, Newhall and
Self, 1982) Vulcanian eruption that occurred in 1440-1470 CE
(Chavez Chavez, 1992) and emplaced an andesitic plug in the
400 m-wide vent, nested in the large 2070 cal yr BP crater, is the
most likely scenario for renewed activity; 2) The VEI
4 2070 calyr BP event (weighted mean age 2070 =+
20 "C cal yr BP, i.e., 1990-2060 cal yr BP; Cobenas et al., 2014)
because of its high recurrence rate, estimated between 2,000 and
4,000 years based on the chrono-stratigraphical dataset (see
Table 1 and Thouret et al., 2001; Sandri et al., 2014). The aim
of Cobenas et al. (2012, 2014) was to describe and explain how the
2070 cal yr BP tephra fallout and PC deposits were formed, and to
understand the mechanisms that triggered the eruption with a
rationale of providing civil authorities with a clear understanding
of the likely effects of a major eruption of El Misti on Arequipa’s
urban area. With an increasing population and sprawling of
developed area by >30% in the past 30 years, one of the goals
of this study is to re-assess the PC extents, volumes and hazards
around El Misti, using new high-resolution field-based, remote
sensing, and numerical modeling tools.

Field mapping and stratigraphic surveys conducted in seven
valleys affected by the 2070 years BP PCs were combined with a
new high-resolution (2 m) digital surface model (DSM) of the
volcano obtained by fusing a stereo-pair of Pleiades optical
images with lower-resolution (10 m) TanDEM-X (TDX) radar

T
Plio-Quaternary volcanic range Ly

Chala)
1

PACIFIC  Atico” stori
Historicall
~—_Historically
volcano

and dal

Inset: location of El Misti volcano in the central volcanic zone in south Peru.

JiPower SU‘I‘W

ly: e
v

ry

FIGURE 1 | Google Earth image of El Misti volcano showing the principal geological features, the drainage network in blue (Rio Chili Valley and its tributaries
Quebradas = seasonal ravines), and the urban area of the city of Arequipa (red line). The bold line indicates the boundary between El Misti stratocone and its ring plain.
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TABLE 1 | Summary of magnitude and frequency data for each eruptive and non-eruptive phenomenon at El Misti volcano collected from eruptive records over the last 50 kyr of activity. Modified from Sandri et al. (2014).

Domain Deposit type

Ash fallout
Sub-Plinian to Plinian fallout

Pyroclastic
deposits

Small volume pumice- and/or ash-rich

PCs

Large volume pumice- and/or ash-rich

PCs
Scoriaceous PCs and fallout

Block-and-ash flows and lithic-rich
PCs

Bombs and ejecta of
phreatomagmatic origin
Debris-avalanche deposits

Lava flows

Other deposits

PC, pyroclastic current.

Approximate
thickness

1-20 cm
20-50 cm, maximum 3 m

1-6 m each

5-10 m each

3-7m

5-10m

1-2 m, in lower part of scoria
PCs

20-50 m
10-70m

Approximate
volume

Several milion m®
<1 km?

<1 km?®

1-5 km®

1 km® each

<1 km®

1 to a few milion m®
Several km®

Several km?® to
10 km®

146

Examples

Several ashfall layers over 10 ka, period 4-1
2070 years BP, “Autopista,” Chachani road
sequence

Period 3; Pastores

Many PCs between 50 and 40 ka and between
34-32 ka

Periods 3.3 and 3.4

One or two units between 70 and >40 ka
Phreatomagmatic interactions in Late Glacial times
At least 2, one is >50 ka, another is older >100 ka

El Misti 1-2 and lava flows exist near summit
between ¢.49 and 14 ka

Rank according to estimated
average frequency

Every 400-1,000 years
Every 2,000-4,000 years

Three PC-producing periods over 50 ka, 3-6 PCs
within each period (every 3,000 years?)

At least 20,000 years, but frequent within caldera-
forming period 3-3 and 3-1

Same pattern as BAFs, especially periods 3-3 and 3-
4 (every 3,000-5,000 years?)

Twice over 70 ka

Infrequent except for period 3.4

Twice over >110 ka

Frequent during El Misti 1 and 2 growth, some during
3-1, then decrease. Lava flow dated 49 + 3 ka, but
youngest lava flows do exist
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FIGURE 2 | Map of the 2070 cal yr BP eruptive deposits with pyroclastic current deposits outlined in blue and tephra fallout isopachs (in cm) delineated in red.
Names of the studied valleys are indicated in black. Background map is from the ESRI World Topographic Map (source: ESRI). Modified from Cobefias et al. (2012).
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data. Surveys and DSM embedded in GIS tools allow to better
estimate the distribution of individual PC volumes emplaced in
each of the valleys impacted by this Plinian event. In addition,
sedimentological analyses were performed on 16 samples
collected during stratigraphic surveys to investigate the facies
variations of the main valley-confined PC deposit units both
longitudinally and laterally across the NW to SE flanks. Finally,
this dataset was used to calibrate the source conditions
(i.e., location, initial volume, and particle mean diameter) for
probabilistic numerical simulations of potential similar PC events
on the SW flank of the volcano using the two-layer VolcFlow
model and assess the impacts of both the concentrated and dilute
portions of these currents in Arequipa. We discuss probabilities
of PC inundation both in terms of their implications for the
dynamics of such highly mobile PCs and for their integration into
the current multi-hazard assessment at this high-risk volcano.
This multi-disciplinary study contributes to the current endeavor,
led jointly by several national and international institutions, to
revise the hazard-zone map of El Misti to be published in 2021.

THE 2070 CALYR BP ERUPTION AND
ASSOCIATED DEPOSITS

Pyroclastic deposits were identified in previous studies by
Navarro Colque (1999), Suni Chambi (1999), Thouret et al.

(1995, 1999, 2001), Legros (2001) and Harpel et al. (2011).
The 2070 cal yr BP deposits are part of El Misti’s fourth
growth stage of Holocene age (Thouret et al, 2001; Cobenas
et al,, 2012; Sandri et al., 2014), overly the 3,300-3,800 cal yr BP
pyroclastic deposit and underlie the tephra fallout layer of the
mid-15th Century event. The 2070 cal yr BP Plinian (VEI 4)
eruption of El Misti is divided into five eruptive stages based
on deposit stratigraphy: 1) a lower tephra layer deposited from a
21-24 km-high eruptive column, 2) a thin sand-sized, lithic-rich,
middle tephra layer associated with the collapse of the crater walls
and partial obstruction of the vent, 3) an upper tephra layer
deposited when the Plinian eruption column resumed, 4) PC
deposits produced by subsequent collapses of the column, 5) an
uppermost unit made of a coarse, lithic-rich debris-avalanche
deposit attributed to failure of the hydrothermally altered part of
the crater rim toward the S and SE (Cobenas et al., 2012). Tephra
and PC deposits from the 2070 cal yr BP eruption were analyzed
by Cobenas et al. (2012), but their findings have been challenged
by Harpel et al. (2011, 2013), in particular concerning the
determination of the origin -PC vs. lahar- of some of the
2070 cal yr BP  deposits. Subsequently, the characteristics of
PCs and criteria for distinguishing all deposits associated to
the 2070 cal yr BP event have been re-assessed by Cobenas
et al. (2014). We refer the reader to the aforementioned
studies for a detailed description of the eruption source
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parameters and associated tephra fallout deposits. To summarize,
the Plinian column rose up to 21-24 km and associated tephra
fallout deposits covered an area of at least 2,580 km” within the
5 cm-isopach line (Figure 2). Eruption duration was estimated
between 0.6 and 2.3 h (yielding mass discharge rate between 6.3 x
107 and 1.1 x 10® kg/sec) for a total bulk volume estimated by
Cobefas et al. (2012) at 1.2km?’, including between 0.2 and
0.6km®> of tephra fallout. The preserved lobe of the
2070 cal yr BP fallout deposit (about 30 cm thick at 9-15km
SW of source) extends as far as 28km from the summit
toward the south and southwest (Figure 2).

Pumice- and lithic-rich PC deposits were channeled along
several radial ravines and the Rio Chili, the main artery incising
the west flank of El Misti (Figure 2). The PC deposits either
form 5-8 m thick fans on the SW and south slopes or are
confined in the pre-existing ravines: the thickness of the
preserved valley-confined PC deposits reaches at least 5m in
the Rio Chili canyon, and 10-20 m in the ravines draining the
SW and south flanks [e.g., Quebradas (Q.) Pastores, San Lazaro,
Huarangal also termed “Mariano Melgar (MM),” see Figure 1
for locations] as far as 13 km from the vent. The preserved
valley-confined PC deposits are thicker (10-40 m) toward the
south and SE, particularly in the Q. Agua Salada, Q. Honda, and
Q. Grande where they reached 8-11km from the summit.
Although tephra fallout deposits <10 cm was measured on
the northern flank of El Misti, PC deposits have not been
observed possibly due to the absence of deep ravines. However,
PC deposits can be observed in the middle reach of the Rio Chili
canyon along with a thick debris avalanche deposit. Such
deposits are also present near Charcani Grande upstream of
the Rio Chili canyon (Figure 1), suggesting that PCs also flowed
down the NW flank.

The sharp erosional contact between the tephra fallout and the
overlying PC deposits indicates that the currents were emplaced
immediately after the pumice fallout, probably due to several
episodes of column collapses (Harpel et al., 2011; Cobenias et al.,
2012). However, in the Q. Agua Salada, layers up to 5 cm thick of
openwork pumices are intercalated within the lower unit of PC
deposits (see Stratigraphy and Mapping and Coberias et al., 2014).
Previous authors interpreted the intercalated pumice layers
within PC deposits as follows: during the Plinian tephra
fallout, whose dispersal axis was oriented toward the SW, the
majority of PCs were emplaced toward the south in the Agua
Salada valley, which is located 8 km off the main axis of the tephra
dispersal to the East (Figure 2).

The abundance of lithic clasts and hydrothermal altered
fragments in lithic-rich PC units, and the coarse debris
avalanche deposit directly overlying the PC deposits toward
the south and SE of El Misti suggest that PCs eroded and
included parts of the instable uppermost south slope [above
4,800 m above sea level (asl)] during their emplacement.
Presently, on the south rim of the 900 m-diameter summit
crater, a notch cuts through the hydrothermal system and
extends down toward a steep-sided flute and amphitheater
carved in unstable rocks. The debris avalanche deposit is
witness to the partial collapse of the hydrothermally altered
summit above 5,400 m asl, perhaps as the consequence of

El Misti 2070 calyrBP PCs

removal of material by PCs flowing over the south and SE
flanks (Cobenas et al., 2014).

DATA ACQUISITION AND MATERIALS

Optical Imagery and Digital Surface Model

Generation

A combination of optical and radar imagery were acquired and
processed to generate an improved DSM of the El Misti-Arequipa
area (Figure 3). Firstly, a stereo-pair of very high-spatial resolution
panchromatic (0.5 m) and multispectral (2 m) Pleiades-1A images
taken on March 28, 2013, which covered an area including the
western part of the volcano as well as the entire city of Arequipa
and its suburbs (Figure 3), was processed with the ERDAS Imagine
software (Hexagon Geospatial). Using the Photogrammetry
toolbox, a DSM of 2m spatial resolution was extracted after
performing an automatic tie point generation and triangulation.
Different combinations of parameters for the photogrammetric
processing were tested and we opted for those that maximized the
number of matched points [see Bagnardi et al. (2016) for more
details about this procedure]. In addition, the differential Global
Positioning System solutions for the X, Y, and Z position of 58
selected ground control points (GCPs) measured in July 2010 were
used to assess the horizontal and vertical accuracy of the new
Pleiades DSM. The mean offsets between the selected GCPs and
their clearly visible positions in a pansharpened image are <2.0 m
(less than the size of one DSM cell) horizontally and 0.87 + 2.86 m
vertically, much lower than the nominal absolute location accuracy
of Pleiades-1A imagery (8.5 m after Oh and Lee, 2014).

Secondly, in order to cover the summit area of the volcano and
the eastern portion of the studied area (Figure 3), a digital elevation
model (DEM) of 10 m spatial resolution was generated using a pair
of bistatic synthetic aperture radar data taken from the TDX
mission (German Aerospace Center, DLR) in 2011 and 2013.
Details about the adaptive TDX DEM merging strategy
employed, as well as statistical information on the TDX
coherence and elevation difference maps generated, can be
found in Charbonnier et al. (2018). To reduce the effect of
geometric distortions inherent in synthetic aperture radar
images, TDX DEMs generated from ascending and descending
orbits were combined [see Charbonnier et al. (2018) for details].
The same assessment as for the Pleiades DSM was also performed,
for completeness, on the 10 m resolution TDX DEM using the same
58 selected GCPs. Residual ramps remained in the elevation
difference between the TDX DEM and Pleiades DSM, which
could be due to processing errors of the TDX data. The ramp
was fitted with a quadratic polynomial using the least-squares
method (e.g., Poland, 2014; Arnold et al, 2017), and removed
from the original TDX DEM.

Finally, the Pleiades and TDX DEMs were fused in order to
close any remaining data gaps and obtain a single DSM of the
entire study area. Using the grid mosaicking tool from the
SURFER software (Golden Software, 2018), the fused DSM
was generated using a bilinear interpolation resample method
with a 9 x 9 pixel averaging window in order to smooth the
transition at the edges of different data sets.
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The black arrow indicates the North direction. Coordinates are in UTM meters.

FIGURE 3| 3-D view of the 2 m fused digital surface model oriented from Arequipa to the NE. The white outline defines the boundary between the coverage of the
2 m Pleiades digital surface model (on the west) and the 10 m TanDEM-X DEM (on the east). The red dashed outline defines the boundary of the urban area of Arequipa.

Field Data
Two field campaigns were carried out in May 2018 and 2019 to

collect new data and samples from the 2070 cal yr BP PC deposits.
Following the work done by Cobenas et al. (2012, 2014) on the

stratigraphy and sedimentology of these deposits, we focused our
field mapping, stratigraphic survey and sampling in seven radial
valleys (from northwest to southeast) affected by the various
2070 cal yr BP PCs: Rio Chili, Q. Pastores, Q. San Lazaro, Q.
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FIGURE 4 | (A) Revised extent of the preserved 2070 cal yr BP pyroclastic current deposits as mapped from new field data collected in 2018 and 2019. Sampling
sites for sedimentological analyses and locations of field and digital thickness measurements are also included. (B) Close-up view of the sampling sites and thickness
measurements along the San Lazaro river system. One of the 2 m resolution multispectral Pleiades 1A image used for digital thickness measurements in the proximal
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FIGURE 5 | Selected correlated stratigraphic sections with deposit facies characteristics (grain size, componentry) from the seven drainages affected by the
2070 cal yr BP pyroclastic currents. See Figure 4 for the locations of the different sections and sampling sites.

Huarangal, Q. Agua Salada, Q. Grande and Q. Honda (Figure 1).
In order to better estimate the volume of these deposits, 45
thickness measurements of the different PC units were
collected using a TruePulse 360 laser rangefinder with a
vertical accuracy of <0.3m within the range of horizontal
distances (<100 m) measured. Additional 15 thickness
measurements were collected digitally, using the new elevation
data acquired from the Pleiades DSM at 2 m spatial resolution
with the VHR panchromatic Pleiades-1A images draped on top
for clear visible recognition of the 2070 cal yr BP PC outcrops,
along the different valleys surveyed in the field (Figure 4).
Because distal valley-confined PC deposits have been eroded
away, we focus our data collection on the proximal and
medial channeled deposits at distances from 5.2 to 9.5km to
the summit. Stratigraphic logs were built at each location to
identify and describe the different PC units and their facies, as
well as tentatively correlate them longitudinally inside the same
channel and laterally across the different radial valleys (Figure 5).
Volumes of the different PC deposits were calculated using the
ArcGIS software “Surface Analysis” toolbox (ESRI, Redlands, CA,
United States) and the methods described in Charbonnier and
Gertisser (2009, 2012). Based on our thickness measurements and
the three different PC deposit facies recognized (valley-confined,
overbank or veneer and surge), each drainage basin, interfluve
and alluvial cone affected by the 2070 cal yr BP PCs has been
divided into different zones of constant thicknesses. Volumes
obtained for each polygon of the same geomorphic feature
identified were added together to obtain the overall deposit
volume.

To better identify the different PC units recognized during the
stratigraphic survey and to characterize their deposit facies, a total
of 16 samples were collected for sedimentological analyses. Due to

the large range of particle sizes present in the PC deposits, grain
size analyses were performed on the lapilli-ash (“matrix”)
fractions only (<16 mm or —4 phi). In order to avoid particle
breakage and comminution, gentle wet sieving at 1 phi intervals
down to 32 pum (5 phi) were carried out in the laboratory and each
grain size fraction was weighed after drying in an oven for about
24 h. Estimates based on the loss of fines during wet sieving
showed that the fraction smaller than 5 phi never exceeded 20 wt
% of the total sample mass. The GRADISTAT software (Blott and
Pyle, 2001) was used to compute statistics of the grain size
distributions. A lithological component analysis of seven
selected samples was performed under a binocular microscope
by point counting of ~700 to 1,000 particles (converted to
abundance % in Table 2) from the +2 phi fraction only. This
grain size fraction was chosen because 1) it corresponds to the
most abundant matrix fraction (by weight) according to the grain
size analyses performed on these samples (Table 2), and 2) the
size range (250-500 pm) is small enough to avoid particle clusters
(i.e., with glass adhering to and/or crystals attached to other
grains). Each particle was assigned to one of five lithological
component categories: 1) white to brownish, banded-colored, and
pumice fragments, 2) dark grey-colored to black, dense to
vesiculated glassy fragments, 3) hydrothermally altered and
oxidized clasts, 4) altered lava fragments and 5) free crystals.

Probabilistic Modeling

PCs are thought to be composed of two parts: a dense part formed
by large blocks and particles that follow the drainage network
(also called valley-confined or concentrated PCs) and a more
dilute part, formed by small particles maintained in suspension by
turbulent gases (also called ash-cloud surges or dilute PCs).
Therefore, such complex currents are formed by a mixture of
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TABLE 2 | Matrix grain size distribution (in weight %) of the studied samples and lithological component abundances [% with 700 < N (number of particles) < 1,000] of the

+2 phi fraction of selected samples

Sample Location Unit Matrix grain size distribution (wWt%) +2 phi fraction componentry (%)
Lapilli Ash Mean¢ Md¢ o Glassy Pumices Old lavas Altered Crystals

SL18-1 San Lazaro pcU2 64.8 35.2 -1.4 -2.3 2.84 32.0 11.6 17.0 10.6 28.8
SL18-3 San Lazaro pcU2 57.0 43.0 -0.9 -1.6 2.77 — — — — —
SL18-4 San Lazaro pcU1 51.9 48.1 -0.5 -1.1 2.86 30.1 10.2 18.2 8.4 33.1
SL18-5 San Lazaro pcU2 69.5 30.5 -1.8 -2.7 2.78 — — — — —
SL18-6 San Lazaro pcU3 63.2 36.8 -1.4 -2.1 2.70 29.6 1.1 18.9 13.5 26.8
SL18-7 San Lazaro pcU2 51.0 49.0 -0.5 -1.1 2.54 — — — — —
HU18-2 Huarangal pcU2 49.0 51.0 -0.8 -0.9 2.66 — — — — —
HU18-3 Huarangal pcU1 45.8 54.2 -0.6 -0.7 2.68 25.8 12.9 24.2 11.8 25.3
HU18-4 Huarangal pcU2 50.6 49.4 -0.7 -1.0 2.72 — — — — —
AG18-1 Agua Salada pcU1 35.0 65.0 0.7 0.4 2.96 — — — - —
GR18-1 Grande pcuU2 64.2 35.8 -1.6 -2.2 2.60 36.7 11.0 20.9 13.0 18.5
MIS19-03 Pastores pcU1 39.1 60.9 0.1 0.2 2.70 — — — — —
MIS19-06 Rio Chili pcU1 50.2 49.8 -0.8 -1.0 2.18 — . . — .
MIS19-07 Charcani pcuU1 60.5 39.5 -1.5 -2.0 2.85 23.2 5.8 23.6 1.2 36.1
MIS19-10 SW cone Overbank 40.0 60.0 -0.3 0.1 2.61 - - - - -
MIS19-11 Honda pcU3 51.0 49.0 -0.8 -1.1 2.85 - — - — -
M17 Agua Salada fU1 85.2 14.8 -2.5 -2.6 1.49 1.4 121 26.9 14.2 45.3

Mean¢, mean diameter; Md¢$, median diameter; ¢, sorting; glassy, dark grey-colored to black, dense to vesiculated glassy fragments; pumices, white to brownish, banded-layered,
pumice fragments; old lavas, altered lava fragments; altered, hydrothermally altered and oxidized clasts; crystals, free crystals.

particles and gases of various characteristics (grain sizes,
densities, temperature, etc.) transported with a certain velocity.
The basic concept of numerical simulation is to solve the balance
equations of mass, momentum and energy according to
simplified physical laws that model the real physics. A variety
of approaches exists, depending on the degree of simplification of
the physics and on the way chosen to solve the equations. To
decrease the computation time, some approaches consider that
the vertical variations of properties and the energy balance can be
neglected, and they simplify the equations in 2D, with an
isothermal, depth-averaged formulation of problem. A new
version of VolcFlow has been developed especially for the
simulation of PCs (Kelfoun, 2017). Unlike the previous
version of VolcFlow (Kelfoun and Druitt, 2005), it couples two
fluids: one for the concentrated part, another for the dilute part.
Exchange laws allow the concentrated part to form the dilute part
or, inversely, the dilute part to form a deposit or a concentrated
current by sedimentation. Details about the two-layer VolcFlow
code and its applications to PCs at Merapi and Soufriere Hills
volcanoes can be found in Kelfoun (2017), Kelfoun et al. (2017)
and Gueugneau et al. (2019).

PC hazard modeling and mapping approaches have developed
and diversified in a number of ways. Methods can be subdivided
into either deterministic (i.e., scenario-based) or probabilistic
types. Probabilistic approaches are often the preferred
technique as they are able to incorporate uncertainty in the
physical phenomena by using numerous multiple numerical
runs as in a “Monte Carlo” simulation approach (i.e., Wadge
2009; Tierz et al, 2016). This methodology, by varying input
parameters across likely ranges, explores the effect of modifying
key, but uncertain, variables. In some cases, probabilistic PC
hazard mapping allows to represent the likelihood of PC
inundation or the distribution of a specific hazard variable

associated with the current (e.g., velocity, dynamic pressure,
temperature, solid concentration).

Here, we propose to assess the uncertainty in PC hazard
mapping at El Misti volcano using a fully probabilistic
approach. The resulting probabilistic maps benefit from: 1)
refined mapping and volume estimates of the 2070 cal yr BP
PC deposits in all seven radial valleys affected by the eruption,
2) statistical/stochastic sampling of input parameters including
PC volumes and mechanical properties [constant retarding
stresses (CRS), mass exchange laws], 3) the new high-
resolution (2m) DSM of El Misti volcano, and 4) new
computational capacities at the University of South Florida to
perform up to 16 runs simultaneously. Using the Latin
Hypercube Sampling method, a statistical method for
generating a near-random sample of parameter values from a
multidimensional distribution (McKay et al, 1979), 123
simulations were computed with the two-layer VolcFlow
model at two locations from the apex of the two major
drainage networks, which directly impact the city of Arequipa,
the San Lazaro and Huarangal river valleys (Figure 1).
Compilations of the 246 VolcFlow simulations were used to
compute two probabilistic maps of PC inundation, one for the
Q. San Lazaro and another for the Q. Huarangal, respectively.
Due to the high computational resources and time used by the
two-layer VolcFlow code, the ensemble runs had to be performed
over a coarser (8 m spatial resolution) and smaller sample of the
DSM, cropped in the East-West direction to cover only the
drainage basins of interest. Each ensemble run of 123
simulations took about 720 computational hours with 16
parallel nodes. See Probabilistic Modeling of the 2070 cal yr BP
Pyroclastic Currents for details about the procedure, model input
parameters and the resulting probabilistic maps of PC inundation
obtained.
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TABLE 3 | Input parameters of the two-layer VolcFlow model used for all
simulations. The first ten rows refer to fixed input values defined from previous
numerical studies (Kelfoun et al., 2017; Gueugneau et al., 2019; Gueugneau et al.,
2020). The last two rows refer to parameters which varied in the simulations within
the range of values explored.

Input parameters Symbols Literature Simulations
Particle mean diameter D 0-3 ¢ 2¢

Drag coefficient Cy 1-35 1
Particle density Pp 2,400 kg m=® 2,400 kg m™®
Atmosphere density Pa 1-12kgm™ 1kgm™
Concentrated PC density Pa 1,600 kg m™2 1,600 kg m™2
Dilute PC gas density Py 0.6-0.8 kgm™ 0.6 kgm=
Mixture density Pm 3-50 kgm™3 3kgm™
Formation coefficient c 107 to 1072 107
Voellmy drag stress Co 0.01 0.01

Dilute PC drag stress Cs 0.025-0.3 0.025
Constant retarding stress T - 3,500-9,000 Pa
Volume 1% - 10° to 50 10° m®

PC, pyroclastic current.

FIELD OBSERVATIONS OF THE
2070 CALYR BP PYROCLASTIC CURRENT
DEPOSITS

Stratigraphy and Mapping
Figure 4 outlines the revised extent of the preserved
2070 cal yr BP PC deposits as mapped from new field data.

While we do not distinguish valley-confined deposits from
overbank deposits on the valley margins and ash-cloud surge
deposits beyond the valley margins, the analysis of additional
stratigraphic sections has enabled us to delineate the approximate
extent of the areas where overbank (veneer) and dilute PCs
affected the margins of all valleys cutting the West, SW to SE
slopes and piedmont (Figure 4). On interfluves and ridges, the
PC deposits formed ash layers a few centimeters thick on the SW
flanks, overbank deposits 2-4 m thick on the southern flank, and
1-3 m thick overbank and associated surge deposits on the SE
flank of the volcano (see Table 3 for thickness measurements).
Thin layers of fine-grained, crystal-rich ash, that we assign to the
distal settling of dilute PCs that stratigraphically correlate with
the 2070 cal yr BP PC deposits, were observed >1 km outside the
valleys toward the west, e.g., in the Cayma area and upstream of
the airport between 9 and 15 km SW of the vent.

The non-welded, valley-confined PC deposits emplaced in the
seven drainages around the volcano (see Figure 1 for location)
consist of one to four units (pcUl-pcU4 in Figure 5).
Stratigraphic correlations across these drainages (Figure 5)
show a general increase in both the numbers of units found
and their individual thicknesses from northwest to south
(between 0.7 and 17 m thick, totaling between 6 and 32 m in
thickness), reaching a maximum between 3,400 and 2,800 m asl
in the Q. San Lazaro and Q. Agua Salada, where they filled three
quarters of the pre-existing valley up to 40-50 m deep. Thick
stratigraphic sections (up to 21 m thick in the upper course of the
Honda and Grande valleys and their tributaries on the eastern
flank between 3,400 and 3,800 m asl) expose the maximum
number of PC units, with up to four stacked units separated
by lithic-rich, coarse-clast trains (pcU1-pcU4 units at Q. Grande

El Misti 2070 calyrBP PCs

section, Figure 5). Elsewhere, clots of pumice mark the boundary
between PC units in the lowermost unit, a sharp change in grain
size distribution and/or by thin fine ash layers between other units
(i.e., fU2 unit in Figure 5). The boundary with the 2070 cal yr BP
Plinian fallout deposit (fU1 unit in Figure 5) is sharp or erosional.

Pyroclastic Currents Unit1

The lowermost valley-confined PC unit (pcUl in Figure 5)
outcrops in all seven drainages studied. It consists of a
massive, poorly sorted pumice rich unit with a light gray to
beige, medium-to-fine grained lapilli-ash matrix and sub-angular
to angular, dense lithic blocks. This unit is often reversely graded
and contains abundant and coarse pumices with banded layers,
sometimes over 10cm in diameter, as well as several
discontinuous pumice lenses or clots, suggesting shearing
processes, e.g., in the upper reaches of Q. San Lazaro and Q.
Agua Salada (Figure 5). The pcU1 unit shows strong thickness
variations due to the infilling of the highly eroded, pre-existing
valleys that dissected the cone before the 2070 cal yr BP eruption.
While it outcrops only as a thin (0.7 m thick), fine-grained
pumice rich PC unit near Charcani Grande in the northwest,
unit thickness gradually increases in the southwestern and
southern drainages to reach a maximum of 9m in Q. Agua
Salada at ~3,150m asl. This lowermost unit is easily
distinguishable from the other PC units due to: 1) its grey-
colored and finer-grained matrix, 2) abundance of coarse and
rounded, banded pumices, and 3) an often erosional contact with
the top of the underlying 2070 cal yr BP Plinian fallout deposit.

