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Abstract

We assess the volcanic hazard posed by pyroclastic density currents (PDCs) at Tungurahua volcano, Ecuador, using a proba-
bilistic approach based on the analysis of calibrated numerical simulations. We address the expected variability of explosive
eruptions at Tungurahua volcano by adopting a scenario-based strategy, where we consider three cases: violent Strombolian to
Vulcanian eruption (VEI 2), sub-Plinian eruption (VEI 3), and sub-Plinian to Plinian eruption (VEI 4-5). PDCs are modeled
using the branching energy cone model and the branching box model, considering reproducible calibration procedures based
on the geological record of Tungurahua volcano. The use of different calibration procedures and reference PDC deposits
allows us to define uncertainty ranges for the inundation probability of each scenario. Numerical results indicate that PDCs
at Tungurahua volcano propagate preferentially toward W and NW, where a series of catchment ravines can be recognized.
Two additional valleys of channelization are observed in the N and NE flanks of the volcano, which may affect the city of
Baifios. The mean inundation probability calculated for Bafios is small (6 +3%) for PDCs similar to those emplaced during
recent VEI 2 eruptions (July 2006, February 2008, May 2010, July 2013, February 2014, and February 2016), and on the
order of 13 +4% for a PDC similar to that produced during the sub-Plinian phase of the August 2006 eruption (VEI 3). The
highest intensity scenario (VEI 4-5), for which we present and implement a novel calibration procedure based on a few
control points, produces inundation areas that nearly always include inhabited centers such as Bafos, Puela, and Cotald,
among others. This calibration method is well suited for eruptive scenarios that lack detailed field information, and could
be replicated for poorly known active volcanoes around the world.

Keywords Hazard assessment - Pyroclastic density currents - Tungurahua volcano

Introduction

Tungurahua volcano (1.47°S; 78.44° W), located ~ 8 km
south of the city of Baifios, is one of the most hazardous
volcanoes in Ecuador and South America (Fig. 1). The
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Fig. 1 Shaded relief map of Tungurahua volcano and its surround-
ings, including the location of the main inhabited zones (black
labels), rivers (blue labels), and some of the main ravines (green
labels). The~3 ky BP collapse scar is indicated by a dotted line
(modified from Bablon et al. 2018), while the purple line represents
the limit between Tungurahua and Chimborazo Provinces. Coordi-
nates are expressed in DD notation

threat to the surrounding communities such as the city of
Bafios and other villages in the Tungurahua and Chim-
borazo Provinces (Fig. 1). In total, over 25,000 people
live in zones that could be affected by lahars, PDCs, and
other volcanic products of Tungurahua volcano (Hall et al.
1999; Samaniego et al. 2008). However, in spite of (1) the
numerous contributions on Tungurahua activity that have
been recently published (Anderson et al. 2018; Battag-
lia et al. 2019; Bernard et al. 2014; Douillet et al. 2013;
Eychenne et al. 2012; Fee et al. 2010; Gaunt et al. 2020;
Hall et al. 2013; 2015; Kelfoun et al. 2009; Mothes et al.
2015; Palacios et al. 2023; Parra et al. 2020; Samaniego
et al. 2011); (2) the continuous effort of the Instituto
Geofisico of the Escuela Politécnica Nacional (1G-EPN)
in monitoring and understanding the internal dynamics
of this volcano; and (3) major improvements in computa-
tional capacity, numerical models, and uncertainty quan-
tification (Aravena et al. 2020; 2023; de’ Michieli Vit-
turi et al. 2019; 2023; Esposti Ongaro et al. 2016; Flynn
and Ramsey 2020; Kelfoun 2017; Kelfoun et al. 2009;
Neri et al. 2015a; Neglia et al. 2021; Sandri et al. 2016;
Sobradelo and Marti 2010; Tadini et al. 2020; 2022; Tierz
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et al. 2016a; 2016b), the Tungurahua volcano hazard map
has not been updated since 2008 (Samaniego et al. 2008).
In this work, we present a probabilistic, scenario-based
hazard assessment for PDCs produced during explosive
eruptions at Tungurahua volcano. The definition of the erup-
tive scenarios at Tungurahua is based on the analysis of both
the eruptive events preserved in the geological record and
those reported in historical times (including the detailed fol-
low-up of the 1999-2016 one), and is intended to reflect the
natural variability in the activity of this volcanic system. The
expected spatial distribution of volcanic products for each
eruptive scenario is quantified through numerical modeling.
In particular, we adopt the branching energy cone model and
the branching box model (Aravena et al. 2020), using the
computer programs ECMapProb 2.0 and BoxMapProb 2.0,
respectively, and a set of calibration strategies described in
Aravena et al. (2022) in order to sample the models’ inputs
using a probabilistic approach. Thereby, this strategy allows
us to define uncertainty ranges for the PDC inundation prob-
ability associated with each eruptive scenario at any site
upon and around the volcano, and thus quantify the limits
and strengths of the numerical estimates inferred from our
hazard assessment. We do not address the evaluation of the
occurrence probability of each scenario, and thus in this
paper we do not include weighted combinations of the erup-
tive scenarios in order to generate long-term PDC hazard
maps (e.g., Neri et al. 2015a; Sandri et al. 2016; Rutarindwa
et al. 2019; Massaro et al. 2023) or estimates of the absolute
PDC inundation probability around Tungurahua volcano for
specific time windows (e.g., Bevilacqua et al. 2017; San-
dri et al. 2018). Thereby, in this study we do not integrate
the results in a fully probabilistic hazard assessment, which
would require the construction of a frequency-magnitude
model for the eruptions (Orsi et al. 2009; Marzocchi and
Bebbington 2012). Our results are instead conditioned on
the occurrence of the three considered eruption scenarios.