Pyroclastic Currents Unit2

The second valley-confined PC unit (pcU2 in Figure 5) is missing
in the Rio Chili but outcrops from Q. Pastores in the southwest to
Q. Honda in the southeast. It consists of a massive, poorly sorted
lithic rich unit with a grayish to light-brown, medium-to-fine
grained lapilli-ash matrix rich in hydrothermally altered
fragments. This unit often shows a coarse-tail inverse grading
and contains a few whitish-to-pinkish, pumice coarse lapilli as
well as abundant sub-angular to sub-rounded, >20-cm sized
accidental, lithic dense blocks, e.g., in the Q. Huarangal, Q.
Agua Salada, and Q. Grande (Figure 5). Thicknesses of the
pcU2 unit are variable across the different drainages, with a
minimum of 3 m in Q. Pastores to a maximum of 10 m in Q. San
Léazaro. The contact between pcU1 and pcU?2 is sharp, and a fine
ash fallout layer sometimes separates the two PC units (fU2 unit
in Figure 5).

Pyroclastic Currents Unit3

The third valley-confined PC unit (pcU3 in Figure 5) outcrops in
a relatively narrow sector between Q. San Lazaro in the southwest
to Q. Honda in the southeast. It consists of a massive, poorly
sorted, lithic-rich unit with a grayish to light-brown coarse-to-
medium grained lapilli-ash matrix and abundant accidental
lithics and sub-rounded hydrothermally altered blocks. The
base of this unit is uneven and often hard to distinguish from
the top of unit pcU2. The presence of an inverse coarse-tail
grading and coarse clast trains (in Q. Pastores and Q. Grande)
between the two units or discontinuous pumice lenses or clots at
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the base of pcU3 (Q. Honda) help identify the gradational contact
between these two stacked units. This unit has large variations in
thickness ranging from ~2 to 4 m thick in Q. Huarangal and Q.
Honda to >17 m thick in Q. San Lazaro at 2,980 m asl (Figure 5),
but still represents the thickest unit of the PC deposits.

Pyroclastic Currents Unit4

A fourth valley-confined PC unit is present on top of pcU3 but
outcrops are relatively scarce due to the strong erosion of the
upper part of the eruptive sequence. The only two drainages
where this pcU4 unit was found as a pristine PC unit was inside
the upper courses of Q. San Lazaro and Q. Grande between
~3,200 and 3,650 m asl (Figure 5). Here, it consists of a massive,
reversely graded lithic rich unit with a brownish coarse-to-
medium grained lapilli-ash matrix and abundant accidental
lithics blocks. A few rounded pumices up to 10 cm diameter
are also present at the base of this unit. The contact with the pcU3
unit at the base is gradational with the presence of a coarse clast
train. The upper part of this ~4 m thick unit is reworked and
overlain by ~2 m thick post-eruption lahar deposits.

Sedimentology

Grain-size distributions (GSDs) and lithological components of
the PC deposits are described in Harpel et al. (2011) and Cobenas
etal. (2012, 2014). However, our new analyses benefit from: 1) a
high diversity (three PC wunits) and a larger geographic
distribution (seven valleys) of PC deposits sampled, 2) a large
range of matrix grain sizes investigated during laboratory GSD
analyses (wide spectrum of lapilli and ash sizes from —4 to 5 phi
but excluding blocks), and 3) a quantitative analysis of the
lithological components of the PC samples using a binocular
microscope. Our results (Table 2) are then used to refine the
stratigraphic correlations of the four PC units recognized in the
different valleys, re-estimate their runouts, calculate individual
areas and volumes and finally calibrate the source conditions
(location, input volumes, mean particle diameter) for our
numerical simulations.

Most of the valley-confined PC samples analyzed for GSD
show bimodal distributions with two modes between —4.5 and
-1.5phi for the coarse sub-population and between 1.5 and
4.5 phi for the fine sub-population. Only three samples have
unimodal distributions with a mode between —3.5 and —2.5 phi.
While all the samples are poorly sorted with a narrow range of
sorting coefficients (s¢ between 2.1 and 2.9), they also have very
different matrix GSDs, with average mean diameters varying
between —1.8 and 0.6 phi and median diameters from -2.6 to
0.1 phi (Table 2). The statistical parameters of the GSD curves
show that the PC samples analyzed are fine skewed (spread out
toward fine values) and platykurtic. No major differences in terms
of matrix GSD were found between the samples from the three
different stratigraphic units pcU1-pcU3, except for: 1) samples
from pcU2 unit that exhibit the widest range of mean and median
diameters, and 2) samples from pcU1 unit that are richer in ash
size fractions (< —1 phi) than pcU2 and pcU3 (Table 2; Figure 6).
The four samples from the pcU2 unit collected at various
distances inside the Q. San Ldzaro seem to show a down-flow
increase in average median diameters (Mde averages from -1 to

El Misti 2070 calyrBP PCs

—2.3 phi), but more samples need to be collected and analyzed to
confirm such longitudinal facies variations. Therefore, the
variability in matrix GSD observed between the different
samples could be due to a combination of topographic factors,
variations in composition of the different PC deposits from
different drainages (e.g., accidental lithic content, presence of
pumices and/or dense glassy clasts) and/or fragmentation
characteristics at the source.

Results from quantitative matrix component analyses
performed on six valley-confined PC samples (from Rio Chili,
Q. San Lazaro, Huarangal, and Grande) and a tephra fallout
sample collected at the base of the PC sequence in Q. San Lazaro,
reveal significant textural variations (in terms of abundances of
lithological components) within the 2070 cal yr BP deposit
stratigraphy (Table 2; Figure 6). While the proportions of
pumice clasts, old lava fragments and hydrothermally altered
and oxidized clasts do not vary significantly among the samples
analyzed, the abundance of free crystals (amphibole, pyroxene
and plagioclase) differs significantly between the tephra fallout
and PC deposit samples (Table 2). Moreover, the proportion of
free crystals also decreases progressively both stratigraphically
within the PC deposit sequence, from unit pcU1 to unit pcU3
(from 33 to 27% in the Q. San Ldzaro), and geographically inside
the basal unit pcUl across valleys from the southwest to the
southeast (from 36% in Rio Chili to 18% in Q. Grande). Finally,
the most substantial textural variations found between the tephra
fallout and PC deposit samples lie in the abundance of dark gray
to black colored, dense to micro-vesiculated glassy fragments
(Table 2; Figure 6). While they are rare in the tephra sample
(only ~1%), they constitute the most abundant lithological
component inside the PC deposit samples analyzed with
proportions between 23% (Rio Chili) and 37% (Q. Grande).
While the origin of the four other component categories has
been documented and interpreted in previous studies (Harpel
etal, 2011; Cobenas et al., 2012, 2014), the source of these glassy
fragments is conspicuous. The dark coloration and dense to
vesiculated vitric textures suggest they are juvenile components.

Areas and Volume Estimation
Detailed volume calculations of the 2070 cal yr BP PC deposits

are listed in Supplementary Table S1. A map of the distribution
of 37 ArcGIS polygons of constant thicknesses drawn for each
geomorphic feature affected by the PC deposits is shown in
Supplementary Figure S1.

The total area covered by the PC deposits is estimated at
141 km?, unevenly distributed between valley-confined (covering
only ~20 km?) and unconfined PC deposits (covering ~121 km?).
The total bulk volume of the 2070 cal yr BP PC deposits is
estimated at 406 + 140 x 10°m’, equally distributed between
valley-confined (~46%) and unconfined deposits (~54%). The
uncertainty on each polygon volume calculation is calculated as
the standard deviation of the mean thickness multiplied by the
area. The uncertainty on the total volume is taken as the sum of
the standard deviations of each mean polygon volume
(Supplementary Table S1). Individual deposit volumes in
each of the seven drainages vary by one order of magnitude
between 4.4 + 1 x 10° m> for Q. Grande to 38 + 7 x 10° m° for Q.
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Agua Salada, for which most of the total volume is distributed in ~ presence of several lahar terraces(e.g., along the Q. San Lazaro
the SW to SSW sectors of the cone. PC deposit volumes calculated ~ down valley as far as 12 km from the summit).

for the two drainage basins for which the distal reaches now lie

within the suburbs of Arequipa are 30 + 9 x 10° m® for Q. San

Lazaro and its tributaries and 21 + 4 x 10° m? for Q. Huarangal PROBABILISTIC MODELING OF THE

and its branches (Supplementary Table S1). While our newareas 9070 CAL YR BP PYROCLASTIC

and volume estimations are more accurate than those from

previous studies (Harpel et al, 2011; Cobefas et al., 2012; CURRENTS

Cobenias et al., 2014), the PC deposit volumes may still be Procedure and Input Parameters
underestimated and should be taken as minimum estimates  To generate the two PC probabilistic maps for the San Lazaro and
for three reasons: 1) the proximal deposits on the high flanks ~ Huarangal catchments, all the VolcFlow simulations were
of the cone have not been considered, as most of them have been =~ performed with the same source conditions, with the
removed, 2) ash-cloud surge and overbank deposits on the valley ~ exception of PC input volume and the rheological parameter.
margins, although much thinner than valley-confined PCs, have ~ The range of input volumes selected for the simulations is based
not been mapped with accuracy, and 3) thicknesses of valley-  on field estimates of the PC deposit volumes calculated for the
confined deposits strongly vary along short distances due to the ~ two drainage networks, including the main channel, its tributaries
highly eroded channel geometries of the pre-existing valleys that ~ and the interfluves (Supplementary Table S1; Supplementary
dissected the cone prior to the 2070 cal yr BP eruption and the Figure S1). Total PC deposit volumes are estimated at 30 + 9 x
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120

10°m® for the San Lazaro basin and 35 + 9 x 10°m’ for the
Huarangal basin. Given the uncertainties in these numbers, the
fact that they are based on eroded deposits and are likely
underestimated, the selected range of simulated volumes has
been extended from 1 x 10° to 50 x 10°m’ for a more
accurate statistical exploration. Previous studies have shown
that for such a range of PC volumes (<100 x 10°m?), the
volume distribution is not uniform and follows a statistical
distribution: Bayarri et al. (2009) demonstrated that the
volume frequency of hundreds of PCs from Soufriére Hills
Volcano at Montserrat fit well with a Pareto distribution,
analogue to a decreasing power law, with a shape parameter
a = 0.64. More recently, Charbonnier et al. (in press) showed that
the best statistical model describing the volume distribution of
PCs at Merapi volcano is a Pareto type II law with a shape
parameter « = 0.83. Since PC volume distribution at El Misti is
unknown but should follow the same statistical distribution as at
Merapi or Soufriére Hills volcanoes, the 123 simulated volumes
sampled here follow a Pareto distribution with a shape parameter

a = 0.75, corresponding to the mean value of the coefficient used
in the studies mentioned above. With such a statistical sampling,
the probability of a PC with a volume close to 10° m? is extremely
high while the probability of a PC with a volume close to 50 x
10°m® is extremely low. The modeled cumulative density
function of the Pareto law with « = 0.75 is shown Figure 7A
(solid red line) and the values of the 123 volumes sampled using
this law are shown on Figure 7B. The Pareto law of Bayarri et al.
(2009) and Charbonnier et al. (in press) was also added with
dashed lines to better illustrate the role of the shape parameter. In
addition, the resulting cumulative probabilities of the sampled
volumes are represented as a bar diagram in Figure 7A.

The physical behavior of the concentrated PC is modeled with
a plastic rheology, involving a CRS, considered as the most
suitable rheology for the numerical simulation of concentrated
PCs with a depth-averaged model (Kelfoun et al., 2009; Kelfoun,
2011; Charbonnier and Gertisser, 2012; Kelfoun et al., 2017;
Ogburn and Calder, 2017; Gueugneau et al., 2019). When
using such a broad range of simulated PC volumes for
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probabilistic modeling, the CRS must vary to adapt the physical
behavior of the concentrated PC to simulate such large variations
in current mobility. Several studies have shown that the higher
the volume and current mobility, the lower the CRS, indicating
that the CRS seems to be inversely proportional to the volume
and mobility of the PC (Charbonnier and Gertisser, 2012;
Kelfoun et al., 2017; Ogburn and Calder, 2017), and the same
empirical relation was applied here. A broad range of CRS values,
comprised from 3,500 to 9,000 Pa, was defined according to the
typical values used in previous numerical studies using similar PC
volume ranges (Kelfoun, 2011; Charbonnier et al., 2012; Kelfoun
et al., 2017; Ogburn and Calder, 2017; Gueugneau et al., 2019).
Thus, for each volume, a value of the CRS is attributed as
inversely proportional to the position of that volume in the
range from 1 x 10° to 50 x 10°m’. This means that the
highest CRS is attributed to the smallest volume, and
inversely, the smallest CRS is attributed to the highest volume.
This yields 123 couples of volume-CRS with their distribution
presented in Figure 7B.

The list of input parameters is presented in Table 3. The
choice of using fixed values for these parameters over the full
range of selected PC volumes and CRS is justified as: 1) other
parameters acting on the concentrated PC rheology, the density p;
and the Voellmy drag stress c,, do not vary significantly with
different PC volumes and mobilities, as shown by previous
numerical studies (Kelfoun, 2011; Charbonnier et al., 2012;
Kelfoun et al, 2017; Ogburn and Calder, 2017; Gueugneau
et al, 2019), 2) parameters that control the dilute PC
formation and its emplacement are poorly constrained from
field data and chosen empirically. These parameters are: the
particle mean diameter d, the particle drag coefficient C,, the
particle density p,, the atmosphere density p,, the gas density of
the dilute PC p,, the density of the mixture transferred from the
concentrated PC to the dilute PC p,,, the dilute PC production
parameter ¢; and the dilute PC drag stress c; [see Kelfoun et al.
(2017) and Gueugneau et al. (2019) for details about their
calibration]. With such a large number of input parameters, a
stochastic sampling may lead to poor calibration, and
subsequently unrealistic simulations. Therefore, the empirical
values selected for each of these input parameters are based on
previous studies that have successfully reproduced PCs with the
VolcFlow two-layer version, at Merapi (Kelfoun et al., 2017),
Soufriére Hills Volcano (Gueugneau et al., 2019), and Mount
Pelée (Gueugneau et al., 2020). When a range of values was
already investigated by these previous studies, the lowest value is
used here to obtain the least false negatives (i.e., areas inundated
by the observed PCs where not simulated) as possible (Table 3).

For the simulated PCs, both valleys have identical source
conditions, a 390 m diameter circular spot sets at the apex of
the San Lazaro and Huarangal catchments and located ~600 m
below the summit crater to ensure that most the simulated
material flowed down the valley. A constant volumetric rate is
supplied for 180 sec through the spot and calculated for each
simulation by dividing the selected volume by the total number of
time steps performed by the model in this timeframe. Because the
time step is automatically adjusted by the model for each
simulation, the amount of volume added in each time step is

El Misti 2070 calyrBP PCs

different. The concentrated PC begins at the source and remains
in the main river channels whereas the dilute PC starts to form
and spreads laterally according to the dilute PC formation law,
which is also a function of the velocity of the concentrated PC
(Kelfoun, 2017).

Probabilistic Maps

Probabilistic maps of PCs were built by combining the inundated
areas of both PC components (dilute and concentrated PCs) from
each simulation into a single map for each valley. For that, the
number of hits (i.e., the number of times a DSM cell is inundated
by a PC simulation) is computed at the end of the probabilistic
run and divided by the total number of simulations (123 in our
case). This yields a probability of inundation (expressed between
0 and 1) at each DSM cell, computed either for the 123 simulated
dilute or concentrated PCs separately, or by combining the
probability values (total number of hits) of the two parts of
the 123 simulated PCs into integrated values. In order to better
distinguish between the spatial distributions of each PC
component, two different color scales are used. The resulting
maps for the San Lazaro and Huarangal catchments are shown in
Figures 8 and 9, respectively.

San Lazaro Valley
The integrated probabilistic map (Figure 8A) shows that the

distribution of the PC probabilities exhibits a characteristic
pattern, symmetrical to the San Lazaro valley, with a cluster of
high probabilities inside the main channel (dark red area with
values >0.6) and a sharp decrease in probability away from the
main channel (yellow area with probabilities <0.3). This low
probability zone is composed of two main lobes: 1) a proximal
lobe from the source to the mid slope catchment, and 2) a distal
lobe inside Arequipa city center, that extends to the south bank of
the narrow San Lazaro channel, cutting through the city
(Figure 8A). The unintegrated map (Figure 8B) shows that,
as expected, the cluster of high probabilities is attributed to the
valley-confined concentrated PCs that follow the main channel
(pink area). However, the map also highlights the fact that the
distal lobe of low probabilities inside the city (blue area) is
attributed to the overspill of concentrated PCs when the San
Lazaro channel narrows as it enters the suburbs and Miraflores
district (Figure 8B). These overbank processes occur only during
simulations with large PC volumes (>30 x 10° m?), with low
sampling frequency, explaining the low probability of events. In
contrast, the proximal lobe of low probabilities is caused by large
dilute PCs generated from fast and voluminous concentrated PCs,
probably associated with the same simulations as those that
shaped the large overbank areas in Arequipa further downstream.

Based on these probabilistic runs, we show that only the
concentrated PCs are able to reach the city of Arequipa
through the San Lizaro catchment. The probabilities of PCs
entering the city is remarkably high (0.92), and almost every
simulated PC reached the city, even though for only a few
hundred meters for the lowest volumes (<10 x 10°m°
Figure 8B). The probability of a PC entering the Q. Pastores
and crossing the northern area of Arequipa (through the Alto
Selva Alegre district, see Figure 1) is very high too, due to a major
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FIGURE 8 | VVolcFlow probabilistic map for a pyroclastic current in the San Lazaro drainage basin, made by calculating the number of hits at each digital surface
model cell for 123 numerical simulations. Map (A) shows the probabilities for the entire pyroclastic current (i.e., dilute + concentrated parts) with a yellow to red color
scale. Map (B) distinguishes the probabilities of a concentrated pyroclastic current with a blue to pink color scale, from the dilute pyroclastic current, with a yellow to red
color scale. Iso-probability contour lines at every 0.3 probability intervals are also included. The green dashed line corresponds to maximum extent of the Arequipa
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source of overspill, at a sharp bend in the proximal San Lazaro
western bank, where the simulated overbank PCs are voluminous
enough to follow the former river path all the way to the Rio Chili.
The most remarkable aspect concerns the relatively high
probabilities of overbank PCs that could inundate both the
northern and central districts via the Q. San Lazaro (up to
10% of the simulations reached this distal area). Finally,
arrival times of simulated PCs in the urban area of Arequipa
vary between 9 and 12 min, depending on the input volumes, with

current velocities between 11 and 14 ms ..

Huarangal-Mariano Melgar Valley
The same observations for the San Lazaro basin can be made for

the probability distribution of simulated PCs along the Q.
Huarangal-MM (Figure 9A). The same clustering of high
probabilities is observed in the valley due to the
channelization of concentrated PCs, contrasting with a wide
zone of low probabilities on the south flank of the cone
(yellow area) linked to the emplacement of voluminous dilute
PCs. However, here the direction of the dilute PCs is not
symmetrical to the Huarangal-MM channel and three large
detachments can be observed, two proximal ones (<3 km from
the starting location) toward the southwest entering the Pastores
and San Lazaro catchments, and the third toward the east

following a major bend in the valley at ~1km further
downstream (~4 km from the starting location). Moreover, the
unintegrated map (Figure 9B) shows that simulated concentrated
PCs are less constrained in the Huarangal-MM valley (slope
gradient is lower, 3%) than they are in the San Lazaro (7%).
Indeed, voluminous overbank PCs are observed at the middle
section of the valley (~7 km from the starting location), creating a
fan that separates the channelized PC into three main branches.
These three PC branches merge back into the distal Huarangal-
MM channel after a 90° bend in the valley (~10 km from the
starting location) before entering Arequipa through the MM
district (Figure 9B).

Beside the fact that the Huarangal-MM valley is longer than
the San Lazaro (19 vs. 12 km from the initial confinement area,
respectively), the probability of concentrated PCs reaching the
eastern part of the city is still high due to re-channelization in the
distal section of the valley. Again, simulations reach Arequipa
with a relatively high probability (>0.3, first contour line in
Figure 9B) with voluminous overflows that spread over the
MM district down valley to the city center. In contrast to the
San Lazaro, these large overbank PCs have a lower probability
(~0.1) and never cross the city entirely. We notice that a few
simulations generated major secondary PCs into the San Lizaro
valley that flowed all the way down to Arequipa, stemming from

Frontiers in Earth Science | www.frontiersin.org

157

September 2020 | Volume 8 | Article 557788


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Charbonnier et al.

El Misti 2070 calyrBP PCs

228000 232000 236000 240000 244000

8186000 8190000 8194000

8182000

236000

228000 232000
0.008 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Pyroclastic current probabilities (surge + concentrated flow)
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244000

228000

8186000 8190000 8194000

8182000

236000

228000 232000
0.008 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1

Concentrated flow probabilities

proximal overbank PCs and dilute PC detachments close to the
source. However, the occurrence of such secondary PCs seems to
depend on our source conditions and only shows that a
voluminous (>10 x 10°m®) PC entering the apex of the
Huarangal-MM valley will most certainly reach and enter both
valleys. Finally, arrival times of simulated PCs in the urban area of
Arequipa and corresponding current velocities are estimated at
~10 min and 15 m s, respectively.

DISCUSSION

New Insights Into the 2070 cal yr BP

Pyroclastic Currents

Field Data and Optical Imagery

The revised extent of the preserved 2070 cal yr BP PC deposits
(Figure 4) allows for the refinement of the runout of valley-
confined PCs emplaced in the seven radial valleys affected by the
eruption. These runout values should be taken as minimum
values due to the intense erosion of the distal deposits. While
the PC runouts in valleys from the S to SE flanks (Q. Agua Salada,
Q. Grande, Q. Honda) do not change from the previous map
proposed by Cobenas et al. (2012), runout values from valley-
confined PCs emplaced in the SW flank have increased, from
<1km in Q. San Lazaro and Q. Huarangual-MM to more than
5km in Q. Pastores (Figures 2 and 4). The extent of unconfined
PC deposits does not vary much between the two studies, except
in the area between the Rio Chili, Q. Pastores and Q. San Lizaro.
Here, new evidence from field surveys allowed us to extend the

area inundated by unconfined PCs (mostly overbank PCs) and
increase runouts by ~4.2km on the piedmont between Q.
Pastores and Q. San Lazaro (Figures 2 and 4).

Results from stratigraphic surveys are in agreement with the
stratigraphy proposed by Suni Chambi (1999) and Cobeiias et al.
(2012, 2014) with up to four PC units recognized in Q. San Lazaro
and Q. Grande while only three main PC units are exposed in
other valleys (Figure 5). Facies variations also show an increase of
matrix grain size (with a decrease of ash fractions), accidental
lithics and hydrothermal alteration of the deposit matrices from
pcU1 to pcU3 units, similar to previous observations made by the
aforementioned authors. The coarser median diameters (from
—2.6 to 0.1 phi) and narrower range of sorting (between 2 and 3)
obtained in our grain size distributions compared to those from
Cobenas et al. (2012) may be due to the different methodology
used for sieving and sampling of the PC deposits.

Significant textural variations (in terms of volume percentages
of lithological components) are found within the 2070 cal yr BP
deposit stratigraphy and differ quite substantially from similar
component analyses performed by previous authors (Suni
Chambi, 1999; Harpel et al., 2011; Cobenas et al, 2012).
While the differences in terms of proportions of pumices and
free crystals found between the samples from valley-confined PC
deposits are mainly due to different grain size fractions analyzed
for point counting (+2 phi fraction only in this study), the
abundance of dark gray to black colored, dense to micro-
vesiculated glassy fragments shows the most significant
variations between the tephra fallout and PC deposit samples
(Table 2; Figure 6). The dark coloration and dense to micro-
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vesiculated vitric textures of these glassy fragments suggest they
are juvenile (cognate lithics). However, none of the
aforementioned studies mentioned such micro-vesiculated
glassy texture. We interpret these fragments as input from
either a dense degassed magma batch (abundance of dense
vitric texture) or the sudden depressurization of material from
a gas-rich magma recharge batch (abundance of micro-vesicular
texture). The dark coloration and the glassy texture of these clasts
also suggest fast magma ascent during this period, as documented
in the eruption chronology (Harpel et al., 2011; Cobenas et al.,
2012). Moreover, these glassy fragments are similar to other
glassy components of rhyolitic composition found in other PC
deposits dated at 31-34 ka at El Misti (group 3 of Thouret et al,
2001). Such glass and cognate lithics in the 2070 cal yr BP PC
units may have been tapped from magma batches that remained
at shallow level and/or near the conduit since the voluminous
explosive eruptions of El Misti around 31-34 ka (Thouret et al.,
2001; Rivera et al., 2017). These magma batches, when mixing
with the fragmented superficial magma body, may have triggered
instabilities in the plume that led to the first column collapse
episode and emplacement of the first batch of PCs. Such rapid
transitions in conduit/plume dynamics may explain the presence
of the transitional, fined-grained pumice-rich pcU1 unit, which
immediately overlies and/or erodes through the fUl Plinian
fallout deposit (Figure 5), confirming that only a short period
of time elapsed between the end of the main Plinian phase and the
emplacement of the first batch of PCs. Detailed petrological and
geochemical analyses on these glassy fragments are needed to
confirm this hypothesis. Finally, the large abundance of rhyolitic
glass and cognate lithics in all the PC units analyzed confirms
their pyroclastic nature, where such textural variations are
directly linked to changes in dynamics of the plume and/or in
the conduit during the eruption. This contradicts Harpel et al.
(2011) who inferred that the upper three PC units (pcU2 to pcU4)
were lahar deposits emplaced “wet and relatively cold.”

Numerical Modeling

The multi-disciplinary approach taken here by combining field
data and optical imagery to reconstruct the volume of past PC
deposits is useful to better constrain the eruptive history at El
Misti but is also limited by the poor exposure of the distal PC
deposits. While this method is useful to constrain the range of
input PC volumes used for probabilistic PC modeling, the choice
of the Pareto distribution to statistically sample these PC volumes
was made empirically and based on frequency-volume
distribution of PCs from similar composite volcanoes, not El
Misti. An improved frequency-volume distribution of similar PCs
for the 2070 cal yr BP events would subsequently improve the
hazard assessment performed by numerical modeling and
demonstrate whether using a Pareto distribution was a realistic
choice.

To our knowledge, the mapping of PC probabilities with the
two-layer VolcFlow code represents the first attempt at using a
two-phase depth-averaged model to generate probabilistic maps
of PCs over natural terrain, where the concentrated PC can be
modeled jointly with the dilute PC but mapped separately. The
use of a physical-based model like VolcFlow to calculate the

El Misti 2070 calyrBP PCs

propagation of the currents gives more realistic outputs than an
empirical model like the Energy Cone (EC) model previously
used at El Misti by Harpel et al. (2011). Indeed, the EC model does
not simulate the channelization of concentrated PCs, which is
recognized here as a critical process in order to correctly assess
the PC hazards at El Misti and Arequipa. With such an approach,
we are also able to obtain the probability for the dilute and
concentrated parts of a PC, in contrast with the TITAN2D model
used by Constantinescu et al. (2011) and Sandri et al. (2014),
which only simulates the concentrated layer in a deterministic
framework. Indeed, the hazards and associated impacts of the
concentrated PCs are different than those from the dilute PCs.
These can be assessed separately while being parts of a single
numerical model, which provides more robust outputs and
significantly improves PC hazard assessment at El Misti.
However, our PC probabilistic maps should not be considered
as hazard maps because probabilities are “conditional” and
computed only for the case when PCs generated by a future
eruption similar to the VEI 4 2070 cal yr BP eruption enter the
two main drainage networks threatening Arequipa (i.e, San
Lazaro and Huarangal-MM). With the recurrence rate of
similar sub-Plinjan-Plinian eruptions at El Misti estimated to
range between 2,000 and 4,000 years (see Table 1; Thouret et al.,
2001; Sandri et al.,, 2014), the probability values obtained here
may be converted into probabilities of occurrence for a PC of
similar size to the 2070 cal yr BP to enter the city of Arequipa.
Our maps demonstrate the suitability of a two-phase, depth-
averaged numerical model to produce two probabilistic maps
over an 8 m resolution DSM in a reasonable amount of time
(~60 days for 246 simulations).

Another interesting result from our simulations stems from
the strong channelization and longer runout of the concentrated
PCs than those obtained by Constantinescu et al. (2011) and
Sandri et al. (2014) with TITAN2D and Harpel et al. (2011) with
the EC model. In our simulations, valley-confined PCs reach a
maximum runout of 10-15km in San Lazaro valley and
11-16 km in the Huarangal-MM valley, while the maximum
runout obtained by Sandri et al. (2014) was 2-8 km (both
valleys) with similar input volumes (>10°m®), and 10km for
Harpel et al. (2011). While the 2070 cal yr BP mapped PC
deposits in these two valleys (Figure 4) reach shorter runout
distances than in our simulations, we know from the preserved
thick deposits that PCs reached further distances; hence our field
mapping suffers from poor exposures and intense erosion of the
distal valley-confined deposits. The longer PC runouts obtained
in our probabilistic simulations are due to the combined use of a
broader range of selected input volumes associated with more
realistic PC rheology. The strong channelization of the
concentrated part of small-volume (<100 x 10° m®) PCs was
demonstrated by numerous studies (e.g., Loughlin et al., 2002;
Charbonnier and Gertisser, 2012; Charbonnier et al., 2013;
Komorowski et al., 2013). The plastic rheology is considered
more appropriate to simulate such channelized PCs (Kelfoun,
2011) because it allows the PC to either stay confined in the valley
or spill over without losing momentum too rapidly (in contrast to
the Mohr-Coulomb frictional rheology used in TITAN2D),
providing a longer runout. When combined with an accurate,
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high-resolution DSM, this modeling approach enhances model
accuracy and makes such numerical models a more robust tool
for PC hazards reduction.

Considerations for Future Hazard
Assessment of Pyroclastic Currents at El
Misti

Results of the probabilistic runs performed in both the San Lazaro
and Huarangal-MM valleys enable the identification of the
principal areas inundated by future PCs with similar physical
characteristics to those in 2070 cal yr BP. In order to investigate
the potential PC hazards at Arequipa, the two ensemble runs
computed for each valley were combined into a single
probabilistic map (Figure 10A) which is then compared to the
hazard map of El Misti volcano published by Marifio et al. (2007)
(Figure 10B).

The discussion of hazards at the volcano scale is not pertinent
here because our numerical simulations only cover in two drainage
networks in the SW flank. The comparison will then focus only in
the Arequipa urban area, where we discuss several features
highlighted in our probabilistic maps in terms of considerations
for future PC hazards and risk mitigation at El Misti:

1. The maximum extent of the dilute PCs obtained from the most
voluminous VolcFlow runs (low probability yellow area in
Figure 10A) outlines a single proximal lobe which covers the
entire SW-SSW flanks before separating into two individual

lobes at ~6 km from the crater (in the SW and SSW direction)
following the main direction of the San Lazaro and Huarangal-
MM valleys. The pattern of this modeled dilute PC inundation
zone shares some similarities with the surge extent as outlined
in the hazard map of Marifio et al. (2007), also discussed in
Cobenas et al. (2012). This zone is represented in their map by
the “moderate hazard zone” (orange zone in Figure 10B) and
is in accordance with the low probabilities obtained with
VolcFlow for this area. However, while the maximum extent
of the urban area as mapped in 2013 (green dashed line in
Figure 10) coincides with the maximum extent of our modeled
dilute PC inundation zone (Figure 10A), this zone extends
further toward Arequipa in the 2007 hazard map (Figure 10B).
Beside their low probability of occurrence in such distal areas,
dilute PCs are responsible for the majority of deaths due to
recent small-volume PCs elsewhere (Soufriere Hills, Loughlin
et al, 2002; Unzen, Yamamoto et al., 1993; Merapi, Jenkins
et al., 2013). Therefore, efforts must be made to maintain the
current construction sprawl of Arequipa at a significant
distance from the area of the SW flank between the green
dashed line and the distal limit of the orange “moderate hazard
zone” (Figure 10).

. The maximum runout of simulated valley-confined PCs is

high, even for small-volume PCs (<10 x 10° m®). Because of
the strong channelization of the concentrated PCs, the
probabilities remain high along both wvalleys down to
Arequipa, where probabilities are still ~0.3 when simulated
PCs reach the upper limit of the urban area (Figure 10A). This
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valley-confined PC hazard is also included in the El Misti
hazard map and represented by the “high hazard level” zone
(in red, Figure 10B) that encompasses every valley reaching
Arequipa. However, in the PC hazard maps of Harpel et al.
(2011) and Sandri et al. (2014), for which no PC channelization
is considered, such hazards from valley-confined PCs are not
apparent. The channelization of such long-runout PCs at El
Misti toward Arequipa should be considered for future
mitigation plans, and the probability of such hazardous
currents entering the city should not be underestimated.

3. The distal overspill of valley-confined PCs seems to be
underestimated in previous studies on Arequipa’s hazards.
In our simulations, when PCs exit both valleys, they
become unconfined and spread laterally, exposing the
northern and eastern districts of Arequipa (Alto Selva
Alegre, Miraflores, and MM) to massive overspills with a
medium probability of occurrence (0.1-0.3 in Figure 10A).
In case of voluminous PCs (>30 x 10°m? in one valley), the
overbank PCs merge and inundate the entire northern part of
Arequipa (Figure 10A), reaching the central district. Some
simulated overbank processes may be due to the relatively poor
representation of the two narrow channels passing through the
city in the DSM downgraded at 8 m spatial resolution.
However, similar overbank PC phenomenon have
repeatedly shown their danger and unpredictability, as
witnessed during the Merapi 2006 and 2010 eruptions
(Charbonnier and Gertisser, 2008; Lube et al, 2011;
Gertisser et al., 2012; Charbonnier et al., 2013) and the
Fuego 2018 events. Although the probabilities of these
massive overspills are relatively low in our maps, the
2007 hazard-zone map of El Misti seems to disregard this
phenomenon by only considering PC hazards along river paths
(red zone in Figure 10B) that quickly become a low hazard
zone (yellow) away from the river path in the city. The risk for
such overbank processes and spreading of unconfined PCs
inside Arequipa should then be refined and the “high hazard
zone” of the hazard map extended accordingly. In order to help
further investigate such overbank PC hazards in the city of
Arequipa, future work will involve small-scale, high-resolution
numerical modeling of valley-confined PCs performed over a
very high resolution (<1 m) DSM along short reaches (few
hundreds of meters long) of the San Lazaro and Huarangal-
MM channels, similar to the recent work of Mead et al. (2017)
to estimate building vulnerability from lahars in Q. Dahlia, a
tributary to the latter channel. Robust estimates of the potential
range of local mass fluxes and velocities of valley-confined PCs
for each channel segment are critical for correctly assessing
numerically overbank PC processes at such fine-scale level.

Results from our combined study using field data, optical
imagery and numerical modeling at El Misti highlight the need to
1) calibrate model input parameters using quantitative and well-
constrained geological data and 2) develop new high-resolution
DSMs with high vertical accuracy together with a full
probabilistic modeling approach in order to increase the
confidence level in results from numerical simulations of
small-volume PCs over complex volcanic terrains.

El Misti 2070 calyrBP PCs

CONCLUSIONS

1. This multi-disciplinary study demonstrates the benefit of
collecting and combining a quantitative dataset from field
data and optical imagery to better calibrate the input
parameters of a probabilistic ensemble run using a two-
layer, depth averaged mass flow model like VolcFlow.

2. In the case of the 2070 cal yr BP PCs at El Misti volcano, new
stratigraphic ~ surveys, sedimentological analyses and
thickness measurements of the different PC deposits,
combined with a new high-spatial resolution (2 m) DSM
of the volcano, allow to better estimate the distribution of
individual PC volumes emplaced in each of the valleys
impacted by this Plinian event. Such data acquisition is
particularly critical for two of these valleys (San Lazaro
and Huarangal-MM) for which the medial and distal
reaches now cross the suburbs of Arequipa.

3. Volume estimates were used as input parameters to better
calibrate probabilistic numerical simulations of future similar
PC events using the two-layer VolcFlow model and assess the
impacts (e.g., inundation, runout, thickness and velocity) of
both the concentrated and dilute portions of these currents in
the San Lazaro and Huarangal rivers.

4. Modeling results demonstrate that, while the hazards
associated with widespread dilute PCs are in accordance
with the extent of the “moderate hazard zone” from the
2007 EL Misti hazard map, the risk of overbank processes
and spreading of unconfined PCs inside Arequipa are
underestimated and should be refined.

5. Future work should focus on fine-scale studies combining
field-based surveys and mapping with numerical modeling
over very high resolution (<1m) DSMs of small areas
(<1 km?) of the city at risk from PC overbanking, similar
to recent studies focusing on building vulnerabilities from
lahar avulsion. Such future work will provide civil authorities
with a better understanding of the likely effects of PCs
associated with a similar VEI 4 eruption of El Misti on the
urban area of Arequipa.
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Pyroclastic density current (PDC) deposits, especially small to medium volume events,
have low preservation potential at many volcanoes, particularly when unconsolidated or
deposited on steep, glaciated slopes. This may lead to an underrepresentation of these
events in the eruptive record, and consequently, in hazard management planning; leaving
populations on and around the volcanoes unprepared for the threat of these smaller
eruptions. Therefore, it is important to investigate and recognize these smaller events in the
volcanic record to create more comprehensive plans for future eruptions. Mt. Ruapehu is
one of New Zealand’s most active volcanoes, last erupting in 2007. Few studies have
investigated the PDC occurrence on this volcano, despite PDCs being one of the most
hazardous volcanic processes. Poor preservation of PDC deposits, due to small volume,
past glaciations, erosion, burial, and poor consolidation has left a significant gap in Mt.
Ruapehu’s eruptive record. By identifying and characterizing PDCs on Mt. Ruapehu this
paper provides an updated account of PDC occurrence on this volcano, especially for
smaller scale PDCs. Comprehensive field-mapping forms the basis for this study by
identifying PDC deposits from partial outcrop exposures. We use field observations of
these deposits to describe the lithofacies and infer PDC behavior. Relative stratigraphy and
whole-rock geochemistry are used to correlate deposits with dated units from literature
and provide approximate age ranges. This study describes 12 PDC deposits representing
at least 10 previously unidentified flows. Combined with PDCs identified in previous studies
there is a total of 23 PDC deposits found on Mt. Ruapehu, including the PDC observed
during the 1945 eruption. These PDCs have been emplaced throughout Mt. Ruapehu’s
250 ka eruptive history. The PDCs were concentrated and dominated by granular flow or
granular fluid-based flow transport regimes. The lithofacies show PDCs forming from
column collapse and dome collapse or explosion events. This demonstrates that Mt.
Ruapehu is capable of producing a spectrum of PDC styles and sizes, something that must
be considered during future hazard planning on the volcano.

Keywords: pyroclastic density currents, relative stratigraphy, Ruapehu volcano, hazard, lithofacies, column
collapse, dome explosion, geochemistry
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INTRODUCTION

With increasing populations, urbanization, and infrastructure
over the last 50 vyears, natural hazards such as volcanic
eruptions are posing a greater threat to society (Johnston
et al., 2000). Therefore, it is crucial to fully understand these
hazards in order to reduce the impact they have on society. This is
especially important at volcanoes with large numbers of tourists,
such as Mt. Ruapehu (New Zealand), or numerous residents
living in the impact area. This was also highlighted by the tragic
events at Whakaari/White Island (New Zealand) on December 9,
2019, where approximately 47 tourists were caught in a sudden-
onset phreatic eruption, resulting in 21 deaths.

Pyroclastic density currents (PDCs) are one example of a
volcanic hazard that threatens populations surrounding the
volcano, contributing to 33% of fatalities during volcanic
disasters since 1600 AD (Auker et al, 2013). PDCs can be
generated by several different mechanisms: the collapse of an
eruption column, boiling-over (Branney and Kokelaar, 2002),
directed lateral blast (Waitt Jr., 1981), explosion or gravitational
collapse of a lava dome (Dufek et al., 2015) or the toe of flowing lava
(Valentine et al., 2000; Stinton and Sheridan, 2008; Buchwaldt,
2013; Dufek et al, 2015), or the collapse of accumulated
Strombolian spatter (Valentine et al, 2000). These different
mechanisms can produce different styles and sizes of PDCs.

Small to medium sized unconsolidated PDC deposits have a
low preservation potential, especially when sedimented on steep
slopes and in active drainages for water and ice (Manville et al.,
2000; Cowlyn, 2016). This leads to an underrepresentation of
these events in the volcanic record and, therefore, in hazard
management plans. Recognizing and characterizing these types of
PDCs is important in fully preparing for a range of eruption sizes
and styles, not only large climactic events.

Lithofacies classifications are commonly used in literature to
characterize deposits and infer emplacement mechanisms based on
textural features. This is especially useful when describing PDC
deposits due to the variety of generation, transport, and
emplacement mechanisms that can influence the characteristics
of the final deposit. Branney and Kokelaar (2002) provide an in-
depth overview of ignimbrite lithofacies and interpretations for the
processes that influenced them. Other work on ignimbrites includes
Brown and Branney (2004) who characterized the lithofacies from
the 273 ka Poris Formation on Tenerife. The ignimbrites from this
eruption are composed of massive, diffuse bedded, and diffuse
stratified lapilli tuff facies. These PDCs were density stratified and
deposited massive, coarse ignimbrites in the valleys and finer-
grained bedded tuff on topographic highs. Smaller pumiceous
PDCs include the 1993 Lascar Volcano deposits, described by
Calder et al. (2000). This pumice rich facies includes poorly
sorted, reverse graded, ash rich deposits with elutriation pipes
and fine-grained basal layers. Based on the lithofacies Calder
et al. (2000) infers the PDC was a highly concentrated granular
flow, and consisted of multiple flows. Pumice clasts are
concentrated at the deposit margins due to flotation from their
lower densities. Lube et al. (2011) and Charbonnier and Gertisser
(2011) describe the lithofacies of small volume block-and-ash flows
from the 2006 dome collapse events at Merapi. These include the

Ruapehu PDCs From Partial Outcrops

massive, coarse, matrix supported, breccia channel facies, fine
grained surge facies, and massive, matrix supported veneer
facies. These flows were interpreted to have formed during
unsteady granular PDCs dominated by particle interactions and
segregation processes (Charbonnier and Gertisser, 2011). Torres-
Orozco et al. (2018) also describe the lithofacies of block-and-ash
flows deposits at Mt. Taranaki. This facies consisted of poorly
sorted, matrix supported, dense blocks, and ash deposits. Torres-
Orozco et al. (2018) used the reverse grading common in this facies
to infer that dispersive pressure from grain collisions was the
dominant process. These previous studies provide the basis for
the lithofacies classifications used in this paper to characterize and
interpret small, heavily eroded PDC deposits on Mt. Ruapehu.

Recent studies have highlighted in detail the PDC hazard at
New Zealand volcanoes, such as Mt. Taranaki (Torres-Orozco
et al,, 2017a; Torres-Orozco et al., 2017b; Torres-Orozco et al,,
2018). While the occurrence of PDCs on Mt. Ruapehu has been
briefly mentioned in past literature (Hackett, 1985; Donoghue
etal.,, 1995; Pardo et al., 2012a; Pardo et al., 2014; Townsend et al.,
2017) little investigation has been conducted into their
distribution, frequency, and subsequent hazard.

Poor consolidation, small eruptive events, and active drainages
on a heavily glaciated volcano make it difficult to locate and
identify PDC deposits on Mt. Ruapehu, leading to an unknown
PDC hazard. A PDC was photographed during Mt. Ruapehu’s
1945 eruption (Johnston and Neall, 1995; Cowlyn, 2016),
illustrating that PDCs have historically occurred at Mt.
Ruapehu. It has also been suggested that the 1996 eruption
columns were likely to have collapsed to form PDCs if not for
the presence of winds that increased the buoyancy of the plume
during the eruption (Degruyter and Bonadonna, 2013).

Prior to the study conducted by Cowlyn (2016), who identified
multiple PDC deposits on the eastern side of Mt. Ruapehu, the
PDC hazard was generally overlooked. This is likely due to a lack
of historic PDCs and the poor preservation of prehistoric PDC
deposits. Houghton et al. (1987) noted the occurrence of
pyroclastic surges during historical eruptions and speculated
the occurrence of pyroclastic flows during future eruptions.
Donoghue et al. (1995) described evidence for a magma
mingling episode in the juvenile material of the Pourahu PDC
within the Bullot Formation (27-10 ka; Pardo et al., 2012b). In
more recent studies, Pardo (2012) and Pardo et al. (2014) found
evidence of eruption columns that collapsed to form PDC
deposits interspersed with fallout deposits. One PDC deposit,
part of the Oruamatua Eruptive Unit (between 13 and 12 ka) was
found up to 16 km from the source, Ruapehu’s northern crater
area (Pardo et al., 2014). Another PDC deposit, part of the
Okupata-Pourahu Eruptive Unit (11.6 ka), was also found up
to 16 km from the source, the southern crater area, which is still
active today. PDC deposits were also identified in the Upper
Waikato drainages, most likely formed from the partial collapse
of an unsteady eruption column (Pardo, 2012; Pardo et al., 2014).

During these recent studies on Mt. Ruapehu, Pardo et al.
(2014) hypothesized that pyroclastic flows accompanied some of
Ruapehu’s largest eruptions. Cowlyn (2016) later identified
pumiceous PDC deposits from these eruptions and additional
PDC deposits spanning a range of eruption styles and sizes. The
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FIGURE 1 | Topographic map of Mt. Ruapehu with pyroclastic density current deposits identified by Cowlyn (2016) (brown areas). Inset shows location of Mt.
Ruapehu within New Zealand and the Taupo Volcanic Zone (TVZ). Map data gathered from https://data.linz.govt.nz.

deposits described by Cowlyn (2016) fit three main categories: 1)
Pumice-dominated PDC deposits, 2) Variably welded PDC
deposits containing rounded clasts, and 3) Small volume PDC
deposits containing dense primary clasts. The pumice-dominated
PDC deposits described by Cowlyn (2016) were found to be
geochemically similar to nearby Plinian fall deposits from the
Taurewa (11.8-9.5 ka) and Ohinewairua (~13.6-11.6 ka) eruptive
periods (Donoghue et al., 1999; Pardo et al., 2012b).

The study conducted by Cowlyn (2016) identified 12 previously
unknown PDC deposits near the Tukino ski area on the eastern
flank of Mt. Ruapehu. All of the deposits were estimated to have
been emplaced within the last ~13.6 ka. However, that study did
not investigate PDC occurrence in other sectors of Mt. Ruapehu,
leaving a significant gap in the knowledge of PDCs on this volcano.
The goal of this study is, therefore, to identify and characterize
other poorly preserved PDC deposits throughout Mt. Ruapehu to
better understand the overall hazard.

GEOLOGICAL SETTING

Mt. Ruapehu (2,797 m), located at the southern end of the Taupo
Volcanic Zone (Figure 1), is an active, andesite-dacite composite

volcano with a volume of approximately 150 km® (Hackett and
Houghton, 1989). This volcano consists of four formations: Te
Herenga (200-180 ka), Wahianoa (166-80ka), Mangawhero
(50-15ka), and Whakapapa (<17 ka) (Hackett and Houghton,
1989; Conway et al., 2016).

A series of intense constructional events separated by periods
of erosion, sector collapse, and minor volcanic activity
characterize the formation of Mt. Ruapehu (Price et al., 2012).
There is an apparent hiatus in eruptive activity from 80 to 50 ka
(Townsend et al., 2017). Compositions range from basalt to dacite
with predominantly medium K andesite (Hackett and Houghton,
1989). More evolved compositions have been erupted over time
(Hackett and Houghton, 1989). The currently active vent is
located in the southern portion of the broad summit, and
forms the acidic Crater Lake/Te Wai-a-moe (Hackett and
Houghton, 1989).

Throughout its formation, eruptive activity at Mt. Ruapehu has
included Plinian, sub-Plinian, Strombolian, phreatomagmatic,
Vulcanian, dome-related activity, and the extrusion of lava
flows (Houghton et al., 1987; Hackett and Houghton, 1989;
Pardo et al, 2012b). Over the last 150 years the most
frequently observed eruption types include phreatomagmatic
and phreatic activity, with a larger lava-dome explosion event
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in 1945 that occurred during an eruptive period also associated
with sub-Plinian and Strombolian eruption styles (Johnston et al.,
2000). More than 40 eruptions have occurred since then (Kilgour
et al., 2013).

METHODS
Field Work

Field work formed the basis of this study, with three months spent
on Mt. Ruapehu between November 2017 and March 2018. The
targeted areas of the mountain were partly determined based on
previous visits by other researchers. Other potential PDC deposits
were identified in the field while accessing these targeted areas.
While a broad area of the volcano was covered, logistics, and
difficult terrain hindered access into some locations, especially the
NW sector and the Wahianoa Valley.

Each location involved the sampling, identification, and
textural description of PDC deposits. Permit restrictions
within the National Park limited the quantity and size of
samples. Clast and component percentages were quantified in
the field using a percentage composition chart (Terry et al., 1955).
Nearby units were also briefly described to correlate with mapped
formations in Townsend et al. (2017).

Density

One to three lapilli, representative of the overall clast type at each
outcrop, were selected from each deposit to measure indicative
clast density using the methods of Houghton and Wilson (1989)
and Barker et al. (2012). Sample size restrictions limited the
quantity of lapilli of an appropriate size in each sample. Details
about sample preparation and measurement are reported in
Appendix 1 in Supplementary Material. The clast densities
were calculated using the equation outlined in Houghton and
Wilson (1989):

Wclast (dry)

Peast =
S‘G[Wclast(dry) + Wwax(wet) + Wcage(wet) -

Wclast+ wax + cage (wet)

Where Wast (dry) is the weight of the clast measured while dry, S.G
is the specific gravity of water, and Wege(wery the weight of the
cage while in water. W, (we) is the weight of the wax while being
held underwater in the cage. The buoyancy of the wax resulted in
a negative value.

It is important to note that the small quantity of lapilli clasts
used for this method limits how representative the density values
are for each deposit. However, these values are only used to give
an approximation of the clast densities present in each deposit,
not an extensive range.

Geochemistry
The geochemical analyses were conducted at Massey University

(New Zealand) using a Bruker S8 TIGER Series WDXRF
Spectrometer calibrated against international standards (OREAS
24c). Major and trace element geochemical data was measured for
each sample. For complete sample preparation and analysis details,
see Appendix 2 in Supplementary Material.

Ruapehu PDCs From Partial Outcrops

Deposit Ages

The ages of deposits were estimated by geochemically correlating
the deposits, through major and trace elements, with dated units
(Pardo et al., 2012a; Conway et al., 2016). These correlations were
also supported by comparing the relative stratigraphy of the
deposits observed in the field to the surrounding units on a
geological map of Mt. Ruapehu (Townsend et al., 2017). This
approach allowed the age of the PDC deposits to be
approximately bracketed.

RESULTS

A total of 12 new pyroclastic deposit outcrops were identified on
Mt. Ruapehu on the northern, eastern, and south-western sectors
of the mountain (Figure 2). Field descriptions of each deposit can
be found in Appendix 3 in Supplementary Material.

Pyroclastic Deposits

Pyroclastic Density Current 1

Located on the lower north-eastern slopes of Mt. Ruapehu 6.7 km
away from the vent, this deposit is 5m thick and located
underneath approximately 50 m of lava flows. It is formed by
two well indurated, poorly sorted, and matrix supported layers
(Figure 3A). The lower layer is primarily massive, with ash to
block-sized clasts. This layer grades into a 20 cm fines-rich bed of
ash and lapilli. The upper layer truncates the lower layer and
thickens toward the topographic low. This upper layer displays
reverse grading where the base of the layer is primarily composed
of ash and lapilli, and grades up to bomb-sized clasts in an ash
matrix. The maximum clast size observed in the field was 40 cm.
Juvenile clasts are vesicular, sub-rounded to sub-angular and
comprise 20-30% of the outcrop. In both layers there are
occasional dense, well rounded, and dark gray clasts. The
average density of main clast type in this deposit is 1.3 +
0.085 g/cm”.

Pyroclastic Density Current 2

This deposit is located on the eastern side of Mt. Ruapehu
between 3.7 and 4.3 km away from the vent and consists of a
series of orange outcrops exposing a 0.3-1 m thick unit draping
the surface (Figure 3B). The thinnest deposits were observed
upslope, closer to the topographic highs. PDC 2 is well indurated,
matrix supported, and display minor reverse grading. Grainsizes
range from ash to bombs (~10 cm). The majority of the clasts are
sub-rounded, black, and vesicular. There are occasional gray,
dense, and angular lithic clasts. The average density of the
dominant clasts is 1.2 + 0.14 g/cm’.

Pyroclastic Density Current 3

PDC 3 was found on the southern side of Mt. Ruapehu 3-3.5 km
away from the vent as a bright red, 8 m thick, well indurated
outcrop with a layer of unconsolidated material on top
(Figure 3C). The outcrop is thickest in the center of the valley
and appears to thin toward the valley sides. This deposit is poorly
sorted, massive, and clast supported. Grain sizes range between
ash and bomb. The deposit is rich in both vesicular, sub-rounded
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Kilometers / )

FIGURE 2 | Pyroclastic density current (PDC) deposits identified during this study. A total of 12 PDC deposits were identified. Red dashes indicate main areas that
were unable to be accessed during this study due to time constraints or difficult terrain. Map data gathered from https://data.linz.govt.nz.

clasts and dense, angular to sub-angular clasts. The densities of =~ Occasional lithic clasts are distributed throughout the lower
these clasts range between 1.3 + 0.0015 g/cm’ for the vesicular ~ outcrop, though they appear to comprise less than 5% of the

clasts, and 2.3 + 0.0016 g/cm® for the dense clasts. overall deposit. The average density of the vesicular clasts is 0.92 +
0.080 g/cm”.
Pyroclastic Density Current 4 This deposit is texturally similar to Package 1, part of the

This deposit was found below the Mangatoetoenui Glacier .9 km  Ohinewairua eruptive period (~11.6-13.6ka), identified by
away from the vent as a 4 m thick, well indurated black outcrop ~ Cowlyn (2016) and was found topographically upslope of that
(Figure 3D). The deposit can be seen outcropping across the  package.

entire valley with little variation in thickness. It is massive, poorly

sorted, and matrix supported. Clasts comprise 40% of the visible ~ Pyroclastic Density Current 6

outcrop. Grain sizes range from ash to bombs. The maximum  PDC 6 was found 5.2 km from the vent, on the north-eastern

observed grainsize is 50 cm. The clasts are sub-rounded to well- slopes of the mountain where a small channel has exposed a 1 m
rounded and vesicular. The average density of the clasts in this  cross-sectional view of the deposit. This deposit is massive, matrix
group is 1.3 + 0.18 g/cm’. supported, and poorly sorted (Figure 3F). Grainsizes range from

ash to lapilli, with occasional cauliflower bombs (<50 cm) that
Pyroclastic Density Current 5 comprise 2% of the outcrop. The majority of the clasts are sub-

PDC 5 is also located below the Mangatoetoenui Glacier 1.9 km  angular and vesicular. There are also occasional angular, dense
from the vent, outcropping in two places across the valley. Overall ~ lapilli clasts. The average density of the vesicular clasts is 1.3 +
it is a thick (~6 m), poorly sorted deposit, with multiple layers of ~ 0.16 g/cm’.

reverse grading, and supported by an ash-rich matrix. The

dominant clasts are pale yellow-grey and vesicular, or large ~ Pyroclastic Density Current 7

black vesicular cauliflower bombs (<70 cm) (Figure 3E). These This 1 m thick deposit was found 8.3 km from the vent in the
are primarily sub-rounded and constitute 25% of the outcrop.  valley of a small tributary to the Ohinepango stream on the north-
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“Normal grading .
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Key Characteristics
() Block/bomb

Fine lapill
&) Vesicular clasts
® Dense clasts
@ Cauliflower clasts

Contacts
Sharp contact
-~~~ Erosional contact
- ——- Inferred contact
No contact observed

Note: Grainsize x-axis indicates
dominant matrix grainsize

-

FACaFLC B

FIGURE 3 | Field photos of each deposit and corresponding stratigraphic columns illustrating main textural features. Grainsize axis on stratigraphic columns
correspond to fine ash (FA), coarse ash (CA), fine lapilli (FL), coarse lapilli (CL), and blocks/bombs (B). (A) Pyroclastic density current (PDC) 1 underneath Wahianoa
Formation lava flows. Two layers, the upper of which displays reverse and normal grading. The lower layer is primarily massive, but does have a fines-rich layer at the top
of the flow. An erosional contact separates the two layers. (B) Weathered orange PDC 2 with black vesicular clasts concentrated on the surface. This deposit is
found both above and below Wahianoa Formation units. (C) Close up image of PDC 3 showing the occurrence of both vesicular and dense clasts. The entire outcrop is
bright red. (D) PDC 4 is black, well-indurated, and contains sub-rounded clasts. (E) PDC 5 is rich in ash and vesicular clasts. Large, black, vesicular bombs display
multiple layers of reverse grading. (F) PDC 6 is primarily composed of vesicular ash and lapilli. Occasional dense lapilli clasts and vesicular bombs also occur. Above and
below this layer is a series of ashfall deposits. (G) PDC 7 is situated between a series of airfall deposits and is bisected by a fault. This deposit is primarily composed of ash
and lapilli, but does contain occasional blocks and bombs. (H) PDC 8 is well-indurated and contains sub-angular to well rounded clasts. The deposit is gray with pink
areas dispersed throughout. Turoa Member lava flows were observed both above and below the deposit. (I) PDC 9 is thin and well-indurated. This deposit is primarily
composed of ash and vesicular lapilli though it does contain occasional dense clasts. (J) PDC 10 is located on the surface of glacial till deposits and is ash supported and
rich in vesicular lapilli, with occasional vesicular bombs. (K) PDC 11 is located on the surface of Turoa Member lava flows and is rich in ash and vesicular clasts (both lapilli
and bombs). (L) PDC 12 is clast supported and is primarily composed of black cauliflower bombs. There is ash and black lapilli filling in the gaps between these clasts.
Deposited above Turoa Member lava flows.
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FIGURE 3 | (Continued).
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FIGURE 3 | (Continued).
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eastern side of Mt. Ruapehu. PDC 7 is poorly sorted, massive, and
matrix supported (Figure 3G). The grainsizes range from ash to
lapilli, with occasional bombs (<15cm) and angular blocks
(<25 cm). These large blocks and bombs constitute for 5% of
the outcrop. The clasts are angular to sub-angular, and
dominantly vesicular. The average vesicular clast density is
1.3 + 0.11 g/cm’.