Geological framework
Overview

Tungurahua stratovolcano (5023 m a.s.l.; Fig. 1) is an
andesitic-dacitic edifice located in the Eastern Cordillera of
Ecuador, about 140 km south of Quito, constructed upon
a metamorphic basement of Paleozoic and Cretaceous
ages (Aspden and Litherland 1992; Litherland et al. 1993).
Tungurahua is part of the Andean Northern Volcanic Zone
(NVZ), a region that includes volcanoes in Ecuador and
Colombia formed as a consequence of the subduction of the
Nazca Plate beneath the South American Plate (Bryant et al.
2006; Nocquet et al. 2014). This volcanic edifice, which is
one of the most active stratovolcanoes in the Ecuadorian
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Andes, presents particularly steep sides (from ~20 to 25° in
the lower part up to~40° slope in proximal domains; Bablon
et al. 2018) and a complex summit morphology character-
ized by a series of nested structures, including an upper
semi-elliptic crater elongated in the NE-SW direction and
an irregularly shaped lower crater elongated in the NNE-
SSW direction. Tungurahua is surrounded by three main riv-
ers: Puela, Chambo, and Pastaza (Fig. 1). The city of Bafios
(~ 13 k inhabitants) is mainly located on a terrace overlying
the riverbanks of Pastaza River (Fig. 1). The eruptive history
of Tungurahua volcano includes three constructive stages
with similar trends in terms of geochemistry of major and
trace elements (Bablon et al. 2018), separated by major sec-
tor collapse events (Bablon et al. 2018; Hall et al. 1999; Le
Pennec et al. 2013):

(a) Tungurahua I (>293+10-79 + 3 ka): construction of
an andesitic edifice that peaked about 2 km southeast to
the present summit of Tungurahua (Bablon et al. 2018).
A volume of 56 + 33 km? was estimated for the edifice
constructed during this period, with a mean eruptive
rate of about 0.6+ 0.3 km?/ka (Bablon et al. 2018). This
stage was seemingly followed by ~ 50 ky of quiescence,
and then a western sector collapse occurred at~30-35
ky BP (Bablon et al. 2018; Le Pennec et al. 2013) leav-
ing ~ 10 km? of deposits (Bustillos 2008). The remnants
of Tungurahua I can be recognized in the northern,
eastern, and southern flanks of the volcano, and con-
sist of a series of andesitic and dacitic lava flows and
breccia deposits (Bablon et al. 2018; Hall et al. 1999).

(b) Tungurahua Il (29 +2—~ 3 ka): construction of a sec-
ond stratocone mainly composed of andesitic lava flows
(Hall et al. 1999; Le Pennec et al. 2013), with a mean
eruptive rate of about 0.9 +0.2 km*/ka (Bablon et al.
2018). The end of this eruptive stage was marked by a
sector collapse event that resulted in~3 km? of deposits
that came from the western flank of Tungurahua vol-
cano (Bustillos 2008) and covered an area between 23
and 80 km? (Bablon et al. 2018). Remnants of Tungu-
rahua II are observed on the southern upper flank and
on the northern and southwestern flanks of the present
volcanic edifice (Bablon et al. 2018).

(¢c) Tungurahua I1I (<~ 3 ka): construction of the present
volcanic edifice by the repeated generation of lava
flows, by the accumulation of deposits from pyroclastic
flows and debris flows that mainly propagated through
the western and northern flanks, and by the fallout of
moderate volumes of tephra that were transported by
the wind towards west and southwest. A mean eruption
rate of 2.5 + 1.0 km*/ka was estimated by Bablon et al.
(2018) for this stage, which has been dominated by
andesitic products, although three dacitic pumice fall-
out deposits can be recognized as well (Le Pennec et al.

2016). Different authors have focused on the analysis of
historical data (Hall et al. 1999; Le Pennec et al. 2008,
2016), including the eruptive cycles of 1640-1645,
1773-1782, 1885-1888, and 1916-1925. PDC depos-
its have been associated with each of these periods (Le
Pennec et al. 2016). Most were channelized through
radial ravines such as Vazctin and Ulba (Fig. 1), among
others, with different degrees of affectation for the city
of Bafos. For instance, some andesitic scoria flow
deposits in the Vazciln ravine were attributed to the
1640-1645 eruptive period by Le Pennec et al. (2016).
The 1773-1782 eruptive period is associated with
tephra dispersion to the west, PDCs that reached the
city of Bafios and the Chambo and Pastaza Rivers, as
well as a thick andesitic lava flow in the Juive Chico
area. The 18851888 eruption produced extensive fall-
out and PDC deposits in Juive and along other ravines
of the western flank, lahars and debris flows in Vazciun
and Ulba ravines (Le Pennec et al. 2016), and a thick
lava flow close to the Cusua village. PDC emplacement
in the Vazcin ravine is also reported for the 1916-1925
eruptive period, with little impact to Bafios, but wide-
spread impact in the western flank near Puela. Based
on historical activity, a recurrence rate of about one
PDC-forming eruption per century can be proposed for
Tungurahua III stage (Hall et al. 1999; Le Pennec et al.
2008; 2016). Le Pennec et al. (2016) also estimated that
the location of the city of Bafios is impacted by PDCs
on average every 350-500 years.