Pyroclastic Density Current 8

PDC 8 was found as two long outcrops down a small valley on the
southwestern flanks of the volcano. The deposits are located
between 3.3 and 4.7 km from the vent. These gray and light pink
outcrops are well indurated and some reach 4m in visible

thickness (Figure 3H). The deposit is poorly sorted, massive,
and matrix supported. Grain sizes range from ash to bombs
(<65 cm). The majority of clasts are well-rounded and mildly
vesicular. Occasional well-rounded, dense clasts also occur
(<50 cm). The average density of the dominant clasts type is
1.5 + 0.044 g/cm’.

Pyroclastic Density Current 9

PDC 9 is a thin deposit found on the eastern side of Mt. Ruapehu
5.8km from the vent. Only 1 m is exposed, which is well-
indurated and massive. The deposit is supported by a pale ash
matrix, with vesicular black lapilli (20%) and occasional dense
lithic clasts (<2%) (Figure 3I). Vesicular clasts are sub-rounded,
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FIGURE 4 | Total alkali silica diagram showing the geochemical distribution of the pyroclastic density currents (PDCs) identified in this study. All samples fall within
the basaltic andesite-andesite range, though the majority are andesite.
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FIGURE 5 | MgO/CaO geochemical diagram comparing pyroclastic density currents (PDCs) identified by Cowlyn (2016) (black symbols), and those PDCs identified
in this study (colored symbols). PDC 1, PDC 2, and PDC 3 are outside of the geochemical range identified by Cowlyn (2016). The majority of the other samples are within
the range and follow the trend of increasing MgO/CaO. For raw geochemistry data, see Appendix 2 in Supplementary Material.
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FIGURE 6 | Trace element graphs used to compare pyroclastic density current (PCD) deposits with formations identified by Conway et al. (2016) (A), and Pardo
etal. (2012a) (B). For a summary of geochemical correlations between these formations and the PDC deposits, see Table 1. For raw trace element data see Appendix 2
in Supplementary Material.
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TABLE 1 | Stratigraphic relationships of PDC deposits based on field observations and the geological map created by Townsend et al. (2017). Geochemical correlations for
each deposit with formations and eruptive periods described by Conway et al. (2016) and Pardo et al. (2012a) are also summarized.

PDC 1

PDC 2
PDC 3

PDC 4

PDC 5

PDC 6

PDC 7

PDC 8

PDC 9

PDC 10

PDC 11

PDC 12

Stratigraphic relationship

Geochemical correlations

Relative position

Under

Within
Under

Under

Under

Within

Within

Within

Above

Above

Above

Above

Unit/formation

Wahianoa Fm

Wahianoa Fm
Mangaheuheu member

Iwikau member

Iwikau member

Undifferentiated fall deposits
Undifferentiated fall deposits
Turoa member

Horonuku member

Glacial till deposits

Turoa member

Turoa member

Age range Pardo et al. (2012a) Conway et al. (2016)
>160 ka — Wa
™
160-115 ka — Wa
>47 ka - Ma-MK, MG, NG
Wa
>10 ka Okp-U, L Wh-PT, TR
Oru, U, M, L Ma-NG
Wa
>10 ka Okp-U, L Wh-TR, PT
Oru-U, M, L Ma-NG
Wa
<29 ka Okp-U, L Wh-CL, W, PT, TR
Oru-U, M, L
<29 ka Okp-U, M, L Wh-IW, PT, TR
Oru-U, L
17-10 ka Okp-U, L Wh-IW, PT, TR
Ma-NG
Wa
<16 ka Okp-L Wh-IW, PT, TR
< ~14.5ka Okp-U, L Wh-CL, IW, PT, TR
Oru-M, L
<11.7 ka Okp-U, L Wh-IW, TR
Oru-M
<11.7 ka Okp-U, L Wh-IW, PT, TR
Oru-M

PDC, pyroclastic density current; Okp, Okupata Eruptive Unit (~11.6 ka); Oru, Oruamatua Eruptive Unit (13.6-11.6 ka); Wh, Whakapapa Formation (<15 ka); IW, Iwikau eruptive package
(<10 ka); PT, Paretetaitonga eruptive package (~15 ka); TR, Turoa eruptive package (17-10 ka); Ma, Mangawhero Formation (60-15 ka); MK, Makotuku eruptive package (24-16 ka);
MG, Manganuitoteao eruptive package (30-22 ka); NG, Ngahuinga eruptive package (48-35 ka); Wa, Wahianoa Formation (160-115 ka); TH, Te Herenga Formation (250-180 ka).
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FIGURE 7 | Possible age ranges of pyroclastic density currents (PCDs) identified during this study. Age ranges are based on the relative stratigraphy (solid bars)

with mapped units, and geochemical correlations to known eruptions (dashed bars). Trace element correlations that do not fall within the range of the stratigraphic age
bracket have not been included. The stratigraphic constraints for PDC 5 and PDC 10 are based on the ages of Package 1 and Unit 4, respectively, as they are extensions
of these PDC deposits identified by Cowlyn (2016). See Table 1 for a summary of the stratigraphic relationships and geochemical correlations between the PDC
deposits and known units and eruptive periods. Geological formations identified by Conway et al. (2016) are plotted along the age axis at alog;o scale. Geochemical data
is from Pardo et al. (2014) and Conway et al. (2016). Relative stratigraphy is based on the geological map developed by Townsend et al. (2017).
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Interpretations are described in more detail in Lithofacies.
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FIGURE 8 | Workflow chart outlining the textural characteristics used to interpret the deposit type, generation mechanism, transport mechanism, and depositional
model for the lithofacies. Stepwise aggradation is attributed to one lithofacies as there was not enough textural data to interpret the depositional model in other facies.

while the dense lithics are angular. The average vesicular clast
density is 1.4 + 0.036 g/cm”.

Pyroclastic Density Current 10

Found in a small valley on the eastern flanks of the volcano,
6.3 km from the vent, this 1 m thick deposit is pale brown, and
poorly indurated. The outcrop is poorly sorted, massive, matrix
supported, and is primarily composed of ash and vesicular lapilli
(Figure 3]). There are also occasional vesicular bombs within the
deposit (<15 cm) that constitute 1% of the outcrop. The clasts are

primarily sub-rounded, and the average density is 0.92 + 0.089 g/
cm’,

PDC 10 is texturally similar to Unit 4 (Cowlyn, 2016),
emplaced during the Taurewa eruptive period (~11.6 ka), and
is located in a valley adjacent to this unit.

Pyroclastic Density Current 11

PDC 11, found 2.9 km from the vent, is a light brown, poorly
indurated ~1 m thick deposit located as a single outcrop in a small
depression on the south-western side of Mt. Ruapehu
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TABLE 2 | Lithofacies classification system used to describe PDC deposits.

Volcanic facies Blocks, lapilli, ash Lapilli, ash
Clast supported — -
Pumice/scoria rich — —
1 massive BLA1 -
Vesicular and dense clast rich — -
2 massive BLA2 —
Matrix supported — —
Pumice/scoria rich — -
3 massive BLA3 LA3
4 reverse BLA4 —
Lithofacies type PDC
BLA1 PDC 12
BLA2 PDC 3
BLAS PDC 1, PDC 4, PDC 8, PDC 11
LA3 PDC 6, PDC 7, PDC 9, PDC 10
BLA4 PDC 1, PDC 2, PDC 5

PDC, pyroclastic density current.

(Figure 3K). The deposit has a small lobate front, and is massive,
poorly sorted, and matrix supported. Clast sizes range between
ash and blocks (<20 cm). The clasts are primarily sub-rounded
though many are sub-angular where fragmentation has occurred.
The entire deposit is rich in vesicular clasts, with only occasional
dense lithic clasts appearing at the surface. The average vesicular
clast density is 1.2 + 0.043 g/cm’.

Pyroclastic Density Current 12

This 1 m thick, 1 m wide deposit was found 1 km from the vent
on the upper western side of Mt. Ruapehu, next to the
Mangaturuturu Glacier. It is poorly sorted, massive, and clast
supported. PDC 12 is primarily composed of black, vesicular, and
sub-angular cauliflower bomb clasts (<50 cm) constituting for
60% of the deposit (Figure 3L). Vesicular lapilli and ash fill in the
gaps between the larger clasts. The average clast density for this
deposit is 1.1 + 0.038 g/cm”.

Geochemistry

We show the total alkali silica diagram for classification purposes
(Figure 4) and follow Cowlyn (2016) by plotting CaO/MgO
(Figure 5).

Figure 4 shows that all deposits fall within the basaltic andesite
to andesite geochemical range. PDC 1 is basaltic andesite and has
the lowest SiO, and Na,O + K,0 wt% values. The compositions
increase linearly into andesite. PDC 3, an andesite, has the highest
SiO, and Na,O + K,Owt% values. The majority of the
compositions are andesite and plot closely together near the
boundary between basaltic andesite and andesite.

The compositional range of the samples in Figure 5 is
relatively small, with only 4 wt% SiO, separating the lowest
and highest sample. PDC 3 shows the lowest CaO and
MgO wt% values, while PDC 1 displays the highest values.
PDC 5 has a similar composition to the pumiceous PDC
group identified by Cowlyn (2016) especially samples from
Package 1. PDC 10 correlates with Unit 4 of the pumiceous
PDC group and is separate from the other deposit

Ruapehu PDCs From Partial Outcrops

compositions. Many of the deposits in this study have
marginally higher CaO values than most of those identified
by Cowlyn (2016).

Figure 6 shows two examples of the trace elements graphs
used to compare the PDC deposits in this paper against the lava
flow units from Conway et al. (2016) (Figure 6A) and explosive
eruptive units from Pardo et al. (2012a) (Figure 6B). Figure 6A
displays an overall positive linear trend, where Cr (ppm) increases
with increasing MgO (wt%). This figure also shows PDC 1 within
the range of the Te Herenga and Wahianoa Formations. This
similarity can also be seen when using other trace elements. The
remaining PDC deposits frequently occur within the ranges of
multiple formations. Figure 6B shows an overall negative linear
trend, with decreasing Ba (ppm) as MgO (wt%) increases. The
majority of the PDC deposits fall frequently within the range of
the Okupata-Pourahu and Oruamatua Eruptive Units. Like
Figure 6A, the PDC deposits in Figure 6B plot within the
geochemical ranges of multiple eruptive units. This makes it
difficult to geochemically correlate the PDC deposits with specific
eruptive units.

Deposit Ages

Table 1 provides a summary of the relative stratigraphy and
geochemical correlations with dated units used to provide an
approximate age range for the deposits identified in this study.
The pyroclastic deposits identified in this study have been erupted
throughout Mt. Ruapehu’s history. PDC 1, the oldest identified
deposit, is located underneath thick lava flows from the
Wahianoa Formation (115-160ka). This suggests it was
emplaced prior to 160 ka, and hence, within the Te Herenga
Formation (180-250ka) (Figure 7). This is supported by
geochemical similarities between PDC 1 and the Te Herenga
Formation (Figure 6A) (Conway et al., 2016; Townsend et al.,
2017). The next oldest deposit, PDC 2, was observed above and
below lava flows associated with the Wahianoa Formation
(Conway et al., 2016; Townsend et al., 2017). Geochemically,
this deposit also correlates with the Wahianoa Formation
geochemistry (Figure 6A). Two other deposits, PDC 3 and

PDC 4, were identified beneath lava flows from the
Mangaheuheu Member (47-40ka) in the Mangawhero
Formation, and the Iwikau Member (<10ka) in the

Whakapapa Formation, respectively, (Conway et al., 2016;
Townsend et al., 2017).

Eight (66%) of the deposits were emplaced during the
Whakapapa Formation. Many of these deposits were found
overlying lava flows from the Turoa (17-10 ka) and Horonuku
(29-16 ka) Members. PDC 6 and PDC 7 were found within
undifferentiated fall deposits (<29 ka) (Townsend et al., 2017).
PDC 5 is texturally and geochemically similar to Package 1
(Cowlyn, 2016). This deposit is found above lava flows
associated with the Turoa Member (17 and 10 ka). Based on
the similarities in texture and geochemistry, and overlap in age
ranges, the approximate age of PDC 5 is based on that of Package
1 (~13.6-11.6 ka) (Cowlyn, 2016). PDC 10 closely resembles Unit
4, texturally and geochemically (Cowlyn, 2016). This deposit was
emplaced above glacial till deposits (14.5-45 ka) (Townsend et al.,
2017). Due to the similarities in geochemistry and textures, and
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the overlap in relative stratigraphic ages, the age range for PDC 10
is based on Unit 4 (~11.6 ka) (Cowlyn, 2016).

DISCUSSION

Lithofacies
Here we describe the lithofacies for each deposit (Table 2) based

on the textural characteristics observed in the field and interpret
the PDC behavior based on these facies. The lithofacies
classification is based on techniques used by Torres-Orozco
et al. (2018) and Németh and White (2003). In Table 2,
deposits that were rich in grainsizes ranging from blocks to
ash, were given the code BLA (blocks, lapilli, ash). Deposits
that were primarily lapilli and ash rich (containing <3%
blocks) have the code LA (lapilli, ash). The grouping method
was further separated into clast supported and matrix supported
deposits. In each of those groups, there are subgroups for the
dominant clast type. This includes pumice/scoria-rich, or rich in
both vesicular clasts and dense clasts. The matrix supported
group only has one subgroup as there were no matrix
supported deposits that were rich in dense and vesicular clasts.
Grading is included in this classification scheme to help infer the
PDC behavior at the locations they were deposited. The textural
characteristics and interpretations of generation, transport, and
deposition mechanism are collated in Figure 8.

BLA1

Description

This lithofacies was only found in PDC 12 in a topographic low.
This facies is found proximally, 1 km from the vent. BLA1 is
poorly sorted, massive, and clast supported. Less than 20% of ash
was observed in this deposit. This facies consists of vesicular clasts
with grainsizes ranging from blocks to ash. Clasts in this facies are
black, sub-angular, and cauliflower bombs.

Interpretation

The proximity of the deposit to the vent (1 km) may indicate that
this facies was deposited as proximal fall or ballistics. However,
the presence of lapilli and ash infilling the gaps between the larger
clasts indicates that this deposit may instead originate from a
PDC (Branney and Kokelaar, 2002). The low fines content and
large proportion of very coarse clasts suggest that this facies may
have been transported by a granular flow regime where gas-
fluidization was subordinate during transport and deposition
(Lube et al., 2007). The absence of gas-escape structures also
supports this interpretation.

BLA2

Description

BLA2 was only found in PDC 3 in a valley. This facies is found
proximally, approximately 3 km from the vent. The deposit in
this lithofacies is characterized as massive, clast supported, and
rich in vesicular and dense clasts. Grainsizes range from blocks to
ash. Vesicular clasts, which comprise approximately 30% of the
deposit, are primarily sub-rounded, whereas the dense clasts are
angular to sub-angular.

Ruapehu PDCs From Partial Outcrops

Interpretation

As this lithofacies is poorly sorted and massive, it has been inferred
as a deposit from a concentrated PDC (Fisher and Schmincke, 1984;
Branney and Kokelaar, 2002; Cas and Wright, 1988; Brown and
Andrews, 2015). The scarcity of fine material, and absence of fluid-
escape structures in this facies suggest that it may have been
deposited under a granular flow regime where there was little
fine ash to help facilitate gas-fluidization processes (Lube et al.,
2007). The red and pink coloration observed in the deposit may
have originated during PDC deposition. When freshly emplaced
hot PDC deposits come into contact with water, steam is produced.
As this steam rises through the deposit, it causes rapid thermal
oxidation of iron within the deposit, resulting in a red coloration
(Fisher and Schmincke, 1984; Francis and Oppenheimer, 2004; Cas
and Wright, 1988). The abundance of dense clasts in this deposit
indicates that it formed during a lava dome collapse or lava dome
explosion PDC (Francis and Oppenheimer, 2004; Brown and
Andrews, 2015; Torres-Orozco et al, 2017b). The significant
proportion of vesicular clasts in this facies indicates that there
may have been continued vesiculation of the erupted material after
fragmentation of the lava dome (Brown and Andrews, 2015).

BLA3

Description

The BLA3 lithofacies was observed in four deposits (PDC 1, 4, 8,
and 11), all of which occur in valleys. The facies is in the proximal
to medial region, with deposits occurring between 3 and 7 km
from the vent. The deposits are massive, matrix supported, and
poorly sorted. This facies is rich in vesicular clasts, with few dense
clasts. Grainsizes range from blocks (<65 cm) to ash. Clasts in this
facies are primarily sub-rounded to well rounded.

Interpretation

The poorly sorted and massive characteristics suggests that this
lithofacies was emplaced by PDCs (Fisher and Schmincke, 1984;
Branney and Kokelaar, 2002; Cas and Wright, 1988; Brown and
Andrews, 2015). The abundant vesicular clasts and scarcity of dense
clasts indicates that the deposit may have been emplaced during a
column collapse PDC (Druitt, 1998). The poor sorting and absence
of stratification implies the PDC may have been concentrated with a
granular fluid-based flow regime, where granular and/or fluid-
escape processes may be predominant at different levels within
the flow (Branney and Kokelaar, 2002; Brown and Andrews, 2015).
Due to the lack of textural data we are unable to conclude that one
transport mechanism was dominant over the other, so we include
both mechanisms in these interpretations. No directional fabrics
were observed in these facies which indicates that the grains in the
flow did not experience significant shear as they were deposited,
possibly due to deposition in a valley bottom or on low angle slopes
(Branney and Kokelaar, 2002).

LA3

Description

This lithofacies was found in four deposits (PDC 6, 7, 9, and 10),
which occur in small valleys and on topographic highs. LA3 is
found in the upper medial region, with deposits occurring between
5 and 8 km from the vent. This facies is massive, matrix supported,
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poorly sorted, and rich in vesicular clasts. Occasional dense clasts
also occur. Grainsizes primarily range from ash to lapilli, with <3%
blocks in the deposits. Clasts are sub-rounded to sub-angular.

Interpretation

Like BLA3, the poor sorting and massive nature of the deposits
suggest that this lithofacies was emplaced during PDCs (Fisher
and Schmincke, 1984; Branney and Kokelaar, 2002; Cas and
Wright, 1988; Brown and Andrews, 2015). Based on the highly
vesicular clasts, and scarcity of dense clasts, LA3 may have been
deposited during a column collapse PDC (Druitt, 1998). The lack
of stratification and poor sorting also suggest that this facies may
have been emplaced from a granular fluid-based flow regime
(Branney and Kokelaar, 2002; Brown and Andrews, 2015). The
smaller average grainsize in this facies may be a result of the flow’s
inability to carry larger clasts, possibly due to a less energetic
eruption or the distance traveled from the vent (Brown and
Andrews, 2015), or a combination of both.

BLA4

Description

The BLAA4 lithofacies is found in three deposits (PDC 1, 2, and 5),
occurring in valleys and on valley sides. This facies is located in
the proximal to medial region, found between 2 and 7 km from
the vent. The deposits in this lithofacies are characterized as
reverse graded, matrix supported, and poorly sorted. They are
rich in vesicular clasts, and grainsizes range from blocks to ash.
Occasional dense clasts also occur in this facies. Vesicular clasts
are primarily sub-rounded.

Interpretation

The combination of poor sorting, and reverse grading suggests that
this lithofacies was produced by a PDC (Branney and Kokelaar,
2002; Cas and Wright, 1988). The poor sorting and absence of
stratification in this lithofacies indicate a potentially concentrated
PDC with a granular fluid-based flow regime (Druitt, 1998; Branney
and Kokelaar, 2002; Brown and Andrews, 2015). If transport was
dominated by grain-to-grain interactions then reverse grading may
have formed through kinetic sieving due to the dispersive pressure
created during the flow (Sulpizio et al,, 2014). Clast vibrations in the
PDC generates pressure which inflates the granular mass. This
dispersive pressure promotes the segregation of small particles
downward into the gaps between larger particles, leaving the
larger clasts toward the top of the flow-boundary zone. If this
facies transport was instead dominated by fluid-escape processes the
reverse grading may have been formed through floating processes
due to the density contrast between the vesicular clasts and matrix
of the flow (Branney and Kokelaar, 2002; Sulpizio et al., 2014). The
presence of multiple layers of reverse grading in one of the deposits
suggests that this lithofacies may have been emplaced through
stepwise aggradation, where the main flow was deposited as several
pulses, each displaying reverse grading (Sulpizio et al., 2007).

Limitations
In addition to the limitations associated with each individual

method, there were other limitations that hindered the use of
partial outcrops to make implications.

Ruapehu PDCs From Partial Outcrops

The short time frame, limited funds, and breadth of this study
resulted in a restricted methodology, where some analyses, such
as absolute age dating, were unable to be conducted. Age
estimation based on stratigraphy and geochemistry had to be
utilized instead. Due to the short time frame, only locations where
PDC deposits were suspected were visited, leaving much of Mt.
Ruapehu unexplored. Therefore, many PDC deposits may not
have been located, leading to an underestimation of the PDC
occurrence.

Most identified outcrops have been heavily eroded with little
of the original deposit remaining. This limited the
representativeness of field observations as the thickness and
extent has been reduced over time. These small outcrops also
made characterisation of the deposit difficult, as there was often
not enough of the deposit exposed to see a cross-sectional view or
spatial variations within the flow. This also hindered lithofacies
interpretations. The scarcity of prehistoric PDC deposits also
limits the estimation of PDC occurrence and frequency on Mt.
Ruapehu.

Despite these limitations, this paper provides descriptions and
characteristics of previously unstudied PDC deposits. This
information acts as a foundation for further studies of PDCs
on Mt. Ruapehu.

CONCLUSION

The updated PDC record presented here builds on previous work
and extends the PDC history of Mt. Ruapehu. The main
conclusions drawn from this study are as follows:

e Twelve new PDC deposits were identified. When combined
with the deposits identified by Cowlyn (2016), taking into
account some deposits that are extensions of their flows, and
the known 1945 PDC, this is a total of 23 PDCs identified
during these two studies. These were all emplaced during the
past 250 ka years, and most in the past 15 ka years. Due to the
poor preservation of pyroclastic material on glaciated volcanoes
such as Mt. Ruapehu it is likely that many past PDCs deposits
have been completely removed from the rock record. It is also
likely that, due to the large field area of this project, other PDC
deposits have been overlooked. These limitations have
contributed to an underestimation of the PDC hazard on
Mt. Ruapehu.

PDC lithofacies at Mt. Ruapehu range from massive, clast
supported deposits rich in vesicular and dense blocks and
ash; to massive, matrix supported deposits dominated by
vesicular lapilli and ash. Based on lithofacies characteristics
the PDCs were identified as concentrated flows, with most
dominated by granular fluid-based transport regimes. Two
PDCs were dominated by granular flow regimes. These
lithofacies also suggest that Mt. Ruapehu has erupted
PDCs of varying styles, including column collapse and
dome collapse or explosion. This proves that Ruapehu is
capable of producing a wide spectrum of different PDCs,
something that must be considered during future hazard
planning on the volcano.
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o This work extends the knowledge of PDCs on Mt. Ruapehu to
>180 ka. Consistent with findings of Cowlyn (2016) and
Pardo et al. (2012b) there is an abundance of PDCs after
15 ka. We conclude that this is likely due to poor preservation
of deposits during glacial maximums on the mountain prior
to this time. Poor preservation, particularly of small volume
PDCs, needs to be considered in the future when attempting
to quantify the frequency of PDCs at Mt. Ruapehu and at
other volcanoes.

o This study highlights the importance of recognizing small to
medium sized PDCs in the eruptive record at any volcano,
especially where erosion or other processes may have played a
substantial role in removing evidence of past events. Small PDC
deposits may be heavily eroded, making them difficult to identify
in the field. Techniques such as lithofacies classification may help
in identifying and characterizing these PDC deposits and provide
useful information for future hazard planning.

Opverall, the evidence presented here necessitates continued
comprehensive studies at Mt. Ruapehu to gain a better
understanding of future PDC occurrence, and the threat they
pose to nearby infrastructure and communities.
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The calculation of the magnitude of an eruption needs the accurate estimate of its
deposit volume. This is particularly critical for ignimbrites as no methods for their
volume calculations and associated errors and uncertainties are consolidated in the
literature, although invariably the largest magnitude eruptions on Earth are made of
ignimbrites. The 39.8 ka Campanian Ignimbrite (Cl) eruption is the largest of the Campi
Flegrei caldera (Italy). The global cooling following the Cl eruption and its widespread
tephra affected the paleoenvironment and the migration of hominids in Europe at that
time. Despite the large number of studies, the estimates of the Dense Rock Equivalent
volume of the Cl range between 60 and 300 km®, because of the lack of clear and
reproducible methods for its calculation. Here we present a new calculation of the
volume of the Cl, grounded on a clear and reproducible method that can be applied
universally and which provides an accurate estimation of the volume of the deposits on
ground and their uncertainties and errors, allowing a strong base for further estimates
of the amount of deposits eroded, covered, elutriated, which are essential for the final
computation of the eruption magnitude. In order to calculate the CI volume, we
reconstructed the first total isopach map of the pyroclastic density current deposit
preserved on land, developed through a method that reconstructs the paleo-
topography during the eruption, which is reproducible for all topographically
controlled ignimbrites and allows the calculation of well-defined uncertainties in the
on-land ignimbrite deposits. The preserved total extra-caldera bulk volume of the
ignimbrite is estimated at 68.2 + 6.6 km?. The total pyroclastic density current deposit
volume is then corrected for erosion, ash elutriation, the intracaldera deposit volume,
and the volume of tephra deposited in the sea, whereas volumes of the basal fallout
deposits are taken from other studies. The total Dense Rock Equivalent volume of the
eruption is 181-265 km?®, whose range accounts for errors and uncertainties. This

value corresponds to a mass of 4.7-6.9 x 10" kg, a magnitude (M) of 7.7-7.8 and a
volcanic Explosivity Index (VEI) of 7.

Silleni A, Giordano G, Isaia R and Ort
MH (2020) The Magnitude of the 39.8
ka Campanian Ignimbrite Eruption,
Italy: Method, Uncertainties and Errors.
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INTRODUCTION

Pyroclastic density currents (PDCs) have large impacts on human
communities and the environment; they can cause catastrophic
environmental and property damage and loss of life, as well as
accounting for a large proportion of deaths caused by direct
volcanic activity. From 1500 to 2017 CE, 28% of volcano-induced
mortality resulted from PDCs, second only to famine and
epidemic disease (Auker et al, 2013 and references therein;
Brown et al,, 2017). Moreover, global and regional climatic
effects can result from the injection of ash and sulfur aerosols
into the stratosphere during large explosive eruptions, leading to
a “volcanic winter” (Rampino and Self, 1992; Stuiver et al., 1995;
Thordarson and Self, 1996; Robock, 2000). The quantitative
computation of the size of explosive eruptions is essential to
understand their potential impact on humans, climate and
ecosystems (e.g., Mason et al,, 2004). Calculating the volume
of large volcanic eruptions is in fact necessary to define their size
(e.g., Newhall and Self, 1982; Pyle, 2000; Crosweller et al., 2012;
Pyle, 2015) and to model the climate effects of these natural
phenomena that occurred in the past.

Caldera-forming eruptions produce both fall deposits and
ignimbrites (Parfitt and Wilson, 2008), and typically the
largest proportion of volcanic material is transported in PDCs
and emplaced as ignimbrites (e.g., the Oruanui eruption; Wilson,
1991; the Otowi Member of the Bandelier Tuff; Cook et al., 2016).
The tephra fall deposits are analyzed through field and statistical
techniques to make isopach maps directly from thickness data
(e.g., Walker and Croasdale, 1970; Walker, 1973; Rhoades et al.,
2002; Burden et al., 2013; Engwell et al., 2015; Yang and Bursik,
2016; Cutler et al., 2020), from which numerical models can be
used to calculate total volumes (Bonadonna et al, 1998;
Bonadonna and Phillips, 2003; Bonadonna and Houghton,
2005; Folch et al., 2010; Costa et al., 2012; Folch, 2012). The
resulting tephra volumes appear to be better constrained than
ignimbrite volumes, where a clear “reference” method does not
exist and uncertainties on such computations are significant
(Mason et al., 2004).

Calculation of the volume of ignimbrites has been the subject
of numerous studies (Walker, 1983; Aldiss and Ghazali, 1984;
Henry and Price, 1984; Morgan et al., 1984; Ratté et al., 1984;
Sparks et al., 1985; Scott et al., 1996; Wilson, 2001; Pérez et al.,
2006; Giordano, 2010; Folkes et al., 2011; Best et al., 2013a; Best
et al., 2013b; Cook et al, 2016; Pacheco-Hoyos et al., 2018;
Takarada and Hoshizumi, 2020), but it remains difficult to
evaluate due to the irregularity of the ignimbrite surface, the
variable thickness (controlled by the paleotopography; e.g.,
Yokoyama, 1974; Wilson 1991; Broxton and Reneau, 1996;
Daag and van Westen, 1996), the effect of erosion (e.g.,
Yokoyama, 1985), the presence of overlying deposits, the
intracaldera deposits (e.g., Willcock et al, 2013) and the
variable density of the deposits. The eruptive volume, and as a
consequence the ignimbrite volume, is essential for computation
of the magnitude (M; Pyle, 2000) and Volcanic Explosivity Index
(VEL Newhall and Self, 1982) of an eruption. The calculation of
the volume of ignimbrites, which form the main part of eruptions
with M > 5, remains one of the outstanding issues in volcanology
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[e.g., the collapse caldera database (CCDB) project, Geyer and
Marti, 2008; the LAMEVE project, Crosweller et al., 2012].

The lack of a standardized accurate method for the calculation
of ignimbrite volumes makes most of the existing figures for large-
volume ignimbrites poorly constrained and, in many cases,
unreproducible, resulting in a wide range of estimated volumes
of the same ignimbrite [e.g., Cerro Galdn, Folkes et al, 2011;
Campanian Ignimbrite (CI), Scarpati et al., 2014]. The case study
for this work is the CI (Barberi et al., 1978; Fisher et al., 1993; De
Vivo et al.,, 2001; Fedele et al., 2008), associated with the most
powerful caldera-forming eruption from the Campi Flegrei (CF)
caldera (Figure 1A) (Rosi and Sbrana, 1987; Perrotta et al., 20065
Scarpati et al., 2013). It is one of the largest late Quaternary
explosive events and has been considered as an example of a
super-eruption (Sparks et al., 2005). The 39.8 ka CI tephra (Plinian
and co-ignimbrite products; Giaccio et al., 2017) represents the
most widespread volcanic deposit and one of the most important
temporal/stratigraphic markers for the Early Upper Paleolithic of
Western Eurasia (Fedele et al., 2003; Pyle et al., 2006; Giaccio et al.,
2008). The eruption may have affected human residents in
different ways: by destroying the animal and human
populations, by altering the species composition and growth
rhythm and by changing the availability of water (Fedele et al.,
2002; Fedele et al., 2003; Fedele et al., 2007; Lowe et al., 2012). The
abrupt volcanic cooling following the eruption produced a
regional drop of 6-9°C in Eastern Europe and Northern Asia
(Black et al, 2015). The cooling could have influenced the
migration of the populations and have affected the daily life for
Neanderthals and modern humans during the Middle to Upper
Paleolithic transition (Fedele et al., 2002; Fedele et al., 2003; Black
et al.,, 2015; Marti et al., 2016).

The first part of this work is a review of all articles that
calculated the CI volume. In the second part, we present the most
reliable method, up to now, to develop an isopach map and
calculate the ignimbrite volume. Despite the large number of
studies, the estimates of total Dense Rock Equivalent (DRE)
volume of the CI eruption range from 60 to 300km’
(Table 1) (Thunell et al., 1979; Cornell et al., 1983; Rosi et al.,
1983; Fisher et al., 1993; Civetta et al., 1997; Rosi et al., 1999;
Fedele et al., 2003; Perrotta and Scarpati, 2003; Rolandi et al.,
2003; Giaccio, 2006; Marianelli et al.,, 2006; Pyle et al., 2006;
Pappalardo et al., 2008; Costa et al., 2012; Scarpati et al., 2014;
Marti et al., 2016). Furthermore, none of these studies provides a
solid method to determine the ignimbrite volume in the
Apennine mountains. The volume of dispersed tephra (both
Plinian and co-ignimbrite) was better defined due to the many
measurements across the vast region blanketed by the CI ash and
a recent improvement of computational methods (Costa et al.,
2012; Marti et al., 2016), as well as by the simpler nature of its
mantling deposition. In contrast, the volume of the ignimbrite
deposits has never been calculated by accurate direct
measurements, but only by approximate thicknesses (Thunell
et al., 1979; Fisher et al., 1993; Civetta et al., 1997; Giaccio, 2006).
Here, we assess the ignimbrite volume using precise thickness
measurements and reporting those on an isopach map. We
demonstrate a rigorous method to create a complete isopach
map of the CI, with a similar approach to that normally applied to
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FIGURE 1 | The Campanian Ignimbrite distribution (A). The Campanian Ignimbrite (Cl) distribution in the Campanian region (the base map is from Google Satellite),
defined merging fieldwork and geological maps (Servizio Geologico d’ltalia, 1963; Servizio Geologico d'ltalia, 1966; Servizio Geologico d'ltalia, 1967; Servizio Geologico
d’ltalia, 1971a; Servizio Geologico d’ltalia, 1971b; Servizio Geologico d’ltalia, 1975; ISPRA, 2009; ISPRA, 2010; ISPRA, 2011a; ISPRA, 2011b; ISPRA, 2011c; ISPRA,
2011d; ISPRA, 2014a; ISPRA, 2014b; ISPRA, 2016; ISPRA, 2018). Blue dots indicate the location of the studied exposures (coordinates are reported in the
Supplementary Material). (B) Dispersal area of the Cl tephra from the Campi Flegrei caldera (red star), modified from Giaccio et al. (2017). The maps were generated

using the QGIS Open-Source 3.4 (https://www.qgis.org/it/site/).

15°0’E

tephra-fall deposits (e.g., Engwell et al., 2015) and it can be easily
used on other ignimbrites in the world. The map is based on the
mapping of the preserved ignimbrite deposits, without the fall
deposits, and reconstruction of the paleotopography, especially
mountainous areas. This allows us to provide an accurate
estimate of the volume of the extra-caldera deposits of the CI
PDC preserved on land based on a verifiable method of
calculation and with the relative uncertainties. Using this as a
base, we correct for erosion, elutriation, intracaldera volume, and
underwater deposits to calculate the, up to date, most reliable
total bulk, and DRE volumes for this ignimbrite. We then
estimate the co-ignimbrite volume and add the fallout volume
from previous studies to calculate the total erupted volume for the
eruption. The obtained eruptive volume significantly reduces the
total uncertainty of the total volume calculation and should be
used to better design and constrain the eruptive dynamics. Such
data, well constrained and evaluated, from many volcanoes could
help determine the frequency of eruptions of a given magnitude
around the world.

VOLCANOLOGICAL BACKGROUND

Volcanic activity in the CF began prior to 80 ka (Pappalardo et al.,
1999; Scarpati et al., 2013) and caldera collapses occurred during

the eruptions of the CI, the ~15 ka Neapolitan Yellow Tuff (NYT)
(Orsi et al., 1996; Perrotta et al., 2006; Acocella, 2008; Vitale and
Isaia, 2014) and the 29 ka M 6.6 event Masseria del Monte Tuff
correlated to the Y-3 marine tephra (Albert et al., 2019). Post-
NYT activity in the caldera is well described by Di Vito et al.
(1999), Isaia et al. (2009), and Smith et al. (2011).

The CI eruption emplaced both pyroclastic fall and PDC
deposits in a complex sequence currently exposed in proximal,
sporadic medial, distal and ultra-distal outcrops (Figure 1)
(Barberi et al., 1978; Rosi et al., 1988; Fisher et al., 1993;
Perrotta and Scarpati, 1994; Orsi et al., 1996; Rosi et al., 1996;
Rosi et al., 1999; De Vivo et al., 2001; Cappelletti et al., 2003;
Perrotta and Scarpati 2003; Perrotta et al., 2006; Fedele et al.,
2008; Engwell et al, 2014; Scarpati et al, 2015a, Scarpati
et al., 2015b; Sparice, 2015; Scarpati and Perrotta, 2016; Smith
et al,, 2016). The first phase of the eruption generated Plinian
columns up to 44 km high (Rosi et al., 1999; Marti et al., 2016),
producing a widespread fall deposit dispersed by winds to the east
(Rosi et al., 1999; Perrotta and Scarpati, 2003; Marti et al., 2016;
Scarpati and Perrotta, 2016). A PDC then spread over an area of
7,000 km® and surmounted ridges more than 1,000 m high
(Barberi et al., 1978; Fisher et al., 1993). This stage caused the
caldera collapse and the accumulation of lithic breccia deposits
(Breccia Museo) in scattered outcrops along the caldera rim
(Perrotta and Scarpati, 1994; Melluso et al., 1995; Rosi et al.,
1996; Fedele et al., 2008). In distal outcrops, most of the CI is

Frontiers in Earth Science | www.frontiersin.org

184

October 2020 | Volume 8 | Article 543399


https://www.qgis.org/it/site/
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles#articles

Silleni et al.

<
o a
bt £
< 3 =
2 X 9
o} -~ |
° 2 T
o B3 S
o
5 5 8
[0
kol T e}
2 3
£
jo) 17}
IS =]
[0)
e
=
c
Q
5 © o
= S8
< (SRS
o] =
£ g £
5 6 o 3
£ £ LD
c 3 ©°
=) g c@
& ° s
(&) "&‘Sg
2 =
& @ £
o O
S 0 o
c
o
o)
(&)
[0}
<
£
= g
c ° I
5 °
S -
e
5]
[
°
o
T
<
£
N
D
e}
=)
2
[2)
[0
2 KA
k=S
o
2
[
@
B
o
Q
> 5
c 2 )
5 E £
fL0% e
= =
o Q '€
L < 2
= 9 T
s |8
a o
c -
s
25 -
BE c
g E ]
= <
o2 H
o = °
£ 2
- =
S¢ 3
?:/’;Q 3 (.
—
£5 |8
o x @
53 K
235 o
3 | &
g5 |€
S Q
29
SIN%) <
e |8 g
S & c @
2 |8 Lo
2< &l E T+
g =
=) En. ©
%w =8 <
58 g2|lo T
o c
T 8
TQ &
x 35 3|8
2o 8|3
£ 8% 3
-~ 88 §
w g c 5
J8 Els ©
2, 2 £ 9
0| = )
FE > o<

2,600*
2,500*
2,400*

Scarpati et al. (2014)
Thunell et al. (1979)
Rosi et al. (1999)
Cornell et al. (1983)
Marti et al. (2016)
Pyle et al. (2006)
Civetta et al. (1997)

60-80*
>150
207.9 (84.2%)
105-210*

100 (30-40%)
73

100 (427)
153.9 (61.6Y)
72-120 (31-50%)

54 (259
30-40*

54 (22.6%

145*

120*

25*
20"

Marianelli et al. (2006)
Fedele et al. (2003)
Rolandi et al. (2003)

Pappalardo et al. (2008)

150*

130*

~1,250

200*
320 (200%)

140

180
180"

Average porosity: 0.58

200"
430-680 (180-280%)

20*

1,000
1,400-2,500 i, 1,200 a, 800 p

Costa et al. (2012)

250-300 (104-125%)

Giaccio (2006)
Fisher et al. (1993)

575 (300%)

180 (86%)

385 (215%

10 (3%

500

DRE, dense rock equivalent.

Magnitude of the Campanian Ignimbrite

represented by a massive, gray ignimbrite (Barberi et al., 1978;
Fisher et al., 1993; Scarpati and Perrotta, 2012; Scarpati et al.,
2015a). Beyond about 80 km from the vent, deposits are made up
of coarse to fine ash containing both co-Plinian and co-ignimbrite
tephra (Thunell et al., 1979; Sparks and Huang, 1980; Engwell
et al.,, 2014; Smith et al., 2016). The tephra marker related to this
eruption is essential to correlate volcanological and
archaeological sites in the Mediterranean area and Eastern
Europe. Tephra-based correlations of human sites were used
to date the Middle to Upper Paleolithic transition (Giaccio
et al.,, 2008; Lowe et al., 2012; Giaccio et al., 2017).

The complex stratigraphy of this eruption differs between
proximal and distal outcrops. Moreover, it is difficult to study the
lateral correlations due to the absence of outcrops in medial areas
(except for the Lago di Patria outcrop, Supplementary Table S2),
because all quarry-pits have been refilled. The limited drill core
data shows little evidence of lateral unit change. In our study, we
refer to the stratigraphic units proposed by Fedele et al. (2008)
(proximal area) and Cappelletti et al. (2003) (distal areas) (Online
Supplementary Material). The first flow unit is the
Unconsolidated Stratified Ash Flow (USAF) both in proximal
and distal stratigraphy, which is followed by the main units of
Piperno and Breccia Museo inside the caldera and the Welded
Gray Ignimbrite (WGI) and Lithified Yellow Tuff (LYT) in
medial and distal outcrops.

ESTIMATING ERUPTION VOLUME

Most studies of eruptive volume focus their attention on the
Plinian fallout and the ignimbrite phases of volcanic eruptions,
but the total volume calculation is a complex result of many
different components. The total volume erupted during a caldera-
forming eruption, like the CI, is composed of the mass ejected
during the phases that produced Plinian columns (Vp), and
PDCs (V,ao) Eq. (1):

V = Vpeor + Vpdc (1)

Both Vpe and Vg refer to the primary deposits (respectively,
the Plinian fallout Vpg,, the proximal pumice lapilli deposit, and
the ignimbrite Vig,) and their associated co-Plinian fall (V,pgan)
and co-ignimbrite ash fall (Voign), respectively. Indeed, fine ash
suspended in the atmosphere can be co-Plinian rather than co-
ignimbrite (Fierstein and Hildreth, 1992). In this work, the co-
Plinian ash is defined as the fine-grained Plinian ash, decoupled
from the coarser fallout and subject to atmospheric turbulence
(Fierstein and Hildreth, 1992). The co-ignimbrite ash is
considered to be the buoyant material that rises from the PDC
through the entrainment, heating, and expansion of ambient air
(Woods and Wohletz, 1991), and may represent the counterpart
to the crystal-enriched ignimbrite (Sparks and Walker, 1977).
Consequently Eq. (2):

V= (VPfall + Vconall) + (Vign + chign) (2)

The erosion and re-deposition can subsequently modify these
components before measurement of the thicknesses occurs. In the
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following sections, we discuss different methods used in the past
to estimate the CI eruption volume. The CI is not a unique
example and those methods have been applied to many eruptions
(e.g., Pyle, 1989).

The Previous Estimates of the Campanian

Ignimbrite Eruptive Volume
A synopsis of the previously determined estimates of the total
volume is provided in Table 1.

Due to the difficulty to distinguish the contribution of the co-
Plinian fall and the co-ignimbrite ash fall in ultra-distal locations,
some authors simply refer to the widespread Y-5 ash layer, which
comprises both (Table 1) (Thunell et al., 1979; Cornell et al.,
1983; Rolandi et al., 2003; Costa et al., 2012). Other previous
studies distinguished the co-Plinian and co-ignimbrite
contribution (Sparks and Huang, 1980; Perrotta and Scarpati,
2003; Engwell et al., 2014; Marti et al., 2016; Smith et al., 2016),
but only some of them calculated the relative volumes (Perrotta
and Scarpati, 2003; Marti et al., 2016).

From Direct Measurements

The first volume estimate of the ignimbrite was presented by
Thunell et al. (1979). Based on a geometrical method that
considers a covered area of over 6,000 km?> with a thickness up
to 100 m and assuming radial flow of the PDC, they estimated the
DRE volume was at least 30-40 km”>. The DRE volume of the Y-5
ash layer within the 1 cm isopach contour was also estimated at
30-40 km® (65km® bulk). Their total DRE volume was
60-80 km® for the eruption.

Cornell et al. (1983) calculated the ash-fall layer volume of Y-5
from an isopach map derived by different cores drilled in the
Mediterranean Sea (73km’ bulk). They then included the
ignimbrite DRE volume proposed by Thunell et al. (1979) in
their overall eruption volume estimate. On the other hand, the
bulk volume of the original pyroclastic current deposit was
estimated by Fisher et al. (1993) to be about 500km’ by
circumscribing a circle of deposits with a radius of 100 km,
100 m thick at the center that thinned to zero at the perimeter
of the circle, with no consideration of topography.

Rosi et al. (1999) calculated the bulk volume of the Plinian
fallout as 15 km” based on the method proposed by Pyle (1989);
in the CI eruption, the focus of the elliptical isopach
distribution corresponds to a central vent located in the CF
caldera center (town of Pozzuoli). The authors used thickness
values from distal outcrops, up to 64 km from the vent. The
same technique was used by Perrotta and Scarpati (2003), who
estimated a bulk volume of about 4 km?, the different value of
this work being the result of a different isopach model
compared to the one used by Rosi et al. (1999). In the same
paper Perrotta and Scarpati (2003) attempted, for the first time,
to discriminate between the volumes of the co-Plinian and co-
ignimbrite components. The coarse ash of ultra-distal deposits
was interpreted as the co-Plinian phase, while the fine ash
represents the co-ignimbrite component. The authors
evaluated the thicknesses of the two parts and estimated
16 km® bulk of co-Plinian ash and 100 km’ bulk of co-
ignimbrite ash.

Magnitude of the Campanian Ignimbrite

These analyses were then improved by Pyle et al. (2006), who
used ultra-distal thickness values all over Eastern Europe. The
authors estimated the minimum bulk volume of the CI fallout at
74 or 31 km® DRE (using magma density of 2,400 and 1,000 kg/
m® bulk deposit density) using Pyle’s (1989) general observation
that many fallout deposits show exponential decay of thickness.
Pyle et al. (2006) compared these results with a second approach
based on the rate of thinning of the distal ash sheets (based on
Pyle, 1989; Pyle, 1990): given that the thickest ash layer in marine
cores is in the order of 10-20 cm, it is most likely that the total
bulk ash volume associated with the eruption was in the range
74-120 km® (31-50 km® DRE) (Pyle et al., 2006). Scarpati and
Perrotta (2016) subdivided the fallout into five layers (A to E) on
the basis of grain size, component variations and graded bedding.
The volumes for each layer were calculated using the exponential
fitting method of Pyle (1989), obtaining a primary fallout of about
5km’ (~1km’ DRE, using a magma density of 2,400 kg/m’
proposed by Rosi et al.,, 1999) and a co-Plinian ash of about
15km’ (~7km’ DRE, using the same magma density as the
primary fallout).

A first attempt to collate all the volume estimates was made by
Fedele et al. (2003), who considered the sum of the conservative
estimates reported in literature (the sum of the fallout, the PDC
deposits, and the Y-5 ash layer volumes; Thunell et al., 1979;
Civetta et al., 1997; Rosi et al., 1999). The total DRE volume they
proposed is 200 km’, using a bulk deposit density of around
1,250 kg/m>. Rolandi et al. (2003) proposed the same volume
(200 km® DRE, 320 km? bulk), consisting of 180 km? bulk of PDC
(150 km® in proximal area and 30 km” in distal area, obtained by
the analysis of seismic data, drill-holes, and considering the areal
extent of the deposits) and 140 km? bulk of the distal ash (80 km?
in the Mediterranean Sea and 60 km® as ultra-distal tephra, using
an isopach map).

A similar value was proposed by Giaccio (2006), 215 km> DRE
(385 km?® bulk), who calculated the volume of the PDC using a
complex truncated cone, with a concave surface and variable
heights: 70 m up to 10km from the center, 50 m up to 20 km,
20m up to 45km, and O m up to 100 km. At the same time, he
proposed a revised isopach map for the fallout deposits, resulting in
avolume estimate of 10 km® (3 km?® DRE). Moreover, combining all
available data on the distal tephra of CI from the literature (Cornell
et al,, 1983; Melekestsev et al., 1984; Paterne et al., 1986; McCoy and
Cornell, 1990; Cini Castagnoli et al., 1995; Seymour and Christanis,
1995; Narcisi and Vezzoli, 1999; Ton-That et al., 2001; Upton et al.,
2002; Seymour et al., 2004), Giaccio (2006) calculated the volume of
the distal fraction as 180 km> (86 km® DRE) and thus estimated a
bulk volume of 575 km® (300 km® DRE). The DRE volumes were
calculated using a bulk density, ranging between 1,400 and 2,500 kg/
m’ for the ignimbrite, 1,200 kg/m” for the distal ash and 800 kg/m’
for the fallout pumices.

From Petrological Data and Numerical Modeling

Civetta et al. (1997) is one of the first works that subdivided the
volume of the CI eruption based on the pumices composition.
The authors divided the magma into three different types: a most
evolved one that consists of Plinian fallout and some ignimbrite
up to 50 km from the vent (a volume of 25 km? DRE), a magma
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with intermediate composition that includes some of the
ignimbrite out to its farthest extent (100 km® DRE), and a
least-evolved magma that includes much of the ignimbrite in
the Campanian Plain (20 km? DRE). All the volume calculations
were made by circumscribing circles with a radius similar to the
maximum distance reached from the vent by that magma type
and a thickness that goes from the maximum thickness of
ignimbrite of that given composition at the caldera center to
zero at the perimeter of the circle.

Marianelli et al. (2006) proposed different crystallization
depths suggested by the results of CI melt inclusion studies and
then estimated the volume of the eruption directly from a
magma chamber model, attributing 20 km® DRE to the fallout
deposits, and 130 km® DRE to the ignimbrite. The method was
not explained with more details in the article (Marianelli et al.,
2006). Pappalardo et al. (2008) used petrological data to
constrain the pre-eruptive magma storage dynamics
analyzing the different magma compositions for each
eruptive phase. In agreement with Civetta et al. (1997),
Pappalardo et al. (2008) proposed a total volume of
200 km® DRE based on a major and trace element modeling
(20 km? for the fallout and 180 km? for the ignimbrite). The
authors used the total porosity of each analyzed sample, which
varies between 0.36 and 0.93, with an average of 0.58.

Costa et al. (2012) proposed a new tephra volume estimate
based on the fit of an advection - diffusion tephra dispersion
model to thickness data (more than 100 ultra-distal locations).
They obtained a bulk volume of the tephra of 250-300 km’
(104-125km®> DRE, the model assumes an average bulk
deposit density of 1,000 kg/m®) and a total volume of the
eruption of 430-680 km® (180-280 km® DRE).

Scarpati et al. (2014) estimated the PDC volume applying Eq.
3 (see below) assuming a co-ignimbrite volume (Vngn) of
100 km® obtained by Perrotta and Scarpati (2003) and a mean
vitric loss of 0.65. The method is based on the enrichment factor
of Walker (1972); Walker (1980) and the vitric loss of the
ignimbrite proposed by Sparks and Walker (1977). The
ignimbrite volume (Vig,) Eq. (3) is equal to:

_ Vcoign
vitric loss

3)

ign coign
This method is strongly influenced by the mean value of vitric loss
used, which is normally estimated from sporadic point
measurements. The bulk volume of the PDC deposits thus
estimated is 54 km® (25 km® DRE, using a density of 2,600 kg/
m?®). In the same study, the authors proposed a review of the
previous volume estimations (Scarpati et al., 2014).

The most recent work on the fallout volume was presented by
Marti et al. (2016). The authors recognized two distinct plume
phases: the Plinian (Vp.) and the co-ignimbrite fall. They
applied a computational inversion method that explicitly
accounts for the two phases and for gravitational spreading of
the umbrella cloud. Dividing the modeling in two different
eruptive phases provides the best estimate, as they are two
different spreading and source phenomena. The Plinian fallout
bulk volume thus calculated is 54 km® (22.6 km® DRE, using a
magma density of 2,500 kg/m®) and the co-ignimbrite bulk
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volume as 153.9km> (61.6 km®> DRE), for a total bulk volume
of 207.9km® (84.2km® DRE).

To summarize, the range in volumes is wide (an order of
magnitude, 54-500 km®, in bulk volume) due to the different
methods used, which is a problem in view of the importance of
such figures in calculating the impact on climate and the
environment. While the computational methods for the fallout
deposits have improved significantly in the past ten years and the
related figures for the CI fallout phase appear strong and solidly
based on field data (Costa et al.,, 2012; Marti et al., 2016), the
volume figures for the CI ignimbrite are still poorly constrained
by field data and lack well-assessed (epistemic) uncertainties. The
ignimbrite volume also affects the estimate of the volume of
elutriated co-ignimbrite ash, which is the dominant fallout phase
across Europe and the main fraction of ash injected into the
stratosphere by the eruption (e.g., Costa et al., 2018).

METHODS

Investigated Campanian Ignimbrite
Eruptive Unit

In order to reduce this wide range in volume estimates, we focus
on constraining the volume of the ignimbrite deposits of the CI,
as this is the most poorly constrained at present. We use volumes
calculated by Perrotta and Scarpati (2003) and Marti et al. (2016)
for the initial pyroclastic Plinian fall phase and the co-ignimbrite
fallout to estimate the total erupted volume. Our CI isopach map
is based on previous published data, new fieldwork, and the
assessment of the paleo-topographic control exerted on the
deposits thickness distribution.

Density Measurements

More than 40 samples from different outcrops scattered around
the Campanian Plain were analyzed to determine their density.
Samples were cut in cylinders (with radius between 0.9 and 2 cm
and height between 0.8 and 5.7 cm) or cubes (sides from 0.8 to
2.5cm) and analyzed using a Micromeritics AccuPyc II 1340
helium pycnometer. The instrument provides a standard
deviation for each measurement that was used to evaluate the
density errors. The resulting density was used to interpret total
and open porosity. Open porosity was estimated with geometric
(Vg) and matrix volume (Vpny): 100 X (Vg = Vi, )/V,, while closed
porosity was determined using the DRE of the WGI and Piperno
powder, which was obtained by the pycnometer. The total
porosity (¢) was calculated directly by summing closed and
open porosity. The density is used to determine the DRE volume.

Database and Fieldwork

Published data regarding CI thickness and outcrop locations were
collected from 42 papers (presented in Supplementary Table S1).
The data were inserted in a GIS Open-Source QGIS 3.4 (https://
www.qgis.org/it/site/) database including 238 localized outcrops.
The database includes the location name, the lithological
description, the geographic coordinates, the elevation a.s.l., the
thickness of the flow units (specifying whether total or minimum
outcrop thickness), the maximum lithic dimensions and the
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degree of welding. Where both base and top of the CI are exposed,
the thickness is classified as total and elsewhere it is considered a
minimum thickness. The database reports raw thickness data and
adjustments due to erosion are explained later on.

This database has been augmented by our field data acquired
in 97 locations (presented in Supplementary Table S2), both in
proximal and distal areas (Figure 1A). At these new field sites,
information on total or minimum thickness, to verify the local
stratigraphy, and the relation of the ignimbrite to topography
were collected.

Defining the Campanian Ignimbrite

Pyroclastic Density Current Deposit Extent
The 0m isopach is an outer limit beyond which the CI is not
present, and it delimits the current areal distribution of the
ignimbrite outcrops. The isopach was reconstructed through a
first phase of revision of the geological maps already existing at
the scale 1:50,000 or 1:100,000 (Servizio Geologico d’Ttalia, 1963;
Servizio Geologico d'Italia, 1965; Servizio Geologico d’Italia, 1966;
Servizio Geologico d'Ttalia, 1967; Servizio Geologico d’Italia, 1971a;
Servizio Geologico d’Italia, 1971b; Servizio Geologico d’Ttalia, 1975;
ISPRA, 2009; ISPRA, 2010; ISPRA, 2011a; ISPRA, 2011b; ISPRA,
2011c; ISPRA, 2011d; ISPRA, 2014a; ISPRA, 2014b; ISPRA, 2016;
ISPRA, 2018). The contact was traced between the CI and older
units and extrapolated where CI does not crop out. In this
circumstance, the ignimbrite is generally covered by younger
deposits, so it is necessary to assess if the CI was emplaced in
these locations. To do this, a statistical and morphological analysis
of the slope of the top of the CI was applied and a comparison
between the topography and the average slope of the CI top was
carried out. Where the slope angle is comparable, the area was
included in the 0 m isopach, even if CI does not crop out. The
underlying basement (mostly Meso-Cenozoic calcareous or flysch
rocks) has generally higher slope angles than the CI (for example,
the Apennine flanks), so the CI produces a morphologically distinct
slope. The isopach was traced to leave out high-slope areas and no
primary CI deposition was interpreted. The slope analysis was
performed on a slope map developed using a 10 m resolution
Digital Elevation Model (DEM; Tarquini et al., 2007; Tarquini
et al,, 2012; Tarquini and Nannipieri, 2017). The statistical and
morphological analysis of the upper surface of the CI used 48,804
points distributed throughout the areal extent of the deposits (both
in proximal and distal areas).