The last sub-Plinian eruption occurred in August 2006
(Douillet et al. 2013; Eychenne et al. 2012; Samaniego
et al. 2011; Bernard et al. 2016), which generated a sus-
tained 16—18-km-high eruptive column and multiple scoria
flows that traveled along a series of ravines to the N, NW,
and W from the source, and ended with the emission of
a lava flow. The bulk tephra volume was of the order of
42-57x10° m? (Eychenne et al. 2012), while the overall
volume of dense pyroclastic flow deposits was ~27 x 10°
m? according to Hall et al. (2013) and 18-29 x 10°® m?
according to Bernard et al. (2016). This event was a
paroxysmal phase of an eruptive period that started in
1999 and finished in 2016, during which volcanic activ-
ity occurred sporadically, including Strombolian, violent
Strombolian, and Vulcanian events (Anderson et al. 2018;
Bernard 2018; Battaglia et al. 2019; Palacios et al. 2023;
Parra et al. 2016). Among the products emitted during
this period, it is possible to recognize PDC deposits of
a series of events that occurred in July 2006, February
2008, May 2010, July 2013, February 2014, and February
2016 (Fig. 2; Hall et al. 2015; Gaunt et al. 2020; Falasconi
et al. 2023), whose deposits are here used to calibrate our
numerical simulations.

@ Springer
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Fig.2 Shaded relief maps

of Tungurahua volcano with
superposed polygons show-
ing the footprints of a series of
PDC deposits produced during
recent events of this volcano
(see titles). These polygons
have been adopted to calibrate
numerical simulations of ES1.
Labels indicate the main cities
(black labels) and rivers (blue
labels). The ~3 ky BP collapse -
scar is indicated by a dotted
line (modified from Bablon
et al. 2018). Coordinates are
expressed in DD notation
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Definition of eruptive scenarios
Based on the eruption record of Tungurahua, we consid-
ered three eruptive scenarios of interest for PDC hazard

assessment:

(a) ESI: violent Strombolian to Vulcanian eruption (VEI
2).

@ Springer
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Events able to produce thin pyroclastic fall deposits
in the volcano surroundings and to feed small-scale
PDCs as a consequence of fountain collapse, low erup-
tion column collapse or remobilization of pyroclastic
material, which typically stop around a break-in-slope
located at ~3000 m a.s.l. upon the Tungurahua’s flank.
This type of activity was frequent during the last erup-
tion period (1999-2016), from which the deposits
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of six small-scale PDCs have been accurately traced
(Fig. 2). These deposits, characterized though their
inundation zones, were used to calibrate the numerical
simulations associated with this eruptive scenario.

(b) ES2: sub-Plinian eruption (VEI 3).

This type of eruption has been common during the
last ~3 ka and occurred roughly once a century (Le Pen-
nec et al. 2008; 2016; Eychenne et al. 2012), threaten-
ing the surrounding communities. A well-documented
event with these characteristics is linked to the August
2006 paroxysmal phase, where the eruptive column
collapse produced a series of PDCs that reached the
base of the edifice through different ravines (Hall et al.
2013; Kelfoun et al. 2009; Bernard et al. 2014, 2016).
The inundation area of the PDCs produced during the
August 2006 eruption was used here as a reference sce-
nario to address this type of volcanism at Tungurahua
volcano (Fig. 3).

(c) ES3: sub-Plinian to Plinian eruption (VEI 4-5).

Events able to feed long-runout PDCs related to col-
umn collapse and relatively thick fallout deposits with
effects at regional scale. The recurrence of this scenario
is roughly of the order of one event every 1000 years
(Samaniego et al. 2008). Few field data are available
to well constrain the extension of flow deposits, and
thus we consider a set of control points in zones where
sparse outcrops of this type of activity can been recog-
nized (Fig. 3). In particular, we take into account two
control points associated with the 1640 AD eruption
(P, and P,; Le Pennec et al. 2005; 2008; 2016).

Note that these scenarios differ slightly from those
defined by Samaniego et al. (2008). While the lowest inten-
sity events (scenario I) considered by Samaniego et al.
(2008) are not addressed here due to the fact that no PDCs
are formed during this type of eruptive activity, the intensity
spectrum grouped by Samaniego et al. (2008) in the interme-
diate category (scenario II) is divided in two groups in this
work (i.e., ES1 and ES2). The highest intensity scenarios
are instead strongly consistent (i.e., scenario III and ES3).

Methods
The models

For the construction of PDC hazard maps, we used the
computer programs ECMapProb 2.0 and BoxMapProb 2.0
(Aravena et al. 2020, 2022). The first model is based on the
energy cone assumption (Malin & Sheridan 1982; Sheri-
dan & Malin 1983; Wadge & Isaacs 1988) and suits better
to describe gravitational flows; the second follows instead
the box model integral formulation (Bevilacqua et al. 2022;

-1.30

Pastaza

~78.60 ~78.50 ~78.40

Fig.3 Shaded relief maps of Tungurahua volcano with a superposed
polygon showing the footprint of a PDC produced during the sub-
Plinian eruption of August 2006 (modified from Bernard et al. 2014)
and a few control points where PDC deposits of the AD 1640 erup-
tion of Tungurahua volcano have been recognized (see main text).
These data have been adopted to calibrate numerical simulations of
ES2 and ES3. Labels indicate the main cities (black labels) and rivers
(blue labels). The ~3 ky BP collapse scar is indicated by a dotted line
(modified from Bablon et al. 2018). Coordinates are expressed in DD
notation

Esposti Ongaro et al. 2016; Huppert & Simpson 1980;
Tadini et al. 2021) and allows describing inertial flows.
Both models rely on a tree-branching approach to enhance
the channelization features of the models (Aravena et al.
2020), and have been already applied for the construction
of PDC hazard maps (e.g., Bevilacqua et al. 2021; Aravena
et al. 2023). To address the lowest intensity scenario (i.e.,
ES1), probably associated with remobilization of pyroclastic
material or low eruption column collapse that are deposited
in proximal domains around the summit area, we used the
program ECMapProb 2.0, which accounts for the strong
topographic control inferred from the distribution of the
deposits of the benchmark eruptions (Fig. 2). On the other
side, because of the possible concomitance of different PDC
generation mechanisms and transport regimes (Douillet et al.
2013; Hall et al. 2013; Kelfoun et al. 2009) during VEI 3
sub-Plinian eruptions (i.e., ES2), we tested independently
both ECMapProb 2.0 and BoxMapProb 2.0 to provide con-
servative results for this scenario. Finally, because PDCs

@ Springer
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during large-scale explosive eruptions at Tungurahua have
been likely fed from large-scale column collapse, we used
the model BoxMapProb 2.0 for ES3. To obtain conserva-
tive results, we assumed that all simulated PDCs arise from
the collapse of pyroclastic material in all directions. All the
simulations were performed using a 16-m resolution DEM,
obtained by resampling elevation data from SigTierras (Min-
istry of Agriculture and Livestock, Ecuador).

Calibration of input parameters

The inputs of ECMapProb 2.0 are collapse height (H, ;) and
energy cone slope (tan (¢)), while those of BoxMapProb 2.0
include collapsing volume (V} , including pyroclasts and gas),
initial particle concentration (¢), Froude number (Fr), particle
sedimentation velocity (w;), pyroclast density (p,,), and air den-
sity (p,) (Aravena et al. 2020; Esposti Ongaro et al. 2016). The
definition of input parameters based on physical considerations
is not straightforward and thus a calibration is necessary (Ara-
vena et al. 2022), especially for inputs for which the models
are particularly sensitive (in particular, H, , and tan (¢) for
ECMapProb 2.0; and V5, ¢, and w, for BoxMapProb 2.0).
In this work, we calibrated the inputs following and com-
plementing the strategies described in Aravena et al. (2022),
which are based on the development of a large set of calibra-
tion simulations with a fixed vent position and two variable
input parameters (@ = H,; and § = tan (¢) for ECMapProb
2.0;a =log (V,)and f = ¢ for BoxMapProb 2.0), while the
other inputs, if present, are considered constant. In the case of
BoxMapProb 2.0, we applied the calibration procedures three
times to test the effect of different values of w, as well.

To define a structured, reproducible calibration proce-
dure, let us consider a set of N X N calibration simulations
with fixed source position and variable input parameters
within predefined ranges (a¢e [al, e aN] and ae [/31, e ﬂN]).
If we define S, , as a non-negative similarity index between
the reference scenario and the calibration simulation with
inputs (a,,B,), in order to produce a calibrated prob-
ability distribution of the model inputs, we can com-
pute the sampling probability of this pair of inputs as
P((a.p) = (&,.B,)) :=c¢, - S,,,.» Where ¢, is a normalizing
constant. This strategy allows us reconstructing functions
of probability distribution for the model inputs that are not
based on a given parametrization of a predefined probability
distribution, being instead directly controlled by the values
of §,,, computed in the calibration simulations.

For the first two scenarios, following Aravena et al.
(2022), S, , was defined by comparing the inundation area
of the calibration simulation with inputs (a,,, 8,) with the
inundation area of specific, documented PDCs (see Figs. 2
and 3), adopting the following comparison metrics:

@ Springer

(a) Jaccard index (JI).
Intersection area between the compared inunda-
tion polygons divided by their union area. In this case,
SO =Jr2
(b) Hausdorff distance (HD).
Maximum distance between a border point of one
of the inundation polygons and the other inundation
polygon. In this case, S,, , is defined by:

2
s@ .= ; (1)
i HD,,, + €ppy

where €5, is the cell size of the DEM used in the
calibration simulations, which is included to avoid any
division by zero.
(¢) Root mean squared distance (RMSD).
Root of the mean squared distance between a large
set (in this work, 1000) of border points of each inunda-
tion polygon and the other inundation polygon. In this

case, S, , is given by:
2
1
8O = ——————— 2
m.n RMSDm!n + gDEM ( )

For the sub-Plinian to Plinian scenario (i.e., ES3),
because the footprint of a benchmark deposit cannot be
obtained with precision from field constraints, we imple-
mented in the programs ECMapProb 2.0 and BoxMapProb
2.0 a new calibration metric based on a series of control
points (x;,y;), withi =1, ..., N, (Fig. 3). These points are
intended to represent outcrops of documented PDCs whose
traceability is not enough to precisely define an inundation
polygon. Let us define d,, , (xi, yi) as the minimum distance
between the i -th control point and a border point of the
inundation polygon derived from a calibration simulation
characterized by the inputs (am,ﬁn). We define the root
mean squared distance to the control points as:

2?21 di%z,n (x,», y,»)
m,n = N

c

CP 3)

and the associated similarity index as:

| 2
(T [ S— 4
i CP,, +€ppy @

Note that the approach adopted to set the input param-
eters differs from deterministic sampling strategies (e.g.,
Ferrés et al. 2013) and from strategies based on Monte
Carlo sampling methods (e.g., Clarke et al. 2020). In this
work, instead of using arbitrary and independent prob-
ability distributions to set the model inputs, we incorporate
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data from the geological record in a structured and repro-
ducible calibration methodology. An underlying assump-
tion of this approach is that topographic changes of the
volcano have not dramatically changed the general behav-
iour of PDCs during propagation at Tungurahua volcano.
Table 1 presents a summary of the inputs and assumptions
used in the calibration simulations.