The Isopachs
To determine the isopach locations, two different methods were

used, one in the proximal area to medial (from the caldera to the
base of the Apennine Mountains, including the Campanian
Plain) and one in the distal area. The almost complete lack of
outcrops in the Campanian Plain and the valley-ponded
depositional style in the ridge-valley topography of the
Apennine Mountains (Rosi et al., 1983; Rosi et al, 1996;
Perrotta et al.,, 2010; Langella et al., 2013; Scarpati et al., 2014;
Scarpati et al., 2015a; Sparice, 2015; Fedele et al., 2016) make these
different approaches necessary.

In the proximal-medial area, data from the literature (Ortolani
and Aprile, 1985; Scandone et al., 1991; Bellucci, 1994; Rolandi
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et al, 2003; Milia and Torrente, 2007; Torrente et al.,, 2010;
ISPRA, 2011d), consisting of more than 300 thickness values of
CI from boreholes, outcrops, and geological sections were used to
fitisopachs on the map (Online Supplementary Material). In the
distal area, the isopach locations were based upon our field
observations and a reconstruction of the pre-CI topography
(Figure 2), which was a separate analysis based on series of
~150 profiles in the Apennine Mountains, drawn to outline the
trend of the valleys (Figure 2B). The coastline of the
Mediterranean Sea at the time of the CI emplacement
(39.8 ka) was lower than today. Based upon limited sea-level
correlation work in the Mediterranean basin (Lambeck and Bard,
2000; Antonioli et al., 2004; Antonioli, 2012), we assumed a sea
level between 75 and 87 m below the present level.

Topographic cross-sections were traced orthogonally to the
center of the valley and to the contour lines, including the flanks
of the reliefs and the 0 m isopach. The slopes of the valley above
the CI O0m isopach were extended and gradually deepened
toward the valley center in order to reconstruct the paleo-
valley with an inclination of the sides similar to the current
slope, always taking into consideration the geological and
morphological features (Figure 2B), and assuming that the
Meso-Cenozoic mountain slopes have not significantly
changed since 40 ka. The base elevation of the paleo-valleys
is constrained by field data where the CI base has been
measured.

These reconstructed valleys culminate generally in a V shape,
not considering the CI that filled them, with the bottom elevation,
for each profile, representing the paleo-valley floor. All these
elevations represent the ancient pattern of the valley bottom; for
this reason, they were modified if they were inconsistent with the
progressive downslope decrease in elevation toward the sea.

Finally, the neo-incision of rivers in the profiles was “filled in,”
so as to remove the linear erosion of the last 39.8 kyr, drawing a
line that reproduces the original ignimbrite deposit before that
the erosion occurred (Figure 2B). The CI thickness is calculated
from these modified profiles, and it is from the top of the deposit
obtained by the profiles into the paleo-valley slope. However, the
thickness is always constrained by field data of the CI thickness
and by the geological maps. These thickness values are then
reported on the isopach map.

All the isopachs were traced in accordance with fieldwork,
looking both to the base CI elevation and the CI thickness, the
geology of Meso-Cenozoic valley sides and, finally, the present-
day drainage network compared to the paleo-valleys during the
eruption (Figure 2). Where these data were not consistent, an
adjustment in some profiles was necessary. In some cases, a
correction was made for an over-thickening in the valleys
caused by an over-deepening of the extended valley sides, not
consistent with field observations. In these cases, the thickness
was modified in coherence with fieldwork.

We use, as a starting point for the volume estimate, the
ignimbrite deposits volume obtained from the detailed isopach
map. This information is lacking in previous estimates of the CI
volume. We refer to all PDC units of the CI as the CI, without
distinguishing them; in the medial and distal outcrops, the CI is
mainly composed of WGI.
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FIGURE 2 | The topographic reconstruction in the Sant’Agata dei Goti area (reported in the right corner, the red star is the vent). (A) A series of profiles traced to
study the paleo-valley; the red dots are the studied outcrops where the Campanian Ignimbrite (Cl) is exposed. The red lines represent the river network developed
through the QGIS software, while the black line is the O misopach. (B) Reconstruction of the paleo-valley in profile P-P’, the base elevation is constrained to the Cl base
observed by fieldwork and to the current slope of the valley. The resulting thickness is coherent with fieldwork, so where thicknesses are too high, they were not
considered and the isopachs were traced up to a realistic thickness. The numbers represent the thickness of the Cl in meters. The different colors represent different
types of deposits, while the dashed red line, is the linear erosion that occurred in 39 kyrs.

RESULTS

The Isopach map

The morphological analysis shows that 64% (31,057) of the points
have slopes lower than 5°. Moreover, 88% of the points have
slopes lower than 15° and 99% have a surface slope lower than 55°
(Figure 3). The CI slope values are consistent with field
observations during this work and in agreement with the
observation on the slope of the top surface of the valley-
ponded Taupo Ignimbrite, which is around 8 (Wilson and
Walker, 1985).

Based on these results, the 0 m isopach was traced to enclose all
the mapped CI and areas that probably have the CI below the
recent sedimentary cover, they have a slope less than 15° and they
are in contact with mapped CI outcrop. The 15° slope is consistent
with the results, and it allows the inclusion of all the possible CI
extent. With this approach, some CI-containing valleys are isolated

from the main CI deposits (Figure 4). The isolated valleys contain
some CI outcrops, but they are confined by high slope or basement
deposits nearby, and they are separated from the main ignimbrite
by post-emplacement erosion. The total area enclosed by the 0 m
isopach of the CI is 3,216 km? (Figure 4). To understand also the
total area of the region inundated by the PDC, and avoid
underestimation, a shape was drawn comprising all the
maximum areal extension of the isopach 0 m. The enveloped
area is 6,095 km® (Online Supplementary Material), similar to
the 6,000 km? estimate of Thunell et al. (1979).

The isopach map traced in the proximal area does not include
the intracaldera deposits. The maximum thickness in proximal
areas is 80 m (Figure 5), mainly based on outcrops near the
caldera rim; the CI thins gradually away from the caldera margin.
The detailed isopach maps show the areas of thickening or
thinning in the Campanian Plain and in the Apennines
(Figure 6). The isopach for the distal reaches has a maximum
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thickness of 50 m in the Valle dei Maddaloni (Figure 6C). In
distal areas, a series of confined valleys show local thickening.

Density of the Campanian Ignimbrite
Deposits

The bulk density (p) of the WGI samples ranges from 745 + 15 kg/
m’ to 1,330 + 3kg/m’, with an average of 980 + 11 kg/m’ (see
Density Measurements to methods on how the errors were
calculated). Error-free measures for all samples follow a
Gaussian distribution with a standard deviation of the
Gaussian probability density function of 127 kg/m’. The bulk
density of the Piperno unit ranges from 1,275 + 8kg/m’ to
1,302 + 2kg/m’, with an average of 1287 + 4kg/m’
(presented in Supplementary Table S3). The total WGI
porosity ranges from 49 + 5% to 71 + 5% and the average is
61.6 + 5%. The average for the Piperno unit it is 50 + 1%. The total
porosity matches with the range used by Pappalardo et al. (2008).
The p DRE is 2,607 + 31 kg/m’, which is in agreement with the
magma density used by Scarpati et al. (2014). The DRE volume is
determined multiplying the bulk volume by (100 — ¢,)/100.

Deposits Volume Calculation
Data were plotted in a semi-logarithmic plot (Figure 7) in which

thickness (T) and area (A) follow the relation: T = Ty« exp
(=k;A) (Wilson, 1991). Tpay of the CI from this relation is 71.3 m
(the measured value in the field is 80 m), k, is equal to 10 m™>
and r* is 0.929. These values were obtained plotting thickness and
area with the same unit (m).

Following this equation, the volume is the definite integral of
the function, where the area of each isopach was calculated
directly from the QGIS software. Table 2 displays the values
of the area and the volume for each isopach extrapolated by the
function (Figure 7). Summing all the isopach volumes, the total
volume of the preserved extra-caldera CI deposits on land is
68.2 + 6.6 km® (26.8 + 2.6 km® DRE). The sources of error and the
uncertainties were calculated separately for the proximal and
medial area and for the distal one; their calculation is explained in
the Online Supplementary Material. The CI volume was
compared to other ignimbrites, whose bulk volumes span
three orders of magnitude: the Lund Ignimbrite (4,400 km?;
Best et al, 2013a), the Greens Canyon Tuff (GCT, 600 km?;
Best et al., 2013a), the Petroglyph Cliff (40 km’; Best et al,
2013a), the Oruanui ignimbrite (300 km?; Wilson, 1991) and
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the Pozzolane Rosse ignimbrite (RED, 35 km?; Giordano, 2010;
Giordano and Doronzo, 2017) (Figure 7).

To understand the extra-caldera volume subdivision in
proximal and distal areas, the isopach map is divided into two
parts, one comprising all the Campanian Plain, and the other
from the first Apennine ridges to the final runout (Figure 5). The
resulting extra-caldera volumes are 48.6 + 1.7km’ in the
proximal area (~70%) and 19.6 + 4.9 km? in the distal area
(~30%).

DISCUSSION

The linear relations between log; o thickness and area presented in
Figure 7 show all the ignimbrites have r* values above 0.9. k;
varies between 10" m™> and 10~ m™? for each ignimbrite, but it
seems that bigger ignimbrites (Lund and Oruanui ignimbrites)
have lower k; values. The concavity of this curve gives
information on the aspect ratio of the deposits: concave-
upward curves (ie., convex) refer to low-aspect-ratio deposits
while concave-downward curves apply to high-aspect-ratio
ignimbrites (Wilson, 1991). The CI shows an intermediate
aspect ratio, with the first part of the curve upward and the
second downward, which reflects the field evidence, noticed
during the fieldwork, of both low and high aspect ratio
behavior of the CI. Greens Canyon Tuff and RED show a
similar change in concavity. The RED shows similar features
to the CI in the field: both ignimbrites encountered topographic
barriers perpendicular to the flow, such that the RED climbed
topographic barriers as high as 400 m (Giordano, 2010) while the
CI overtopped 1,000 m barriers. Such interaction has an
important role in the flow dynamics (e.g., Bursik and Woods,
2000; Andrews and Manga, 2011) and it is associated with a
decrease in carrying capacity and an increase of the
sedimentation rate (Giordano, 1998). The change of the curve
concavity could directly show the sedimentation rate fluctuations.

Extracaldera Volume
The data from this work were compared with Ruberti et al.

(2020), who proposed contour maps of the lower and the upper
surfaces of the CI for the northwestern sector of the proximal-
medial area, based on 1,000 lithostratigraphic logs from
boreholes. The extrapolated thicknesses from their maps were

TABLE 2 | The values of thickness (m), area (km?), cumulative area (km?), volume (km®), cumulative volume (km®) and the percentage of volume for each isopach.

Thickness (m) Area (km?) Cumulative area (km?)
>80 12.6 12.6
70-79 12.3 24.9
60-69 19.1 44.0
50-59 31.3 75.3
40-49 234.0 309.4
30-39 194.5 503.9
20-29 854.0 1,357.9
10-19 862.0 2,219.9
0-9 995.7 3,215.6
Total 3,215.6 —

Volume (km?) Cumulative volume (km?®) Volume (%)

0.9 0.9 1.3
0.9 1.8 1.3
1.3 3.1 1.9
2.1 5.2 3.1

13.8 19.0 20.2
9.2 28.2 13.6
24.7 53.0 36.3
10.6 63.6 16.5
4.6 68.2 6.8
68.2 - —
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FIGURE 3 | Frequency of the slope of the upper surface of the Campanian Ignimbrite (C). At least 80% of the exposed ClI upper surface slopes less than 10°. The
areas with slope greater than 35° are related to river incisions and Cl escarpments.
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FIGURE 4 | Reconstruction of the areal extent of the ignimbrite deposits, enclosed within the O m isopach is shown in orange. The total area covered by the
preserved deposits of Clis 3,216 km?, the envelopment with a shape is equal to 6,095 km? (Online Supplementary Material). The isolated areas from the source are
due to the erosion of veneer facies.

Frontiers in Earth Science | www.frontiersin.org 191 October 2020 | Volume 8 | Article 543399


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles#articles

Silleni et al.

Magnitude of the Campanian Ignimbrite

15.000

5 ——- Caldera Boundary
Isopachs

[Jom

[J10m

= 20m

Mondragone :

Pozzuoli

B 30m
B 40 m
Bl 50m
Il 60m
Bl 70m
Il 80m

20 40 km

FIGURE 5 | Isopach map of the preserved extra-caldera deposits of the Campanian Ignimbrite. This map refers only to the ignimbrite deposits; it excludes the
Plinian fallout and the co-ignimbrite ash. The different colors for each isopach are reported in the map key. The red dashed line divides the proximal and the distal area.

compared with the isopach map of this work by drawing a new
proximal isopach map based on their contour maps. The volume
calculated from this new isopach map is 46.5 km’, 2.1 km® less
than the volume we estimated. This difference is included in the
6.6km> of the total volume error and uncertainties here
presented. The data proposed by Ruberti et al. (2020) were
not inserted in the isopach map reported in this work to avoid
error propagation due to data coming from contour maps rather
than deposit thickness measurements. However, a greater
thickness in the Volturno Plain compared to this work could
be considered, as proposed by Ruberti et al. (2020).

The error and uncertainties associated with our volume
estimate of the terrestrial CI ignimbrite deposits (68.2 +
6.6 km®) are less than 10% (Online Supplementary Material),
a good precision considering that many published estimates of
eruption volume may be barely more precise than one order of
magnitude (Mason et al., 2004). The accuracy of the applied
method is also due to the development of the 0 m isopach
areal extent. Cutler et al. (2020) demonstrated that the
inclusion of zero values improved the modeling and the
volume calculations for tephra layers of Mount St Helens.
Moreover, the complexity of the isopach shapes, instead of
simplified oblate shapes, allows better consideration of raw
thickness data and lessens inaccurate volume estimates
(Engwell et al., 2015). This method can now be applied to
ignimbrite deposits, with a good parallelism between flow and
fall volume calculations.

The volume we presented above is not the total volume of the CI
PDC deposits, but the preserved extra-caldera ignimbrite volume
and several corrections must be applied to this value (Mason et al.,

2004; Folkes et al., 2011). Each factor has relative uncertainties, but
here we constrain them to a well-defined preserved extra-caldera
volume and we analyze each minimum and maximum volume. A
significant amount of pyroclastic material was deposited in the sea
and within the caldera, significant erosion has occurred in the last
39.8 kyrs, and a large amount of co-ignimbrite ash elutriated or
rose into the air as a column.

The reconstructed isopachs do not consider the linear erosion
due to river incision of the CI so the possible areal erosion must be
calculated. The linear erosion is related to the selective erosion
due to rivers, while the areal erosion comprises all the regional
processes that occurred in the area. The deposits of WGI show a
mainly valley-ponded deposit pattern; in many areas where the
ignimbrite was deposited in narrow valleys (for instance near
Roccamonfina), the only unit that mantles the topography is
USAF, while the upper surface of WGI is mainly horizontal
(Figure 3) (Sparice, 2015). This suggests that USAF is a facies
emplaced over a wider area than WGI, comprising also
topographic highs with mantling and veneer features, but was
then subjected to significant areal erosion (Wilson, 1991). The
thickness of USAF is mainly between 10 cm and 1 m; in rare
cases, it can reach 3 m (Fedele et al., 2016). A median thickness of
1 m is assumed as eroded material for all the enveloped area
(6,095 km?, projected area) not covered by valley-pond facies, as a
reference for the areal erosion. To calculate the erosion, we used
the real surface of the enveloped area. The real surface is the
actual surface of an area, not its projection, and it considers also
the mountain slopes. From the Digital Elevation Model, the real
surface was computed at 9,575 km”. The volume associated with
the areal erosion, on the real surface, is 9.6 km> (V.) (3.7 km®
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FIGURE 6 | Detailed isopach maps of selected areas of the Campanian Ignimbrite (excludes fallout): (A) north of the caldera, between Lago Patria and Acerra; (B)
northern part of the Campanian Plain; (C) Apennine ridges east of the Campi Flegrei caldera and the Valley of Maddaloni; (D) Roccamonfina and Mortola, in the north of
the studied area; (E) Volturno plain and San Lorenzello area, northeast of the caldera; (F) distal area of Avellino, southeast of the caldera; (G) Sorrento peninsula, in the
southern part of the studied area. See The Isopachs to detailed methods on how the isopachs were traced.
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TABLE 3| The volume of the Cl eruption. The various parts of the PDC volume estimate are explained in the text. The fallout volume considered in this work is the maximum
and the minimum proposed in literature by Perrotta and Scarpati (2003) and Marti et al. (2016).

Bulk volume (km®)

DRE volume (km°)

Preserved extra-caldera ignimbrite volume (V) 62-75 24-29
Marine volume (V) 62-75 24-29
Intracaldera volume (Vint,) 16-43 8-21
Areal erosion volume (Ve) 10 4
Co-Ignimbrite ash volume (Veoign) 294-394 116-155
Total PDC volume (Vpc) 453-606 179-243
Fallout volume (V) (Perrotta and Scarpati, 2003; Marti et al., 4-54 2-22
2016)

Total ClI volume (V) 457-660 181-265

PDC, pyroclastic density current.

DRE, using the average density of WGI). This is a correction
based on field observations (USAF mantling the topography) and
an average calculation (the thickness and the area) could vary if
the eroded thickness, or involved area, are substantially different
from those assumed here.

The CF caldera is located near and below the current sea-level
but, about 40ka, the coastline was farther to the southwest
corresponding to a level between 75 and 87m below its
present position (Lambeck and Bard, 2000; Antonioli et al,
2004; Antonioli, 2012) (Figure 8). Based on the distribution
on land of the ignimbrite, the assumed radial spreading
(Thunell et al., 1979; Fisher et al., 1993; Ort et al., 2003), and
the position of the CF caldera relative to the coastline (Figure 8), a

roughly equal amount of material should be present both on land
and offshore. The bathymetry offshore shows depressions and
valleys south of the caldera that could be areas of ignimbrite
deposit accumulation (Figure 8). Flow deposits of Kos and
Krakatau demonstrate that PDCs can travel considerable
distances above sea water (Carey et al, 1996; Allen and Cas,
2001; Dufek and Bergantz, 2007) and it is known the Campanian
PDC flowed over the water of the Bay of Naples to deposit on the
Sorrento Peninsula (~35km from Pozzuoli Bay to Sorrento)
(Fisher et al., 1993).

The occurrence of turbidity currents in the Mediterranean basin
coeval with the eruption was confirmed by analyses of the core CT85-
5 in the Tyrrhenian Sea (40°19'02"N, 11°15'42"E), more than
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FIGURE 7 | Thickness (in log scale) vs. the cumulative area enclosed in that thickness of each isopach of different ignimbrites [the Campanian Ignimbrite (Cl) in
orange; the Lund Ignimbrite in red, Best et al., 2013a; the Greens Canyon Tuff in green, Best et al., 2013a; the Oruanui Ignimbrite in blue, Wilson, 1991; the Petroglyph
Cliff in pink, Best et al., 2013a; and the Pozzolane Rosse Ignimbrite in yellow, Giordano and Doronzo, 2017]. The dashed lines represent the fit of each ignimbrite. The
values of the fitting (Tmax, K1, and r?) are reported in the upper right comer. The plotted Cl points are those obtained by the isopach map. The CI volume is the
integrated area displayed in orange.
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200 km west of the CF caldera (Cini Castagnoli et al., 1995; Giaccio,
2006; Giaccio et al., 2006; Hajdas et al,, 2011). The 45 cm-thick CI
tephra recognized within the core was used as an important time
marker. The nearby CT85-6 confirmed the presence of the CI tephra,
but it was less studied as its record is shorter and the CI tephra is not
reported fully (Hajdas et al, 2011). The CI layer contains shallow
water gastropods and internal lamination, which indicate that at least
10 cm of the section are from turbiditic origin (Cini Castagnoli et al,
1995; Giaccio, 2006; Hajdas et al., 2011). These volcaniclastic currents
related to the CI eruption are reported throughout the Tyrrhenian
basin (McCoy and Cornell, 1990; Giaccio, 2006) and interpreted as
the result of large syn-eruptive transport of the CI material as the
PDCs entered the water. The turbidity currents can be reasonably
considered as primary products of the eruption (Giaccio, 2006). Milia
et al. (2020) report the presence of a debris flow related to the CI
eruption in the CET2 core (39°55.23'N, 14°07.56'E) and an erosive
surface in the nearby CET1 core (39°54.69'N, 14°06.65'E), both
located in the lower bathyal zone offshore of the Campania
margin. These authors recognized the CI's impact in the area and
the possible generation of a tsunami related to the eruption.

For these reasons, a large amount of underwater material is
realistic and, because of the nearly equal radial area covered by sea
vs. on land, is considered equal to the on-land material, so each is
considered to have a volume of 68.2 + 6.6 km? (V). However, the
total volume that entered the water during and after the eruption
was equal to the preserved volume on land plus the eroded
volume (682 + 9.6 km®).

Intracaldera Volume
Wells have been drilled since the 1940s to understand the deep

geothermal system in CF, reaching depths of 1,600-3,000 m
below ground surface (Rosi and Sbrana, 1987). A strong
hydrothermal alteration was recognized, with four main zones
marked by distinctive mineral assemblages. These wells reached
the CI units, but the extensive hydrothermal alteration prevented
its identification. Due to the high uncertainties of correlating CI
deposits inside the caldera, the isopach map was traced without
the intracaldera area and the intracaldera volume was not
estimated in this work.

More recently, a 506 m borehole was drilled west of Naples,
penetrating both the NYT and CI (Mormone et al., 2015; De
Natale et al, 2016). The hydrothermal alteration in the
proximity of CI (around 439 and 501 m) was recognized and
made the correlation with the deposits extremely difficult.
However, through lithological, mineralogical and *°Ar/*°Ar
dating the authors recognized around 250 m of intracaldera
CI (De Natale et al., 2016). This thickness value was previously
observed through geological and geophysical features (Torrente
etal., 2010). The ignimbrite volume inside the caldera was then
estimated at less than 16 km?, using a caldera area of 64 km?
(De Natale et al., 2016).

There are some uncertainties due to the caldera’s true shape.
Vitale and Isaia (2014) proposed a 12 km-wide polygonal caldera,
which corresponds to an area of 144 km? while De Natale et al.
(2016) suggested a minimum area of 64 km’. Considering an
average thickness of 250 m of intracaldera deposits (De Natale
et al, 2016), and an area varying from 64 to 144km’, the

Magnitude of the Campanian Ignimbrite

intracaldera volume (V;,,) ranges between 16 and 43.2 km®
(7.9-21.4 km? DRE, using the proximal unit density of the Piperno).

Distal Tephra Volume

The CI tephra is an important correlation tool and time marker
for Quaternary stratigraphy in different basins and archaeological
sites in Western Eurasia. The tephra layer is visible in numerous
sedimentary records, including marine (Keller et al, 1978;
Paterne et al., 1986; Paterne et al, 1999; Ton-That et al,
2001), terrestrial sequences (Veres et al., 2013), cave-entrance
environments (Fedele et al., 2003; Giaccio et al., 2008), lacustrine
records (Narcisi, 1996) and archaeological sites (e.g., Badino et al.,
2020). The occurrence of the CI tephra in archaeological sites
helps to address the human bio-cultural evolution at the Middle-
Upper Paleolithic transition in Italy (Castelcivita, Serino, and
Grotta del Cavallo sites; Gambassini, 1997; Giaccio et al., 2008
and references therein; Lowe et al., 2012; Wood et al.,, 2012;
Zanchetta et al., 2018), in Montenegro (Crvena Stijena; Morley
and Woodward, 2011; Mihailovi¢ and Whallon, 2017), in Greece
(Douka et al., 2014; Zanchetta et al., 2018) and in Russia
(Kostenki; Giaccio et al., 2008 and references therein). In very
distal sites, it can be found as a cryptotephra not visible to the
naked eye, but clearly useful as an absolute and relative
chronological and stratigraphic marker (Lowe et al., 2012).

Defining the distribution of the ultra-distal deposits is a
difficult task due to the limitation of the field data available
and to the thinning of the ash layers. Underestimation of the
deposit volume can be result from simple extrapolation from
proximal, medial, and distal data to the ultra-distal region. The
case of the CI is complicated by the presence of both co-Plinian
fallout ash and co-ignimbrite fallout ash, both transported far
from the vent through to Eastern Europe and Russia (Thunell
etal., 1979; Cornell et al., 1983; Narcisi and Vezzoli, 1999; Fedele
et al., 2003; Giaccio et al., 2006; Pyle et al., 2006; Engwell et al.,
2014; Smith et al., 2016).

Nevertheless, the ultra-distal tephra volume is necessary to
define the total CI eruptive volume. Sparks and Huang (1980)
recognized the bimodal grain-size of the ultra-distal deposits of
the CI, interpreting the coarse lower unit as formed during the
Plinian phase, and the finer upper unit as the co-ignimbrite
phase. These features were also observed by Wulf et al. (2004)
at Monticchio Lake. Sparks and Huang (1980) estimated that
the fine layer represents, on average, 65% of the tephra volume
and increases in proportion away from the vent, from 20% at
450km to 95% of the deposit at 1,660 km from the vent.
However, an absolute volume for each phase was not
defined. The decreasing of Plinian material with distance
from the source was also observed by Engwell et al. (2014),
who used the grain-size data to investigate the dispersal of the
co-Plinian and the co-ignimbrite phases. The authors
calculated that 40 + 5% of the volume of tephra within
850km of the vent is related to the Plinian phase (as a
consequence, around 60% relates to the co-ignimbrite phase,
in agreement with Sparks and Huang, 1980). Furthermore, they
recognized the difficulty in quantifying the absolute volume of
the two phases, due to the complexity of separating the two
layers in more distal deposits.
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FIGURE 8 | Bathymetry of the submerged area of the Campi Flegrei caldera. The red line is the 40 ka coastline, equivalent to 75 to =87 m of the present one. The
blue arrows indicate the possible radial spreading of the pyroclastic density current (PDC) based on outcrops disposed radially from the center of the caldera (yellow star)
and turbidity currents in the Tyrrhenian Sea. Accumulation of volume south of the caldera is credible, due to the large submarine depressions and valleys.

Smith et al. (2016) used the CI tephra glass composition to
map the dispersal of the Plinian and co-ignimbrite components
over the dispersal region. Based on the glass composition, the
authors recognized that the PDC component is dominant in the
ultra-distal deposits, and the PDC produced the most voluminous
deposits of the eruption.

Summarizing, a significant part of the pyroclastic current was
elutriated or rose into the atmosphere as a co-ignimbrite cloud
during the eruption and dispersed to the east (Thunell et al., 1979;
Cornell et al.,, 1983; Perrotta and Scarpati, 2003; Pyle et al., 2006;
Engwell et al, 2014; Scarpati and Perrotta, 2016). The co-
ignimbrite phase was a substantial part of the total volume;
but it remains difficult to define the associated absolute
volume rather than as a percentage of the tephra layer.

The Volume, Mass, and Magnitude of the

Campanian Ignimbrite Eruption
The bulk ignimbrite volume (Vi,,) (Eqs 4 and 5) without the co-
ignimbrite phase can be estimated as follows:

Vi

gnmin = Vpr + Viu + Vipe +2V, =61.6 + 61.6 + 16 + 9.6 + 9.6

158.4 km®

(4)

and

Vignmax = Vor + Vin + Vige + 2V, = 74.8 + 74.8 + 43.2 + 9.6 + 9.6

The total bulk PDC volume obtained using Eqs 4 and 5 is
158.4-212.0 km® (Table 3). The co-ignimbrite volume (Voign)
is estimated using the formula (6) based on the crystal
concentration method proposed by Scarpati et al. (2014) Eq. (3):

Vitric loss X Vig, ~0.65x Vi,
T 1-0.65

Veoign = =294.2 - 393.7 km® (6)

1 — Vitric loss
The co-ignimbrite volume, using a vitric loss of 0.65, ranges
between 294.2 and 393.7 km® (115.8-155.0 km® DRE), producing
the highest of all previous estimates (Table 1). However, Vyign
could change significantly based upon the value of vitric loss used.
Walker (1972) proposed a vitric loss of 0.55 for a WGI outcrop at
Altavilla, near Benevento. Using this datum, the co-ignimbrite
bulk volume decreases to between 193.6 and 259.1 km®. In this
work, we use 0.65, as proposed by Scarpati et al. (2014), which is
an average of more samples located in several distal sites all over
the CI distribution, and from different units but it is not far from
0.55 proposed by Walker (1972). Because the calculation of the
Veoign is beyond the purpose of this work, an alternative is to use
the minimum and maximum co-ignimbrite volume reported in
the literature, which are between 72 and 153.9km® bulk
(31-61.6 km® DRE; respectively, from Pyle et al, 2006 and
Marti et al., 2016), but it is worth considering that this may be
a significant underestimate.

The total volume of the material erupted during the PDC phase of
the CI eruption ranges between 4526 and 605.7 km’
(179.5-242.6 km® DRE) (Table 3). This estimate is based on the
preserved deposits of the CI. Among the previous estimates presented

=212.0 km’ ; :
in the literature, the closest to our PDC volume are those proposed by
(5) Giaccio (2006) and Pappalardo et al. (2008) (Table 1).
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Using the previously published fallout volume (the minimum
and the maximum proposed; Perrotta and Scarpati, 2003; Marti
et al.,, 2016), in combination with our PDC volume, gives a total
eruptive volume of all eruptive phases of 456.6-659.7 km®
(181.2-265.2km> DRE) (Table 3). However, any of the
previous estimates for the fallout volume could be used in our
total volume estimate. These values are similar to some previously
proposed total volumes (Cornell et al., 1983; Fedele et al., 2003;
Giaccio, 2006; Pyle et al., 2006; Pappalardo et al., 2008; Costa
et al., 2012), but they are constrained, for the first time, by direct
thickness measurements of the ignimbrite deposit.

The mass associated with this volume, using our density
estimate is Eq. (7):

Masspin = 181.2km’ x 2,608 kg/m’ = 4.72 x 10" kg (7)
And Eq. (8):
MASSmay = 265.2km’ x 2,608 kg/m’ = 6.91 x 10" kg  (8)
and the magnitude (M) Eq. (9) (Mason et al., 2004):
M =log10(mass) -7 =7.7-7.8 9)

This value is consistent with a VEI 7 and makes this eruption the
largest Quaternary event in Europe. It is important to note,
though, that while our volume calculation falls within the
huge range of values previously proposed in the literature, it is
in no way confirmative of any of such previous estimates, as
nowhere was clarified the method for the calculation of the actual
PDC deposits of the CI. We strongly state here that as the
Magnitude of eruptions is essential for their classification and
is the best proxy for the energy of the event, the volume
calculation of PDC deposits has to be accurate and
reproducible, and cannot be left to generic, averaged estimates,
such as the common and usually undefined use of “average
thickness” and “average area covered.” Our approach to
the estimate of the CI volume aims at contributing to the
consolidation of a clear and reproducible method for
the calculation of the deposits on ground which is the only
real value onto which any other correction, such as extent of
erosion and amount of ash elutriated, can be inferred.

The M and the VEI for the CI are herein calculated, for the first
time, by the spatial variation of PDC thickness data, a method similar
to that used to calculate tephra fallout volume, but much more
complicated because of the topographic control on the PDC currents
and deposits. By contrast, great errors result from using average
thickness and inaccurate methods (e.g., conical shapes) instead of an
accurate and reproducible isopach map for the ignimbrite deposits.
The method to develop this map could be applied to any ignimbrite,
including those that are mainly valley-filling and/or emplaced in
complex topographic settings, such as the Andean ignimbrites (e.g.,
the Curacautin ignimbrite at Llaima; Naranjo and Moreno, 2005) or
the Ito ignimbrite (Baer et al., 1997). A rigorous definition of the 0 m
isopach, the isopachs, and each correction factor is necessary to avoid
inaccurate volumes. The determination of precise errors in the
ignimbrite volume (+6.6 km® in CI case; Online Supplementary
Material), produced using a well-defined method to trace isopachs,
is an important step forward in the study of these types of deposits.

Magnitude of the Campanian Ignimbrite

CONCLUSIONS

The CI eruption is the largest eruptive event of the CF caldera and
a fundamental chronological marker in all Central and Eastern
Europe. Here we presented a review of previous estimates in the
scientific literature and proposed a new method to trace
ignimbrite isopachs based on the extrapolation of the paleo-
topography. It works well in valley-ponded ignimbrites such as
the CI, and allows the calculation of well-defined uncertainties in
the on-land total volume. Before the present study, no complete
isopach map of the ignimbrite was available, due to the high
irregularities of the deposits. A new isopach map of the
extracaldera sub-aerial CI pyroclastic flow deposits yields a
volume of 68.2 + 6.6 km® based directly on deposit thickness
values. The greater part of this volume is in the proximal area
(48.6 + 1.7 km?, ~70%) while only around the 30% of the volume
is in the distal region within the Apennine Mountains (19.6 +
49km’). The method, similar to those used for tephra
deposits, can be used on other ignimbrites, to produce more
accurate volume estimates.

Evidence suggests that the same amount of material should be
both on land and offshore (assuming radial spreading of the
flow). The generated submarine currents could have deposited a
large amount of volcaniclastic deposits in all the submarine
canyons in the Gulf of Naples and in the Tyrrhenian Sea and
possibly had a strong impact on the underwater dynamics of that
area. Combining separate estimates of the marine volume, the
volume removed by erosion, the intracaldera volume, and the co-
ignimbrite ash volume yields a total volume of 453-606 km’
(179-243 km® DRE) for the PDC deposits. These values are in
agreement with Giaccio (2006) and Pappalardo et al. (2008),
although it is the first time that they are calculated by direct
measurements with constrained error estimates. This work deals
with the importance of constraining eruptive volume with field
data, presenting a rigorous method to develop ignimbrite
isopachs that avoids the inaccuracy of approximate techniques
and defines step-by-step techniques for isopach construction and
the error corrections. This is the first attempt to estimate
ignimbrite volume in a comparable way to tephra fallout
volume and by direct thickness data. The development of
isopach maps for ignimbrite deposits, especially in complex
topographic areas, is the most accurate instrument to calculate
ignimbrite volumes, and is better than approximate techniques
using average thicknesses or conical shapes. A rigorous definition
of the 0 m isopach, the isopachs and each correction factor is
necessary to avoid inexact volumes. Field data remain an essential
tool to constrain primary properties of PDCs.

The total (including Plinian fallout) bulk volume estimate is
457-660 km> (181-265 km? DRE). This volume corresponds to a
mass of 4.7-6.9 x 10'*kg, to a magnitude of 7.7-7.8 and to a
VEI 7.
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GLOSSARY

a.s.L.: above sea level

CCDB Collapse Caldera Database
CE Common Era

CF Campi Flegrei

CI Campanian Ignimbrite

DEM Digital Elevation Model
DRE Dense Rock Equivalent

ka thousands of years ago

kyrs thousand years

GCT Greens Canyon Tuff

LAMEVE Large Magnitude Explosive Volcanic Eruptions https://www.bgs.

ac.uk/vogripa/view/controller.cfc?method=lameve
LYT Lithified Yellow Tuff

M Magnitude

NYT Neapolitan Yellow Tuff

PDC Pyroclastic Density Current

RED Pozzolane Rosse ignimbrite

Magnitude of the Campanian Ignimbrite

USAF Unconsolidated Stratified Ash Flow

V total volume

Vcoign co-ignimbrite ash fall volume

Vpeol volume ejected during the phases that produced Plinian columns
V copfanl co-Plinian fall volume

V. areal erosion volume

VEI Volcanic Explosivity Index

Vg geometric volume

Vign ignimbrite volume

Vintr intracaldera volume

V. marine volume

V inx matrix volume

Vpdc pyroclastic density current volume
Vpfan proximal pumice lapilli deposits volume

Vopr preserved extra-caldera bulk volume
WGI Welded Gray Ignimbrite
p bulk density

@ total porosity.
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Lahar monitoring on active volcanoes is challenging, and the ever changing environment
leads to inconsistent results that hamper a warning systems ability to characterize the flow
event properly. Therefore, more data, new methods, and the use of different sensors
needs to be tested, which could lead to improvements in warning capabilities. Here, we
present data from a 3-component broadband seismometer and video camera installed
3m from the Lumbre channel on Volcan de Colima, Mexico to understand rheology
differences within multiple lahar events that occurred in late 2016. We examine differences
in frequency and directionality from each seismic component. Results indicate an increase
in peak frequency above background in each component when a lahar nears the sensor,
and a decrease in overall peak frequency when transitioning from a streamflow to a higher
concentration flow. The seismic frequency distribution for the cross-channel component
for the streamflow has a wider range compared with the lahar events. In contrast, the peak
spectral frequency of the streamflow is narrower in comparison to the lahar events in the
flow parallel and vertical directions. Estimated directionality ratios (cross-channel signal
divided by flow parallel signal) yielded further evidence for a rheologic change between
streamflow and lahars. Directionality ratios >1 were calculated for each lahar, and <1 for
streamflow. Finally, we demonstrate from component analyses that channelization or
freedom of movement in the cross-channel, bedload transport in the flow parallel, and bed
composition in the vertical directions are possibly the main drivers in the peak spectral
frequency output of lahars. The results described here indicate that using all three
components may provide important information about lahar dynamics, which may be
useful for automatic detection and warning systems, and using all three components
should be encouraged.

Keywords: lahar dynamics, directionality, volcan de colima, peak spectral frequency, volcanic mass flow,
3-component seismic monitoring
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INTRODUCTION

Seismic monitoring techniques are convenient for characterizing
fluvial processes because they can provide continuous data at safe
distances from the channel (Coviello et al., 2019; Hiirlimann et al.,
2019). However, correct interpretation of the seismicity induced
by flow processes depends on many factors related to source and
medium characteristics. Particularly, when describing what
factors contribute to the frequency content generated by a
flow, there are four main categories: dynamics of the
suspended fraction, mechanics of the coarse fraction,
properties of the solid-fluid mixture, and channel bed
properties. The dynamics of the suspended fraction (e.g. size,
concentration, distribution) have been shown to affect the
frequency of the seismic signals in multiple ways (e.g. Tsai
et al., 2012; Turowski et al., 2015). Doyle et al. (2010) noted
when the concentration increases, the frequency will decrease.
Furthermore, if there are larger clasts suspended in the flow,
increasing the grain size distribution will produce a wide
frequency range (Huang et al, 2004). Mechanics of coarse
fraction factors (e.g. frictional effects, collisions, bedload) have
varying effects on the frequency spectra (e.g. Doyle et al., 2011;
Gimbert et al., 2014). It has been shown that the bedload is
positively correlated with the amplitude of the frequency spectra,
in that an increase in bedload transport will increase the
amplitude of the frequency spectra (Coviello et al., 2018) and
create higher peak frequencies (Schmandt et al, 2017).
Furthermore, Huang et al. (2004) showed that frictional
processes produce lower frequency ranges than particle
collisions. Properties of the solid-fluid mixture (e.g. turbulence,
velocity, viscosity, density) play a significant role in determining
the frequency signature of flows (e.g. Cole et al., 2009; Barriere
et al., 2015; Coviello et al., 2019). Huang et al. (2004) noted that
the high frequency content dampens when the flow contains
slurry, indicating that when the viscosity increases, the dominant
frequency will be lower. Additionally, Doyle et al. (2010) showed
that laminar high concentration flows have lower frequencies
than turbulent ones. Similarly, Gimbert et al. (2014) found that
turbulence has lower frequencies than bedload processes. Finally,
channel bed properties (e.g. geometry, composition, wetted
perimeter) can also have an impact on the spectral frequency
of a flow (e.g. Doyle et al., 2010; Coviello et al., 2018). Kean et al.
(2015) noted the composition of the channel bed can have
significant impact on ground vibrations, which can lead to
differences in the frequency spectra. For example, a bed made
up of gravel or fine sediments will decrease the frequency of the
seismic signal compared to a smooth surface (Huang et al., 2004).
The density of the channel bed is important as well. Huang et al.
(2007) showed that the frequency range will narrow when the bed
surface is denser. Furthermore, the greater the wetted perimeter,
the more effect the flow will have on the cross-channel signals
(Doyle et al., 2010).

As mentioned above, seismic sensors have been used to
estimate flow processes of mass flows many times previously.
These studies have shown that inconsistent and non-universal
results impede hazard assessment of mass flows. This indicates
the need for new data processing techniques and more data to

3-Component Seismic Signals of Lahars

make interpretations more reliable. One such technique is to use
all three components of the seismometer to study the seismic
response of mass flows. Recently, others have used all three
components while recording mass flows, including snow
avalanches (Kogelnig et al., 2011), streamflow (Roth et al,
2016), hyperconcentrated flows (Walsh et al., 2016), landslides
(Surinach et al., 2005), and snow-slurry lahars (Cole et al., 2009).
By using all three components, full assessment of the overall
properties of the flows can be completed to yield useful
information about mass flow processes, particularly in the
frequency domain, which may lead to better real-time
monitoring and hazard evaluation.

Lahar monitoring on active volcanoes is a challenging task,
and past work recording and characterizing the dynamics of
natural lahars with 3-component seismometers base their
conclusions off of only a few observed events at the same
location in a limited time span. For example, Doyle et al.
(2010) recorded eight events, only one of which was
described seismically. Cole et al. (2009) recorded only two
events, each with contrasting characteristics. Additionally,
Doyle et al. (2011) describes only three events, which are the
same as the events from Doyle et al. (2010). The reason for only
a small amount of recordings is due to the limited amount of
permanent monitoring stations that continually record lahars
worldwide (e.g. Thouret et al., 2020). Conversely, natural lahar
events are rarely recorded on channel side instrumentation in
such robust detail as on Volcan de Colima. Nevertheless, even at
Volcan de Colima, the continual installment of a 3-component
seismometer is not possible, and the short duration of the
monitoring in 2016 as shown here reinforces the idea that
there is a need for a greater amount of lahar events recorded
by 3-component broadband seismometers to adequately define
either a detailed rheology classification of events or a robust
quantification of internal dynamics. However, the identification
of some unique features of flow events can still be theorized and
shown with the limited amount of data presented here and in
past publications.

Volcan de Colima (Figure 1) is one of the most active
volcanoes in Mexico, which produces a wide range of primary
eruptive and secondary non-eruptive hazards (Capra et al., 2018).
The channels of the volcano often produce multiple flow events of
different rheologies every rainy season that can travel great
distances and cause damage to the surrounding infrastructure
(Capra et al., 2010). These flow events are considered lahars and
are defined as rapidly-flowing mixtures of poorly sorted rock,
water, sediment, and mud flowing downslope from a volcano
(Pierson, 1985; Calvari et al., 1998). Almost all of the lahars flow
down one of the five main channels of Volcan de Colima
(Cordobén, Arena, Lumbre, Montegrande, San Antonio), with
Lumbre and Montegrande channels containing the most flow
events (Coviello et al., 2018). Lumbre is the largest channel
system on the volcano encompassing ~14 km” (Capra et al,
2018). Therefore, in 2014 a lahar monitoring station was
installed (Figure 1) on the left bank of the channel (~7 m
high) at ~1,580 m above sea level. The monitoring station is
comprised of a vertical geophone and camera, where the channel
is ~30 m across and slopes at ~6° (Coviello et al., 2018). Later, in
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2016, a 3-component broadband seismometer was installed for
approximately three months at the same location.

2016 Lahar Events

In 2016 there were four lahar events that were recorded by the 3-
component seismometer on Lumbre (August 26, 29, 30,
September 9), with the larger two (August 26 and 30)
contrasting in nature. The lahar on August 26 occurred during
sunny conditions at the monitoring site with no precursory flow
or sustained flowing water in the channel (these precursory
conditions will henceforth be referred to as dry channel). The
lahar passed the monitoring station at approximately 22:07:47
UTC (determined by video) and continued for ~40 min. The
lahar started as a surge with a large frontal head (30 m wide with a
velocity of ~12m/s), which over time incised the channel bed
creating a secondary channel, and was able to move and emplace
large boulders up to 5 m in size.

The August 30 event differed from the other three lahars by
the presence of a dilute precursory flow before the main lahar
phase that lasted ~1.7 h altogether. The precursory streamflow
started to pass the Lumbre station at approximately 22:52:53 UTC
at a velocity of ~2.8 m/s with the lahar head arriving at 23:09:58
with a frontal velocity of ~9.6 m/s. Additionally, the August 30
event deposited fine-grained volcanic material in the channel,

enough to cover the large boulders emplaced by the August
26 event.

The August 29 and September 9 events were smaller in size
compared to the August 26 and 30 events. The August 29 lahar
was a dry channel slow moving (frontal velocity of ~1.9 m/s)
hyperconcentrated flow, which passed the monitoring station at
23:45:30 UTC, lasted ~1.5h, and was contained within the
August 26 incised channel. The September 9 event occurred
overnight, reached the seismometer at 01:02:00 UTC and
lasted ~1.4 h. The lahar event occurred in a dry channel with
a frontal velocity of ~4.7 m/s and flowed over the fresh fine-
grained material deposited by the August 30 event.

DATA

The seismic data for the 2016 lahars were recorded on a
Nanometrics  Trillium 120s  3-component broadband
seismometer, which was installed 3m from the left bank
(downstream) of the Lumbre channel. The station recorded
data at 100 Hz sampling and had GPS time-stamps. The
broadband seismometer axes were aligned with the lahar
channel specifying the North-component pointed upstream as
flow parallel (P) and the East-component as the cross-channel (T)
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FIGURE 2 | (A-C) Peak spectral frequencies for both the August 26 (blue dots) and 30 (red squares) events containing pre-lahar (dry channel August 26,
streamflow August 30) and first arrival. (A) cross-channel flow (E-component), (B) flow parallel (N-component), (C) vertical (Z-component), (D) RMS amplitude of the
August 26 (blue lines) and 30 (red lines) events. Vertical ticks represent the time at which the first appearance of the lahar front is captured on the camera. All PSFs and
RMS amplitudes were calculated using a 3 s time window.

direction. The installed video camera takes pictures every 3 s with
704 x 480 pixel resolution.

RESULTS

To examine the multi-component dynamics of the lahars, the
recorded data were corrected for the instrument response before
the maximum peak spectral frequency (PSF) amplitude, root
mean squared (RMS) amplitude, and directionality ratios (DR)
were estimated using a 3 s running time window. The 3 s time
windows were acquired from a 10 min recording window around
the head of the lahars as they passed the monitoring site (Figures
2, 3) in each seismic component. Three second time windows
were used to match the seismic data with the lapse time (3 s)
between the camera imagery.

Multi-Component Peak Frequency Analysis
Examining PSFs in each flow direction, we use the frequency
recorded at the maximum amplitude of the frequency spectra for
each 3 s running time window. In this section, we describe only the
August 26 and 30 events in detail, because of the differing nature of
these events (dry channel/precursory flow) and their larger size
compared to the other two events. For the August 26 lahar
(Figure 2, blue plots) the dry channel/pre-lahar or background
noise has a PSF around 10 Hz on average for all 3-components.
When the lahar surge passes the monitoring station at ~4 min
(Figure 2D, dashed lines) the PSF increases to above 15 Hz. Most
notably, for the vertical (V) (Figure 2C) and the flow parallel
directions (Figure 2B) there is a wide PSF range between 15 and
45Hz. In the cross-channel direction (Figure 2A), the PSF
distribution is more concentrated around 15-20 Hz.

The PSF for the August 30 lahar (Figure 2, red plots) contains
two different flow types, with the precursory streamflow
occurring before the lahar surge arrives. The streamflow cross-
channel component (Figure 2A) has a range of PSFs between 15
and 40 Hz. The vertical (Figure 2C) and flow parallel (Figure 2B)
directions have narrower PSF ranges between 25 and 40 Hz.
When the lahar front is recorded seismically (~3 min,
Figure 2D) the PSF of each component changes. The cross-
channel PSF ranges between 15 and 20 Hz, which is similar to the
August 26 lahar with the flow parallel and vertical components
having PSFs between 10 and 40 Hz. In comparing the two types of
flows on August 30, in the cross-channel direction the PSF
changes from a wide (15-40Hz) to a narrow range
(15-20 Hz) when the lahar arrives. In contrast, the opposite is
observed for the vertical and flow parallel directions, where the
streamflow has a narrower (25-40 Hz) PSF range than the lahar
(10-40 Hz).

In general, the differences between the lahars are small, the
PSF ranges are similar for each component, where the cross-
channel is 15-20 Hz (August 26, August 30), flow parallel is
15-45 Hz (August 26) and 15-40 Hz (August 30), as well as the
vertical direction at 15-45 Hz (August 26) and 10-40 Hz (August
30). The most significant differences are seen at the range where
the most dominant frequency bands or concentrations of PSF
time windows exist for each component. The August 26 flow
parallel direction (Figure 2B, blue dots) has a higher
concentration of PSFs between 15 and 30 Hz with several time
windows having PSFs up to 45 Hz. Moreover, the August 30 lahar
(Figure 2B, red squares) has a PSF signature that is more bimodal
than the August 26 event, where there is a lower range between 15
and 20 Hz and a higher range around 40 Hz. In the vertical
component the August 26 event has a wide range of PSFs from 15
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to 45 Hz with no distinct pattern or concentration. The vertical
component for the August 30 lahar on the other hand has a
concentration of PSFs between ~15 and 25 Hz with several time
windows encompassing PSFs up to 40 Hz. Finally, in the cross-
channel direction, the PSF pattern for both lahars is similar with a
narrow range between 15 and 20 Hz.

Directionality of Lahars

When analyzing mass flows using multiple component seismic
data, one way to determine which flow direction has greater
energy is through the directionality ratio (DR). The DR can be
defined as the cross-channel divided by the flow parallel seismic
amplitude. A DR > 1 indicates that the cross-channel energy is
stronger than the flow parallel energy, and vice-versa fora DR < 1.
The DR can be an indicator for many flow properties, including
the wetted perimeter, amount of turbulent particle collisions, and
sediment concentration (Doyle et al., 2010), which could yield
evidence of flow rheology.

The DRs for a 3 s running time window for the 2016 events are
shown in Figure 3. For the dense-front August 26 lahar
(Figure 3A) the DR mostly stays above one for the entire
10 min recording duration. Furthermore, at ~7 min the DR
increases to above 1.3. This increase late in the recording
window is most likely becoming more positive due to an
increase in concentration, amount of turbulent particle
collisions and/or the channel beginning to incise (see
Supplemental Movie S1), and not an increase in wetted

perimeter, because the estimated wetted perimeter (Figure 3C,
red dashed line) is less than when the lahar arrives. Furthermore,
the dry channel bed/background noise also produces a DR > 1,
indicating that the DR cannot be used for a potential real-time
rheology change indicator for dry channels, at least for Lumbre.

For the August 30 event (Figure 3B), the precursory
streamflow has a DR < 1, which then increases to a DR > 1
when the lahar surge passes the monitoring site. This switch from
flow parallel to cross-channel dominance when the lahar arrives is
possibly due to a larger wetted perimeter (Figure 3C, green
dashed line) or an increase in sediment concentration (Doyle
et al,, 2010), and could be a potential real-time rheology change
indicator for monitoring lahars. Additionally, even though the
August 30 event has similar or increased seismic energy along
with a lower wetted perimeter later in the recording window (after
initial lahar front) than the August 26 event, the DR is ~0.2 less.
This difference indicates that wetted perimeter cannot be the only
factor in the determination of the DR.

During the August 29 event (Figure 3D) the DR remains
around 1.0, which could indicate a smaller wetted perimeter or a
lower concentration compared to the other events. From
Figure 3F (purple lines), the amplitude and wetted perimeter
are lower than the other events, but as also seen in the video
analysis (Supplementary Movie S2) the lahar pulses show
evidence of increased water content. When the second pulse
occurs at ~7 min (Figures 3D,F, purple line) the DR < 1 indicates
that the pulse may be a water wave with low particle
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concentration. We also observe that the September 9 event
(Figure 3E) is similar to the August 26 lahar in that the DR >
1 covers most of the duration and the wetted perimeters of the
two pulses are comparable. Unlike the August 26 event, the
September event is about two magnitudes smaller in seismic
amplitude. Furthermore, the amplitude is smaller than the
August 30 event, but has a larger DR. These differences could
come from the fact that the September 9 event covered the entire
width of the Lumbre channel which allowed for greater cross-
channel compared to flow parallel seismic energy. Additionally,
being able to flow over the entire channel width yielded a larger
wetted perimeter than the August 30 event, which was mostly
contained in the incised channel. Another possibility is that the
sediment concentration could be higher for the September 9
event. The increased sediment conceivably came from erosion or
entrainment of fine-grained material deposited by the August
30 event.

DISCUSSION

Comparing the PSF Response Between the
August 26/30 Lahars

Examining the multi-component frequency content of the two
main lahars in August 2016 shows that different flow types may
play a significant role in the frequency spectra of the seismic
signals. Additionally, each component details a different pattern
in the frequency spectra, determined by many factors. As shown
by others (e.g. Lai et al., 2018), the frequency range will increase as
the lahar flows near and eventually passes the monitoring site.
This can be seen for all three components (Figures 2A-C) in the
dry channel scenario. As for the different flow types, each
component has a differing frequency response and standard
assessments from previous studies on just the vertical
component cannot explain everything, but can help to
understand what mechanisms may be causing these patterns.

As noted above, the August 26 lahar has a wider PSF range
than the August 30 lahar in the vertical component (Figure 2C).
This could be due to the August 26 lahar transporting larger
clasts, which would make the bedload dominate the turbulent
response, in turn creating higher frequencies (Schmandt et al,
2017). Furthermore, this same feature can be explained by the
observations of Huang et al. (2004) who noted the PSF range
increases with the mass of suspended clasts. Hence, the larger
clasts of the August 26 event increases the PSF range because the
grain size distribution becomes larger, thus creating a wider range
within the flow from particle collisions to saltation effects. The
vertical component of the streamflow has PSFs between 25 and
40 Hz where the flow is less turbulent and thus more capable of
recording bedload transport produced frequencies (Doyle et al.,
2010).

The difference in the flow parallel PSF pattern for the August
26 and 30 lahars (Figure 2B) may be explained by the flow
parallel direction being more sensitive to flow processes, rather
than bedload forces (Barriere et al., 2015), which would dampen
the high frequencies of the August 26 event. Conversely, Coviello
et al. (2018) showed that higher frequencies are more associated

3-Component Seismic Signals of Lahars

with fine-grained sediment transport. The August 30 event
deposited fine-grained material all over the Lumbre channel
(see Supplementary Movie S3) providing possible evidence
for more time windows of higher PSF. Additionally, the
August 30 lahar transported fewer large clasts compared to the
August 26 event (see Supplementary Movies S1, S3), and PSFs
created by particle collisions decreases with an increase in clast
size (Huang et al., 2004; Burtin et al., 2009), which could be the
cause of the August 30 event having a more bimodal PSF pattern
than the August 26 event.

The PSF content in the cross-channel direction for the August
26 and 30 lahars (Figure 2A) could be due to the sizes of the
lahars being similar or bedload processes having little to no
influence on the frequency content. Conversely, the PSF
signature for the streamflow may be due to the greater
freedom of particle movement within the flow. When the
sediment concentration decreases, the viscosity will decrease,
creating a situation where fine grain particle collisions and
interactions occur more, thus increasing the frequency content
(Huang et al.,, 2004; Coviello et al., 2018). This opposing effect
could also be due to the seismometer being installed according to
the channel alignment, which could make the surface waves, in
particular the Love wave nodes synchronize (lahar) or not
(streamflow) with the location of the seismic station
depending on flow type/energy. Furthermore, just the
difference in the orthogonal forces on the channel walls could
alter the frequency content.

The transition from streamflow to lahars (Figures 2A-C)
shows a decrease in the PSF range, which could be caused by
the transition from less solid to more solid content flowing by. If
this were the case, the DR (Figure 3B) would increase from <1 to
>1, because the cross-channel energy increases with an increase in
sediment concentration (Doyle et al., 2010); which it does. This
increase also suggests why the cross-channel frequency pattern is
different from the other two directions. Doyle et al. (2010)
showed that in the cross-channel direction, turbulence is more
dominant than in the flow parallel direction, which could be why
there is no scattering to higher frequencies seen in Figure 2A
when the lahar arrives.