Construction of hazard maps

By using the different functions of sampling probability
obtained from the model calibration, derived from the use
of different comparison metrics (RMSD, HD and JI), refer-
ence inundation polygons, and values of w, in the case of
BoxMapProb 2.0 simulations, we performed different sets of
calibrated simulations (N = 500 for each set). In particular,
for each of the six reference inundation polygons of ES1,
we constructed three maps based on three different com-
parison metrics (RMSD, HD, and JI) for the calculation of
the sampling probability functions of the input parameters,
giving rise to 18 probabilistic hazard maps. For ES2, we

constructed three maps with ECMapProb 2.0, each associ-
ated with a different comparison metric (RMSD, HD, and
JI), and nine maps with BoxMapProb 2.0, derived from the
use of three different comparison metrics and three differ-
ent values of w, in the calibration simulations (see Table 1).
Finally, for ES3, we constructed three maps with BoxMap-
Prob 2.0, considering three different values of w, in the cali-
bration simulations (Table 1; note that only one comparison
metric was considered in this case; see the “Calibration of
input parameters” section). In the calibrated simulations, in
contrast to the calibration simulations, the vent position was
varied uniformly in the summit zone (circle with a radius of
250 m) in order to incorporate a small uncertainty affect-
ing the collapse position. Assuming greater variability in
collapse position receives little support from geological
evidence at Tungurahua volcano, which to our knowledge
is characterized exclusively by volcanism from the central
vent in all its recent eruptions. Results are described in
terms of the inundation probability; i.e., for each pixel of the
resulting map, we calculated the percentage of simulations
that reach this position in order to define a probability value.

Table 1 Input parameters

adopted in the calibration ECMapProb 2.0

simulations used to construct Input parameter ES1'® ES2**
probabilistic maps of PDC Root energy cone height (H,)) 100-1000 m 100-2000 m
inundation for Tungurahua Energy cone slope (tan(¢b)) 0.2-1.0 0.2-1.0
voleano Number of calibration simulations(N X N)* 400 400
BoxMapProb 2.0
Input parameter ES2%b ES3%¢
Collapsing volume (V) () 107-10'° m? 10%-10"" m?
Initial particle concentration (¢ ) 0.005-0.040 0.005-0.040
Froude number Fr 1.0 1.0
Sedimentation velocity (w,) 0.05, 0.3, and 1.2 m/s 0.05, 0.3, and 1.2 m/s
Pyroclast density (p,) 1500 kg/m? 1500 kg/m?
Ambient air density (p,) 1.0 kg/m* 1.0 kg/m®
Number of calibration simulations (N x N)* 400 400

'Reference inundation polygons used for model calibration: July 2006, February 2008, May 2010, July
2013, February 2014, and February 2016 PDCs (Fig. 2)

ZReference inundation polygon used for model calibration: August 2006 PDCs (Fig. 3)

3Model calibration based on a set of control points due to lack of detailed field information (Fig. 3)

“Three comparison metrics are used to perform the model calibration (JI, HD, and RMSD), giving rise to
three different sampling probability distributions of the inputs for each calibration polygon considered

®Three sets of calibration simulations were performed with variable values of sedimentation velocity (w,).
In each case, three comparison metrics were used to calibrate the model (JI, HD, and RMSD), giving rise
to nine different sampling probability distributions of the model inputs

“Three sets of calibration simulations were performed with variable values of sedimentation velocity (w,).
In each case, one comparison metric was used to calibrate the model (CP), giving rise to three different
sampling probability distributions of the model inputs

*Note that this differs from the number of calibrated simulations (i.e., performed using the calibration sim-
ulations to sample the model inputs), which is 500 for each set of simulations
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Results

ES1: violent Strombolian to Vulcanian eruption (VEI
2)

The computed probabilistic inundation maps for PDCs
associated with violent Strombolian to Vulcanian erup-
tions (ES1) are displayed in Figs. 4 and 5. Numerical
results reveal a significant effect of the crater shape and
the ~ 3 ky BP collapse scar on PDC propagation dynamics
and at least five dominant channelization ravines towards
W, NW, NNW, NNE, and NE, two of which may involve
the city of Bafios and other inhabited centers to the north
(Figs. 4 and 5; the Vazcin and Ulba ravines). The consist-
ency between the dominant propagation direction of the
documented PDCs and numerical results, which were not
performed with predefined collapse directions, indicate
that the preferred propagation directions of recent, small-
scale PDCs at Tungurahua are controlled by crater mor-
phology, volcano topography and channelization dynam-
ics near the summit, which is a frequent characteristic
of small-volume PDCs, instead of possible directional
collapse processes. Results calculated using different
calibration procedures are remarkably similar (Supple-
mentary Figs. S1-S4), even though the inundation areas
of the reference events are highly variable, ranging from
1.0 km? (February 2008) to 8.6 km? (July 2006), as well
as their runout distances, which range between 2.3 km
(February 2016) and 7.1 km (July 2006). In almost all the
cases, the highest inundation probabilities were computed
when the RMSD calibration was adopted (Supplementary
Figures S1-S3 and Tables S1-S3), while no clear correla-
tions are observed between the main geometrical proper-
ties of the calibration polygons (their inundation areas
and runout distances; Fig. 2) and the area enclosed by dif-
ferent isoprobability curves in the resulting hazard maps
(Supplementary Fig. S5). The February 2016 inundation
polygon is associated with the worst calibration perfor-
mance in ES1 simulations (for instance, best-fit Jaccard
index of 0.18), while the best calibration performances
are observed for the July 2006 and February 2014 inun-
dation polygons (best-fit Jaccard index of 0.39 and 0.36,
respectively). Driven by these differences, we constructed
a weighted hazard map that considers the 18 hazard maps
with different weights as a function of the performance of
each set of calibration simulations in reproducing the ref-
erence PDC deposit. This map is presented in Fig. 5 and
is remarkably similar to the mean, equally weighted map.

Regarding some relevant locations around Tungurahua
volcano from a volcanic hazard point of view (Fig. 6a and
Supplementary Tables S1-S3), the inundation probabili-
ties for ES1 are low and, in general, well-constrained. In
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particular, the inundation probability in Bafios is about
6 +3% (maximum value of 11.6%), while the villages
with the largest inundation probabilities for the erup-
tive scenario ES1 are Palitahua (12 +5%), Juive Grande
(9+5%), Chontapamba (8 +4%), Cusua (7 +4%), and Bil-
bao (7 +4%).

ES2: sub-Plinian eruption (VEI 3)

For an eruptive scenario similar to the August 2006 sub-
Plinian event (i.e., ES2), the channelization effect of a series
of ravines towards NW, N, and NNE is also evident, as well
as the influence of the crater shape and the ~3 ky BP col-
lapse scar, even though a significant number of simulations
is able to propagate a few kilometers towards SE (Fig. 7
and Supplementary Figs. S6-S9). The adoption of different
numerical models, as well as different values for the parti-
cle sedimentation velocity in BoxMapProb 2.0 simulations,
produces strongly similar probabilistic hazard maps for this
eruptive scenario, giving rise to well-constrained values of
inundation probability at specific locations, as illustrated in
Fig. 6b and Supplementary Tables S1-S3. Under this erup-
tive scenario, the inundation probabilities in Bafios, Ulba,
and Cotal6 are 13 +4%, 7+2%, and 7 +3%, respectively.
The villages with the largest inundation probabilities for the
eruptive scenario ES2 are Cusua (21 +7%), Juive Grande
(19 +7%), Pondoa (19 +5%), Choglontus (18 +5%), and
Bilbao (17 +6%), while the inundation probability at Palita-
hua is 14 +9%. Note that, compared to the eruptive scenario
ES1, the increase in the inundation probability is particularly
relevant at Puela, a consequence of the reduced effect of
the crater and the ~3 ky BP collapse scar in the eruptive
scenario ES2 when compared to ES1 (Fig. 6b and Supple-
mentary Tables S1-S3).

Numerical calibration of BoxMapProb 2.0 simulations for
ES2, which are based on the August 2006 sub-Plinian event,
allowed computation of a calibrated value for the volume of
pyroclastic materials transported in the PDCs, which can
be obtained by multiplying both the calibrated variables,
i.e., collapsing volume (V; o), which includes pyroclasts and
gas, and initial particle concentration (¢; see the “Calibra-
tion of input parameters” section). The calibrated volumes
of collapsing pyroclasts depend on the adopted value of
w, (Supplementary Fig. S10), with mean values (in loga-
rithmic scale) between 1.5x 10® m*® (HD comparison met-
ric, w, = 0.05 m/s) and 5 x 10® m® (JI comparison metric,
w, = 1.2 m/s), and 50% of data ranging between 8 X 10° m?
and 8 x 10% m>. This range is slightly smaller than the docu-
mented volumes of the individual PDCs recognized during
the August 2006 event (i.e., ~8.5-17.3x 10° m?; Hall et al.
2013). On the other hand, note that Bernard et al. (2016)
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Fig.4 Probabilistic hazard
maps for the eruptive scenario
ES1 (violent Strombolian to
Vulcanian eruption), consider-
ing separately six different
reference PDCs to calibrate
numerical simulations. In

each panel, we present the
mean inundation probability
computed using three different
comparison metrics (see supple-
mentary Figs. S1-S4), which are
indicated by a set of isoprob-
ability curves (see legend) and
a rainbow color scale. Black
labels indicate the main cities,
while the positions of Ulba and
Vazcin ravines are indicated by
yellow labels. Coordinates are
expressed in DD notation
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Fig.5 Mean, weighted mean,

-78. 40

—-78.50 —78.40

and maximum probabilistic haz-
ard maps for the eruptive sce-
nario ES1 (violent Strombolian
to Vulcanian eruption). Inunda-
tion probabilities are indicated
by a set of isoprobability curves
(see legend) and a rainbow
color scale. For computing the
mean map, we assign the same 1
weight to the 18 hazard maps

associated with ES1, while the

weighted mean map is obtained

by assigning weights controlled a
by the performance of each set T
of calibration simulations in

reproducing the reference PDC

deposit (see main text). Black

labels indicate the main cities,

while the positions of Ulba and

Vazcin ravines are indicated by

yellow labels. Coordinates are

expressed in DD notation

-1.40

did not separately present the volume of single PDC units
and, therefore, their volume estimates are not expected to be
comparable with our calibration results.

ES3: sub-Plinian to Plinian eruption (VEI 4-5)

Finally, the mean and maximum inundation probabilities
computed for sub-Plinian to Plinian eruptions (i.e., ES3)
are presented in Fig. 8, where it is possible to recognize the
potential role of Chambo, Patate, and Pastaza Rivers to chan-
nelize PDCs towards SW, NW, and NE from the volcano,
respectively, while the results associated with different val-
ues of w, are displayed in Supplementary Figure S11. We
show that PDCs similar to those that reached the locations
presented in Fig. 3 (i.e., P, and P,), where outcrops of PDCs
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fed from Tungurahua volcano during the 1640 AD eruption
can be recognized, are also likely to spread out in Bafios and
other nearby towns, such as Puela, Cotal6, and Ulba (Sup-
plementary Tables S1-S3). Note, however, that the adopted
models simulate collapse processes that propagate in all
directions and thus we are not modeling PDCs produced by
directed blasts. The calibrated volume of pyroclastic mate-
rial involved in these flows exhibits mean values in loga-
rithmic scale ranging between 3 x 10’ m* (w, = 0.05 m/s)
and 1.3x10® m*® (w, = 1.2 m/s; Supplementary Fig. S11).
These volumes are significantly larger than those computed
for ES2, which may explain the large difference observed
between the hazard maps associated with these eruptive sce-
narios (see Supplementary Tables S1-S3 and Figs. 7 and 8
for comparison).
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Fig.6 Inundation probability computed in a series of critical posi-
tions around Tungurahua volcano, considering different scenarios
and calibration methods. For ES1 (panel a), data are presented in box
plots, while each symbol represent a hazard map in panel b (ES2 and