In the discussion above, we described many hypotheses of
how differing flow processes or rheology may produce the
recorded frequency response. Equally, other factors may also
contribute to the seismic record of mass flows. Recently, others
have shown (e.g. Coviello et al., 2019; Marchetti et al., 2019) that
the energy of the source and the channel geometry play a
significant role in the frequency response. High-friction
channel beds, bends, and extreme elevation changes could all
cause differing frequency responses produced by the same
seismic source. Furthermore, background noise can cause
“jumps” in PSFs, where each time window could be
recording either the flow or background noise (Coviello
et al,, 2019). A potential cause for a bimodal response in the
flow parallel direction can be produced by a moving source,
where the seismometer records the flow before, as it passes, and
after passing the sensor. Additionally, one of the more likely
causes is the pulsatory nature of lahars, which could cause
changes to the frequency spectra over the length of the event.
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Spectral Analysis of Differing Regimes on

Lumbre Channel

With a wide distribution of PSFs, we now investigate the entire
frequency response of the flows by calculating full spectra for each
3 s time widow. For clarity, we only show a selected time widow for
each event (Figure 4). From the full spectra, a pattern emerges
from the different time windows during the 2016 events. The dry
channel spectra (Figure 4A) depicts a low frequency (<10 Hz)
response with little to no amplitude in the higher frequencies,
typical of background noise (e.g. wind, environmental, etc.). The
streamflow spectra (Figure 4B) has a shift to higher frequencies
being more dominant. This is possible evidence that streamflow is
more sensitive to bedload transport or less turbulent. Cole et al.
(2009) showed that snow-slurry lahars on Ruapehu, New Zealand
have higher flow parallel spectral amplitudes due to lower
turbulence, and more lateral deposition, decreasing the cross-
channel signal. Similarly, the streamflow on August 30 has
increased amplitudes in the flow parallel direction, which
suggests that the streamflow is less turbulent than the lahars.
The August 26 frontal spectra (Figure 4C) is dominated by
lower frequencies between 15 and 25Hz with a drop in
amplitude after this range. This effect may be caused by the
lahar front being more sensitive to turbulence (Gimbert et al,
2014), sliding frictional effects of the front, creating lower
frequencies (Huang et al, 2004), or higher sediment
concentration (Doyle et al, 2010; Coviello et al, 2018).
Conversely, the August 30 lahar front (Figure 4D) has a broad
frequency spectra, which could be characterized as a combination
of the low frequency August 26 event and the higher frequency

August 30 streamflow. The broad frequency response of the August
30 lahar is similar to three lahars recorded on Mount Semeru,
Eastern Java by Doyle et al. (2011), which was explained by the
flows being less sensitive to flow properties (turbulence, viscosity),
than to both frictional (lower frequency) and collisional (higher
frequency) processes. If turbulence were dampened, the particles
within the flow will have less influence on the basal shear stress, and
the erosiveness of the flow would decrease (Doyle et al., 2011). This
can be demonstrated by the August 30 lahar, which does not erode
the channel but instead deposits fine grained material over the
channel floor (Supplemental Movie S3). The August 29 event
(Figure 4E) shows a dominant range of frequencies between 15
and 25 Hz, similar to the August 26 event. Differing, the August 29
event has a steep drop in amplitude at higher frequencies (>30 Hz),
and the maximum peak frequency (~20 Hz) is higher than what
was recorded for the August 26 event. The lack of higher frequency
content is possibly from a smaller grain size distribution or a lower
energy regime than the August 26 event, whereas the higher
maximum frequency may be from a lower sediment
concentration (e.g. Huang et al,, 2004), as shown in Figure 3D,
produced from a DR ~ 1. Furthermore, the September 9 event
(Figure 4F) has a similar spectral pattern to the August 29 event,
but with a bimodal peak frequency. The first peak frequency is at
~16 Hz and the second at ~22Hz, which might signify two
separate processes occurring. The lower peak could be related to
flow processes such as freedom of particle movements
(turbulence). The second peak at ~22 Hz may be a frictional
process (bedload transport) similar to the August 26 event, in
which a large block-rich front slides along a dry channel. Moreover,
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the September 9 lahar has a high DR (Figure 3E) indicating a
possible increase in concentration, which would decrease peak
frequency as indicated by Huang et al. (2004). These two peaks are
lower than the frequencies observed during passage of a
hyperconcentrated flow in 2015, recorded with a geophone
installed at the same location (Coviello et al., 2018). In that
case, the high peak (70 Hz) was associated with sediment
transport while the lower peak (30-40 Hz) was interpreted as
flow turbulence. However, differing instruments, sampling
frequencies, source energy, and channel conditions may have
led to shifted spectral responses. The September 9 event flowed
over the August 30 fine-grained deposits and was not channelized.
The lahar was also smaller with less energy allowing the suspended
grains more freedom to move and collide, producing higher
frequency content, especially in the cross-channel direction.

The Implications of 3-Component PSF on

Event Conditions

To obtain a more reliable comparison between each event, boxplots
for each component and lahar event were created (Figure 5). The
boxplots depict an evolution of the frequency content of the lahars
over time at Lumbre. The cross-channel spectral content has a
narrow interquartile range (IQR) for the August lahars, but
becomes wider with the September lahar and the streamflow.
This feature may be explained by channelization or freedom of
movement, where the August 29 and 30 events were confined to
the incised channel and the August 26 lahar was large enough to be
confined to the Lumbre channel walls. Conversely, the lahar in
September was not channelized and was free to flow side to side
within the Lumbre channel. Compared to the streamflow, the

September 9 event has a lower overall PSF IQR range, which could
be explained by the freedom of fluid movement (channelization) as
noted above, combined with higher turbulence and/or sediment
concentrations compared to the streamflow shown by the increase
in the DR (Figure 3E). Furthermore, since the streamflow was
channelized, the wide IQR for the streamflow could instead be
from the freedom of particle movement of smaller grain sizes
within the flow, which would increase the overall PSF. The box
plots for the flow parallel direction show that this component may
be an indicator of erosiveness, i.e. where narrow IQRs may depict
erosive regimes and wide IQRs indicate depositional regimes. The
August 26 lahar has the smallest flow parallel IQR and eroded the
channel bed creating the incised channel (Supplemental Movie
S1), whereas the August 30 lahar deposited a layer of fine-grained
sediment throughout the channel (Supplemental Movie S3).
Furthermore, both the August 29 and September 9 events show
a mix between depositional and erosional regimes, yielding similar
IQR sizes between the extremes of the larger 2016 events. The
vertical component boxplots for all the lahars have similar spreads,
but Figure 5 does show a decrease in median PSF over time. This
pattern is possibly due to the change in channel bed composition
by adding fine sediments (e.g. Huang et al.,, 2004). The August 26
and 29 events occurred on dry channels with little fine-grained
material, whereas the August 30 event deposited fine-grained
material, and the September 9 event flowed on top of these
deposits decreasing the overall frequency.

Implications for Lahar Monitoring

The main goal of mass flow research is to progress the
knowledge behind the properties and dynamics of flows for
risk management and hazard warning. We show here that with
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only one 3-component seismic station installed close to the
channel (3 m) sufficient information was obtained for warning
purposes. For example, the change in frequency distribution and
DR when transitioning from streamflow to hyperconcentrated
flow, the potential use of PSF to determine the depositional
regime of a flow, and the increase in frequency when a lahar passes
the monitoring station from a precursory dry channel. Using only
one station does have its limitations, and installing more stations
could benefit the results discovered here by showing whether or not
these same features are universal in terms of both time and location.
The seismic signals of mass flows are variable and strongly depend
on where the station is, source-receiver distance, properties of the
subsurface, properties of the channel, and flow properties and
dynamics. For example, Schmandt et al. (2017) showed that there
were differences in the seismic signals of stations installed on
opposite sides of the channel from one another. This could affect
not only the frequency response, but the amplitudes of the horizontal
components, and thus the DR. Furthermore, flow dynamics and
channel properties can and do change along the channel and having
more stations along the channel could help to identify the
characteristics of the flow. Doyle et al. (2011) used multiple
stations along the same channel to show changes in lahars over
time and station location at Semeru. Additionally, multiple stations
along the channel allows the use of other techniques for detecting
mass flows. Coviello et al. (2019) calculated the difference in seismic
amplitudes of short and long period time windows to detect in real-
time when a mass flow occurred.

The results from Volcan de Colima provide new data and
show a practical application in using all three components, which
can be used for monitoring, and that variabilities need to be
accounted for before real world applications in systematic
monitoring can be conducted. Using all three components for
in depth frequency analysis and general hazard monitoring is
beneficial in that there is important information in the horizontal
components of the seismometer that should not be ignored. In
earthquake hazards and geoengineering all seismic directions
must be considered when building durable structures (e.g.
buildings, bridges). Similarly, the construction of check dams
and levees in flow channels should consider the horizontal energy
from the mass flows. For risk management, using all available
data needs to be considered by numerical modelers. Creating
hazard models based on 3-component data could improve mass
flow predictions due to the input of directional forces and
patterns. Finally, in mass flow warning systems, we have
shown that the DR and the distribution of PSFs can show
regime changes within the channel, and that other information
may be able to be obtained from the horizontal components (e.g.
channelization, bedload transport). Overall, using all three
components of the seismometer can enhance warning systems
and yield results that single component instruments cannot.

CONCLUSION

Conducting a multi-component frequency analysis on lahars at
Volcan de Colima, Mexico has yielded an understanding of which
frequencies are dominant during differing flow types and processes.

3-Component Seismic Signals of Lahars

For the vertical and flow parallel directions, the transition from
streamflow to a lahar coincides with a widening of the peak
frequency distribution. This observation is reversed for the cross-
channel frequency content, where the streamflow generates a wide
frequency distribution, which then transitions to a narrow
distribution as the lahars pass the seismometer. Furthermore,
there is a drop in overall PSF when transitioning from
streamflow to lahar. Component analyses demonstrated that
channelization or freedom of movement in the cross-channel
direction, bedload transport in the flow parallel direction, and
channel bed composition in the vertical direction are possibly
the main drivers in the PSF output of lahars. Conversely, with
the number of variables that could affect the seismic signals
produced by lahars, future assessments and data collection need
to be conducted to solidify the observations discovered at Lumbre.
Ultimately, the findings of this research may lead to better real-time
monitoring of lahars, and lahar hazard assessment through the use
of frequency analysis of all three components of the seismometer for
dry channels, and especially channels with sustained flowing water.
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Post-Caldera Eruptions at Chalupas
Caldera, Ecuador: Determining the
Timing of Lava Dome Collapse,
Hummock Emplacement and Dome
Rejuvenation

Marco D. Cdrdova, Patricia Ann Mothes *, H. Elizabeth Gaunt and Josué Salgado

Instituto Geofisico, Escuela Politécnica Nacional, Quito, Ecuador

Determining the lithology, extent, origin, and age of hummocks can be challenging,
especially if these are covered by successive deposits and lush vegetation. At
Chalupas caldera, a late-Pleistocene silicic center that lies astride the Eastern
Cordillera of northern Ecuador, we have tried to overcome these difficulties by
combining geological observations and sampling, laboratory analysis (geochemistry,
scanning electron microscope analysis and radiometric dating) and remote sensing
techniques. Chalupas is the second largest caldera in the Northern Volcanic Zone of
South America and its VEI 7 eruption, which occurred ~0.21 Ma, has garnered the
attention of the volcanological community. Our research highlights new observations of
the post-caldera activity at Chalupas, beginning with the growth of Quilindaha
stratovolcano (~0.170Ma), followed by the formation of Buenavista dome that is
located 5km eastward of Quilindafia’s summit. At the eastern foot of Buenavista
dome we identify hummocky terrain covering an area of ~20 km?. Collectively, the
suite of techniques that we used helped to highlight geological features that shed light
on the provenance of the hummocks and demonstrate that this topography may have
originated from gravitational breccia flows from Buenavista lava dome. Numerical
simulations were also performed to represent breccia flow transit and emplacement
over the present caldera landscape and to view the potential hazard footprints of a
future Buenavista dome collapse. For modeling we employed volumes of 20-120 Mm?® to
visualize the consecutive traces of mass flow deposition and how the traces correspond to
the hummocky landscape. Following the partial collapse of Buenavista lava dome, its
rejuvenation is represented by tephra layers of several small eruptions that are dated at
about 40ky BP. These tephras represent some of the youngest eruptive activity
recognized at Chalupas caldera. Our results contribute to the overall knowledge about
Chalupas and demonstrate that eruptions at this important caldera are more recent than
was previously reported.

Keywords: Buenavista, Chalupas caldera, scanning electron microscope imaging, field mapping, volcanic hazards,
dome collapse breccia
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INTRODUCTION

As stated by Paguican et al. (2012) “Hummocks are the
morphological expression of brittle layer deformation due to
spreading in landslides and avalanches. They are principally the
stretched remains of tilted and rotated blocks of the original failure
volume.” Sometimes it is difficult to know the processes that led to
lava dome or sector collapse and subsequent hummock
formation, especially if the hummocks were formed tens of
thousands of years ago in a rainy environment, such as at
Chalupas caldera.

Since the eruption of Mount St Helens in May 1980, in which
the first well-observed debris avalanche deposits were emplaced
(Voight et al, 1981; Voight et al, 1983; Glicken, 1996),
researchers are more attuned to identifying hummocky
morphologies around volcanoes. Also, it is now commonly
accepted that hummocky morphologies are often indicative of
the occurrence of lava dome collapse or flank collapses (van Wyk
de Vries 2015). Volcanic lava domes are
characterized by highly viscous solidified or semi-solidified
masses of extruded lava at a volcano. When lava domes
collapse they often generate block-and-ash flows, sometimes
with little warning (Calder et al., 2015). These block-and-ash
flows may form hummocky terrain, such was the case at Soufriere
Hills Volcano, Montserrat (Sparks et al., 2002).

On a larger scale, the failure of an entire volcanic flank can
involve substantial volumes of lithic fragments, of one to tens of
cubic kilometers, with runout distances of over 80 km from
source, especially if the flow is channelized, as is the case at
Raupehu volcano in New Zealand (Tost et al., 2014). Similarly,
the runout for a 100 km long debris avalanche from Colima
volcano, Mexico, reached the Pacific ocean (Stoopes and
Sheridan, 1992). At Shasta volcano, United States, the collapse
of a portion of the edifice provoked a debris avalanche which
covered a broad plain and the angle of dispersion of the
hummocks spanned approximately 40° (Crandell et al., 1984).
Clast-rich hummocks originated from a sector collapse
~4,500 years BP on the northern flank of Cotopaxi volcano,
Ecuador and upon deposition these hummocks were covered
by a lahar deposit (Mothes et al., 1998). The latter example
demonstrates the need to conduct careful fieldwork that
considers all options that may have contributed to either
create or modify hummocks. Local environmental conditions,
past and present, play a key role in the preservation or destruction
of the original characteristics and fabric of the avalanche deposit
within hummocks.

While Chalupas caldera is best known for producing a large
ignimbritic deposit (Hammersley, 2003) (Figure 1), an area
stretching eastward from the foot of Buenavista lava dome on
the Chalupas caldera also draws attention. There we observe a
landscape with several hundred hummocks whose sizes range
from a mere 10 m diameter and 10 m high to more than 200 m
diameter and ~30 m high. The largest hummocks concentrate in
the center area, while on the margins their dimensions are
smaller. Our hypothesis is that the hummocks may be the
product of a gravitational lava dome collapse. Their forms,
distribution, clast homogeneity, varied sizes and lack of

and Davies,

Building the Case for Dome Collapse at Chalupas Caldera

convincing evidence of heat set them apart from glacier or
lahar deposits, planar pyroclastic density current deposits
undergoing erosion and also from discrete block-and-ash flows
originating from limited dome destruction. Thus, to gain an
improved perspective on the hummocky terrain and to
visualize and capture the distribution of flow emplacement, we
apply remote sensing techniques, scanning electron microscope
(SEM) image analysis and field mapping. Computational
modeling also shows the footprint upon the terrain if the
actual, but now inactive Buenavista lava dome collapsed,
spreading out over the present topography.

There are a number of key issues we sought to resolve in this
study, and these include:

What is the extent of the area covered by the hummocks?
What are the lithologies of the hummocks?

What is the approximate age of the hummock field and the
subsequent eruptive activity of Buenavista lava Dome?

What volcanic event might have led to the formation of the
hummocks at Chalupas caldera?

Can computational modeling, run on the present (modified
since 40 ky) topography, produce hazard footprints that are
comparable to the measured area of the hummock field?
Which mass-flow volumes, as an order of magnitude, can best
represent the area covered by the hummock field?

THE ECUADORIAN ANDES AND THE
CHALUPAS CALDERA

The Ecuadorian Andes mountain range is part of the “Northern
Volcanic Zone” (NVZ) which is formed by subduction of the
northern segment of the Nazca plate beneath the South American
plate with a subduction rate of ~5-6 cm/year (Guillier et al., 2001;
White et al., 2003; Nocquet et al., 2014; Yepes et al., 2016). The
main volcanic arc consists of two parallel mountain ranges, called
the Eastern and Western Cordilleras, which are separated by a
structural depression known as the Inter-Andean Valley (Hall
etal., 2008). The Western Cordillera consists of about 20 andesite
to dacite volcanoes built upon mid-to late-Cretaceous accreted
oceanic terrain (Vallejo et al., 2019), whereas the Eastern
Cordillera has some 25 volcanoes, mainly andesitic, and its
base is comprised of Paleozoic to early Cretaceous age
metamorphosed rocks of continental affinity (Spikings et al.,
2001; Baby et al., 2013; Spikings et al., 2015). The rear-arc is
defined by four volcanoes: Pan de Azucar and Yanaurco
(Pleistocene) and Sumaco and the Puyo cones (Holocene)
(Hall et al., 2008).

Volcanism in the Ecuadorian Andes is mainly andesitic in
nature (Hall et al., 2008; Hidalgo et al., 2012), and collapsed
silicic calderas are infrequent. Several collapse caldera
structures, including Chalupas, are recognized, lying astride
the Eastern Cordillera backbone (Mothes and Hall, 2008).
Chalupas caldera lies 80 km southeast of Quito and 15km
SE of the bimodal Cotopaxi volcano (Hall and Mothes, 2008)
(Figure 1).
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FIGURE 1 | Location of Chalupas caldera. (A) Ecuador. (B) Geodynamic framework of the Ecuadorian volcanic arc at the convergence of the Nazca and South
American plates, converging eastward at 6 cm/years (White et al., 2003). The trench is represented by the black line with indents, GSC, Galapagos Spreading Center;
GFZ, Grijalva Fracture Zone (modified from Robin et al., 2010). Chalupas caldera is represented by a red square. (C) Chalupas caldera in the local context with its

topographic rim and the perimeter of Quilindafia volcano.
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FIGURE 2 | Aerial view of the main structures of the Chalupas caldera, view toward W-NW, taken from above and slightly east of the caldera’s eastern rim (yellow
broken line). LGM refers to moraines of the Last Glacial Maximum period and are demarcated by green lines.

QUILINDANA VOLCANO
_—

Chalupas caldera has an elongated SW-NE planform with an
average diameter of ~17 km (Figure 2). Its formation followed
one large rhyolitic eruption, causing foundering and inward
collapse. Its most notable deposit is called “The Chalupas
Ignimbrite” (Beate, 1989) and is dated with the A1 Ar
method at 0.211 + 0.014 Ma (Hammersley and DePaolo, 2002;

Hammersley, 2003; Beate et al., 2006) and the K-Ar method at
0.216 + 0.005 Ma (Bablon et al., 2020). The deposit has a radial
distribution spreading out from the caldera rim into the Inter-
andean Valley (IAV) (Beate, 1985), and related fine-grained
layers are preserved on the coastal plain (Jackson et al., 2019)
and in the eastern Amazon Basin.
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FIGURE 3 | Phases of formation of the Chalupas Caldera: (A) Upwelling

of magma in center volcano, starting with a Plinian eruption column, with
accompanying ring fracture andesitic cones forming outer boundary; (B)
Magma evacuates the caldera and expulses ash-flow sheets to the E, W,

S and N; (C) Collapse, foundering of caldera; (D) Erosion and infilling of void
and glaciation; (E) Growth of Quilindafia peak, vent migration along dykes to
the east and formation of Huahui vent and Buenavista lava dome.

Chalupas Ignimbrite

The ignimbrite deposit is a notable stratigraphic marker that
contributes in determining relative ages within Ecuador’s Inter-
Andean Valley stratigraphy and in neotectonic studies (Fiorini
and Tibaldi, 2010). The area covered by the ignimbrite is around
2,000 km® and the average thickness is approximately 30 m,
providing an estimate of total bulk volume for the ignimbrite
at around 100 km? (Beate, 1985; Hammersley, 2003). According
to Bablon et al. (2020), the total bulk volume of both ignimbrite
and associated co-ignimbrite deposits amounts to ~230 + 30 km’.
The non-welded rhyolitic ignimbrite is crystal-poor, with scarce
biotite and plagioclase crystals and typically displays large (25 cm
diameter) pumice clasts with well-defined tubes. The magmas are
highly evolved with SiO, values of 72-74 wt%.

Building the Case for Dome Collapse at Chalupas Caldera

The ignimbrite/co-ignimbrite volume ranks the eruption at a
VEI 7, consistent with the associated caldera size of between 16
and 18 km diameter (INECEL, 1983; Beate, 1985; Lipman, 1997;
Bablon et al., 2020). In the center of the caldera is the post-caldera
andesitic volcano, Quilindafna (4,800 m), of which Buenavista
lava dome (4,230 m) forms the eastern extreme (Hammersley,
2003; Cérdova, 2018; Cordova et al., 2018).

Based on our fieldwork and that of Hammersley (2003), we
suggest that the succession of formative events at Chalupas
Caldera can be synthesized in the following stages (Figure 3):

Quilindafa Volcano

Shortly after the caldera collapse, a pulse of new magma began
forming the andesitic stratovolcano, Quilindaia, located in the
caldera’s center. It has at least two main sub-phases are identified
on its peak (Figure 3E):

(1) Quilindafia I (Initial phase), composed by amphibole
andesite, which is altered due to past fumarolic activity of
Quilindafa. Rocks from this phase are exposed on edges of
glacial valleys (Figure 4A).

Quilindafa II (Second phase) is composed of a pyroxene
andesite which crops out at the top of the sequence and has
glassier composition: an olivine-rich andesite is at the bottom
of the sequence (Figure 4B).

2

A*Ar/*Ar radiometric age, obtained on plagioclase from a
sample taken from the center of Quilindana I, is reported by
Hammersley (2003). The date of 0.169 + 0.001 Ma is interpreted
as the age of the formation of Quilindafia peak and represents
post-collapse activity of the caldera, following paroxysmal caldera
formation about 40,000 years earlier. We recognize
morphological traces of a probable sector collapse on the SE
flank of Quilindafia peak. But due to glacial erosion and burial by
lava flows, the collapse remains are obliterated (Figure 5).

Buenavista Lava Dome

Buenavista is a lava dome that formed at the northeast-east
extreme of a propagating dyke system that extends 5km east
of Quilindana peak. Between Quilindafia and Buenavista is
another vent, Huahui, which emitted a 7km long lava flow
that flowed southeast to the caldera outlet carved out by the
Chalupas river. Buenavista is dacitic and is more evolved than
either Quilindafia or Huahui. The samples collected from
Buenavista dome have compositions ranging from 61.6 to
69.5wt% SiO,. Petrographic descriptions and geochemical
analysis show that the magma is one of the most acidic
products of the post-caldera phase (Cérdova, 2018).

Buenavista dome occupies about a 1.7 x 1.5 km area and has
700 m of relief above the eastern Chalupas plain. Our calculations
give an approximate volume of 0.96 km® for the present-day
Buenavista dome.

The Chalupas caldera has been affected by glacial processes
both on its edges and at Quilindafa volcano (Hastenrath, 1981).
We observe U-shaped valleys and sequences of both lateral and
end moraines. The largest moraines, which were most active
between ~36 and 13 ka (Clapperton, 1993), correspond to the
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FIGURE 4 | (A) Quilindana volcano view to the southeast. (B) Formation scheme of the two phases of Quilandafia. Ultralight plane is flying behind Quilindafia I.
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Last Glacial Maximum (LGM) and can be found down to about
3,700 m elevation. Smaller Younger Dryas period moraines
(12-10ka) are found above 3,800 m elevation (Clapperton
et al., 1997; Heine, 2004) (Figure 2). It is important to clarify
that the hummock terrain on the eastern Chalupas plain lies
below the LGM moraine limit and hummocks are not overridden
by LGM moraines.

Our focus in this contribution is the study of the post-collapse
phase of this potentially active caldera, aiming to account for the
most recent eruptions through study of the hummocks at the base
of Buenavista dome and the companion tephra layers. We
elucidate the relative youthfulness of the post-caldera stage of
the caldera and provide comment on potential hazards to

downstream  communities and

computational modeling results.

projects, using  our

METHODS AND TECHNIQUES

Fieldwork

Our fieldwork was carried out from late 2016 to early 2020, over 7
trips of 5 days each. Access to most outcrops is by walking over
high (3,600-4,400 m) alpine grasslands or riding on horseback, if
swampy conditions permit. The best available stratigraphic
exposures were along rivers or in road cuts. Our work
concentrated on Buenavista dome and its feeder dikes,
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FIGURE 5 | Distribution of the radiometric ages from Hammersley (2003) (red circles), Cordova (2018) (yellow circle) and (current study) (green circle).

inspecting and mapping the hummocky terrain and identifying ~ Militar-Quito, 2015), which covers the entire caldera, we identified
new ash layers that were thicker and had larger pumice and lithic =~ hummocky topography at the base of Buenavista Dome, spreading
sizes, compared to those emitted by other nearby volcanoes.  eastward over the caldera plain. Later we used Topohazard, a Linux
Mineralogy is also a key factor to identify tephra origins.  script developed to calculate the vertical topographical differential
Based on our observations in the caldera, hornblende is  between slopes, and which applies a color scale to smooth visual
present only in Buenavista dome rocks. Representative rock  results (Marrero et al, 2019), visually enhancing the hummocky
clasts were collected from all main lava flows and eruptive  topography in the caldera.

centers and analyzed for major and minor elements at the

Peter Hooper GeoAnalytical Lab, Washington State University . . .
in Pullman, WA, United States. Samples of organic-rich material Unmanned Aerial Vehicle Photography With

extracted from scarce peat layers were sent to Beta Analytic @ senseFly eBee Classic Drone and DEM

Laboratory in Miami, Florida, United States for radiometric ~ Generation
dating ("*C and AMS). Since the eastern Chalupas plain has difficult access due to
swampy conditions, we designed a drone survey to take aerial
. . photographs with the aim of making a higher-resolution DEM,
Scanning Electron Microscope Image specifically to model the emplacement of potential future breccia
Analysis deposits borne off Buenavista Dome. We recognize that
Representative samples of rock were taken from Buenavistadome  topography has likely undergone many modifications in 40 ka,
and from the interior of the hummocks and analyzed using a  therefore our approach is to use the present topography to model
VEGA Tescan SEM. Samples were cut into thin wafers and  potential breccia flow emplacement. To perform the survey, we
polished prior to analysis. Backscatter electron images (BSE) used an unmanned aerial vehicle (UAV), the eBee Classic, which
were taken on representative areas of the samples using a  is a fixed wing type drone, developed by SenseFly (Figure 6). To

15 kV accelerating voltage, at x100 and x500 magnification. plan the survey and the flight path of the drone, we used the
o . . software eMotion 3 (designed for Windows) installed on a laptop
Digital Elevation Map Analysis which was used as a ground base station. The altitude of the area

All the geographic information was analyzed using Quantum GIS ~ of interest is above 3,550 m a.s.l. with a maximum of nearly
(Version 3.4) and ArcMap (Version 10.5) software. Initially, 3,800 m a.s.l. The chosen location for take-off and landing, as well
using a 3m/pix resolution DEM (Source: Instituto Geografico  as the ground station, has an elevation of 3,600 m a.s.l.
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FIGURE 6 | Mosaic of the preparation for the drone survey. (A) Drone survey development on eMotion three software, (B) Ground station and flight planning on
eMotion software. (C) Change of batteries after landing (D) Launching of the drone.

The survey area covered by the flights was approximately
12 km? and the average height of the flights was approximately
120 m above ground surface. More than 5,000 photos were taken
with a Canon S110 Near-Infrared (NIR) camera with a resolution
of 12 megapixels. This camera takes photos in the Near-Infrared
band and red and green visual band. We used the NIR camera to
avoid including clouds in the images and this type of camera also
gives better results when conditions are foggy. While this may not
be the main motivation to use a NIR camera, it provided images
with excellent resolution to make the DEM. The dense sequence
of photos recorded was processed using the software Agisoft
Photoscan, version 1.5. This software works by building a dense

mesh of points with a 70% lateral and longitudinal overlap on
each photo in order to construct a high-resolution digital surface
model and then a digital elevation model.

Geographic Data Analysis, Description of
Hummocky Terrain Patterns, Volume
Deposit Calculation

The result of the UAV survey over a 12 km? area produced a
DEM with a spatial resolution of 1.5 m/pix, and produced a high
quality hillshade in terms of the elevation data from the DEM
(Figures 7A—C). The GPS of the eBee classic drone has an
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flight paths. BVD, Buenavista Dome.

FIGURE 7 | DEM with a high spatial resolution of 1.5 m/pix which is a final result of the unmanned aerial vehicle survey. Insets (A,B) show polygons used to
delimitate hummocks in order to derive their volume. (C). The perimeter of the mapped hummock field is delimited by a broken black line, while the yellow line delimits the
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accuracy of <3 m. Previous to our field campaign we made tests
with ground control points with known coordinates, but found
no significant difference between results.

Elevation profiles (Figure 7A) were useful to delimit each
hummock with a polygon (shape files). Once we calculated the
coordinates of the nodes from the borders of every polygon
(Figure 7B), we were able to calculate the volume of the
hummocks with a script written in MATLAB (Aguilar, 2013).
The algorithm script calculates the volume of known polyhedrons
using an interpolated grid between the coordinates of the
polygons over the elevation data of a high-resolution DEM. A
total of 168 representative hummocks which spread out on the
east Chalupas plain were delimited, taking into consideration the
relief of the hummock above its base. In earlier studies this
method was used for calculating the volume of lava domes at
Pululahua Volcanic Complex (Vésconez et al., 2015), hummock
deposit volumes of Cotopaxi’s debris avalanche (Encalada and
Bernard, 2018) and the volume of eruptive vents on Wolf and
Alcedo volcanoes in the Galapagos islands (Pérez, 2020).

Numerical Simulations

We ran numerical simulations of gravitational flows to compare
the results to the mapped hummocky terrain draping the present
landscape. We assume that the la