Discussion

The eruptive chronology and the lithostratigraphic record
of a volcanic system are the main source of information to
define the expected effects of future eruptions, construct haz-
ard maps, and address the associated risk. This is made by
assuming that the system will have similar dynamics in the
future (e.g., Gurioli et al. 2010; Calder et al. 2015; Neri et al.
2015b). However, the way the eruptive record is integrated
with information obtained from other information sources,
such as geophysical studies and numerical modeling, is not
straightforward and often hinders reproducibility of hazard
assessments. The adoption and extension of some recently
published calibration strategies, which are based on docu-
mented PDC deposits (Aravena et al. 2022), allowed us to
integrate the volcanological record of Tungurahua in a struc-
tured and reproducible procedure to define the inputs of a
set of numerical simulations, which ultimately resulted in
a series of probabilistic, scenario-based PDC hazard maps
for this volcano.

A key strength of our results is that the independent use
of different comparison metrics, as well as different geo-
logical datasets for numerical calibration (when possible),
led to uncertainty ranges for the computed inundation

Choglontus  Yuibug G. Ulba Puela Cotal6 Pailitas Huambalé

ES3, see legend). Yellow symbols are associated with ECMapProb
2.0 simulations, while green and blue symbols refer to BoxMapProb
2.0 simulations. See Supplementary Tables S1-S3 for details

probabilities. Quantitative analysis of uncertainty is typi-
cally absent in PDC hazard maps around the world (Lindsay
et al. 2023), which hampers representation of the intrinsic
variability of the activity observed in volcanic systems.
The approach adopted in this investigation complements
some recent efforts to quantify the uncertainty associated
with PDC hazard assessments in high-risk volcanic sys-
tems (e.g., Aravena et al. 2023; Bevilacqua et al. 2017;
Neri et al. 2015a; Rutarindwa et al. 2019; Tierz et al. 2018;
2021). In these latter case studies, uncertainty quantifica-
tion derives from the inclusion of probabilistic vent opening
maps from which PDC source positions are sampled (only
relevant in case of distributed volcanism) and/or, as in this
contribution, from the use of different assumptions to set
the inputs of numerical simulations. In our case, this was
performed by adopting the following strategies: (1) inde-
pendent use of different subsets of field data to calibrate the
models, (2) independent use of two numerical models, and
(3) independent use of multiple metrics to compare field
data with the results of calibration simulations. Despite all
these sources of uncertainty, the inundation probabilities for
a given eruptive scenario of Tungurahua volcano in points
of interest from a volcanic hazard perspective are, in gen-
eral, well constrained (see Supplementary Tables S1-S3),
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Fig. 7 Probabilistic hazard
maps for the eruptive scenario
ES2 (sub-Plinian eruption),
considering numerical results
of the models ECMapProb 2.0
(top panels) and BoxMapProb
2.0 (middle panels). The mean
and maximum probabilistic
hazard maps, considering both
the models, are included in the
bottom panels. Inundation prob-
abilities are indicated by a set of
isoprobability curves (see leg-
end) and a rainbow color scale.
Labels indicate the main cities.
Coordinates are expressed in
DD notation

' Mean (BoxM

&

providing clear indications of inundation probability in the
context of territorial planning and especially for volcanic
crisis management. We stress that the probabilistic analysis
of PDC simulations requires the use of numerical models
of sufficiently low computational cost to produce thousands
of simulations. In fact, several probabilistic PDC hazard
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assessments are based on the traditional energy cone model
(Clarke et al. 2020; Sandri et al. 2018; Tierz et al. 2016a,
b), which presents an extremely low computational cost,
but is unable to capture channelization processes that are
demonstrably relevant at Tungurahua volcano. The branch-
ing formulations (Aravena et al. 2020) may represent a good
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Fig.8 Mean and maximum
probabilistic hazard maps for
the eruptive scenario ES3 (sub-
Plinian to Plinian eruption),
indicated by a set of isoprob-
ability curves (see legend) and
a rainbow color scale. These
hazard maps were constructed
considering P; and P, (see

Fig. 3) as control points for cali-
bration effects. Labels indicate
the main cities. Coordinates are
expressed in DD notation

¥
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compromise between low computational cost and capacity
to capture the effect of topography during PDC propagation,
which supports the use of ECMapProb 2.0 and BoxMapProb
2.0 in this study.

Adoption of an appropriate way to include uncertainty in
hazard assessments depends on the specific characteristics
of the studied volcanic system (e.g., monogenetic fields or
calderas, where probabilistic vent opening maps are needed,
versus stratovolcanoes generally characterized by summit
activity only) and the availability of volcanological data to
calibrate numerical simulations based on reference erup-
tions. In the case of Tungurahua volcano, the available vol-
canological information allows us to characterize reasonably
well PDC deposits associated with eruptions with a VEI of
2 or 3 (i.e., ES1 and ES2; Figs. 2 and 3), which is mostly
explained due to the recent eruptive cycle of 1999-2016. We
stress that, based on field evidence, these eruptive scenarios
include most of the PDC-forming eruptions during the last
three millennia. On the other hand, we note that the highest
intensity scenario (i.e., ES3) was calibrated using a limited
number of field data and thus a better knowledge about the
eruptive history of Tungurahua is required to quantify the

—78.40

-78.30 —7.60 —7é.50 ’
hazards associated with this eruptive scenario with higher
accuracy. In this sense, although the calibrated volumes of
collapsing pyroclastic material for eruptive scenarios ES2
and ES3 show overlapping (see Supplementary Figs. S10
and S12), the significant differences between their mean
values may suggest that an additional intermediate scenario
might be considered to describe the eruptive variability
of this volcano. In order to delve deeper into this topic, in
Fig. 9, we present the relationship between the collapsing
volume of pyroclastic material in a set of non-calibrated,
complementary simulations and the resulting runout dis-
tance and inundation area of simulated PDCs. In all the
cases, which consider different values of sedimentation
velocity (w,), an evident break in slope in the modeled inun-
dation area can be recognized at values of collapsing vol-
ume of pyroclastic material of about 10”-" m? (i.e.,~5x 10’
m?; see Fig. 9), and a small discontinuity in the slope is
observed in the modeled runout distance at collapsing vol-
umes of pyroclasts of about 10”7+ m? (i.e.,~2.5x 107 m?).
These results indicate that, in addition to the significant dif-
ference in the collapsing volumes of ES2 and ES3, the strong
differences in the resulting hazard maps are also modulated
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by a change in the behavior of the simulated PDCs above a
threshold of collapsing volume of pyroclasts, which in fact
coincides with the transition between the calibrated volumes
of pyroclasts of ES2 and ES3. The capacity of the topogra-
phy of stratovolcanoes to influence the behaviour of PDCs
has been recently addressed by Aravena and Roche (2022),
who classified Tungurahua volcano as a case of intense
proximal channelization and moderate distal channeliza-
tion based on the analysis of numerical simulations of dense
PDCs. This is due to the well-defined radial ravines that
favor PDC propagation in proximal domains and pronounced
tangential valleys (Puela, Chambo, and Pastaza rivers) that
buffer the increase of runout distance toward N, NW, and
NE and of inundation area when PDCs reach the edifice
base (i.e., when they reach the abovementioned tangential
valleys). Our numerical results suggest that, above a volume
threshold of collapsing pyroclasts, valleys beyond the base
of the volcanic edifice become relevant in PDC propaga-
tion, strongly affecting the volcanic hazard around Tungu-
rahua. This makes even more critical the need to refine our
knowledge about large-scale explosive events at Tungurahua
volcano. In addition, Aravena and Roche (2022) recognized
the clear effect of proximal obstacles in PDC propagation at
Tungurahua, which is probably due to the crater topography
and the presence of the ~3 ky BP collapse scar that limit the
propagation of small-scale PDCs towards NE.

Although probabilistic volcanic hazard maps as those
presented here integrate a large amount of information that
are more or less easily understandable by the vast major-
ity of the volcanological community, they are not directly
accessible by local communities and decision makers (see
for example Thompson et al. 2015). Consequently, the defi-
nition of probability thresholds for each scenario in order to
translate our probabilistic results into hazard maps with a
reduced number of levels is a critical step to use our results
in volcanic risk management. However, this is beyond the
objectives of this work and should be ultimately defined by
Decision Makers and Civil Protection authorities with the
collaboration of scientific committees. In order to provide
an illustrative example, in Fig. 10, we present a three-color
hazard map constructed by extracting the 50% isoprob-
ability curves of the maximum probabilistic hazard map of
each scenario, while the equivalent figures associated with
probability thresholds of 10% and 90% are displayed in the
supplementary material (Figs. S13 and S14, respectively).
When compared to the hazard map presented by Sam-
aniego et al. (2008), the most significant difference, which
would be present for any probability threshold adopted for
the construction of the three-color hazard map, is that our
simulations suggest a non-negligible inundation probability
toward SE of Tungurahua volcano for the highest intensity
scenario. On the other hand, regarding lower intensity sce-
narios, both Samaniego et al. (2008) and our results suggest
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Fig. 10 Illustrative example of a three-color hazard map of Tungura-
hua volcano, constructed by considering the 50% isoprobability curve
of the maximum probabilistic hazard map of each scenario. Con-
tours of the hazard levels defined by Samaniego et al. (2008) are also
included. Labels indicate the main cities. Coordinates are expressed
in DD notation

that the tangential valleys of Chambo, Puela, and Pastaza
rivers represent a major limit in the zonification of PDC
hazard at Tungurahua. Further comparisons are not possible
due to the above-mentioned differences in the definition of
the eruptive scenarios.

Regarding limitations of our methodology, we stress
that the adopted numerical models, whose reduced com-
putational cost allows for the development of a detailed
probabilistic analysis of volcanic hazard, are not able to
describe some phenomena that may be relevant during PDC
propagation under certain conditions, such as overbank-
ing and detachment processes (Pensa et al. 2018; Trolese
et al. 2018). In fact, recent studies show that topography-
controlled processes are able to increase significantly the
runout distance of PDCs in zones of abrupt slope change and
confining conditions (e.g., Charbonnier et al. 2023; Kubo
Hutchison and Dufek 2021). The described limitations, as
occurs in every numerical modeling-based assessment of
natural hazards, make it necessary to adopt conservative
choices in the construction of hazard map and reinforce
our need to define structured and reproducible strategies to
quantify uncertainty and its propagation. On the other hand,
we adopted a strategy based on a discrete set of eruption
scenarios and, although they were defined considering the
geological record of Tungurahua volcano, they were possibly
subjected to preservation biases. This strategy is useful for
volcanic crisis management because it produces reference
maps for different conditions but, in the absence of estimates
for the occurrence probability of each scenario, does not
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allow production of long-term hazard scenarios integrating
the entire range of possible PDC scales, as those presented
recently for other volcanic systems (e.g., Neri et al. 2015a;
Sandri et al. 2018). Although a few estimates of the return
period associated with some of the adopted eruption scenar-
ios are present in the literature (Le Pennec et al. 2016; Sam-
aniego et al. 2008), they do not allow for the development
of an integrated analysis to produce long-term hazard maps.

Concluding remarks

We addressed the volcanic hazard associated with PDCs at
Tungurahua volcano by adopting an approach based on the
development of calibrated numerical simulations for three
specific eruptive scenarios, which are defined from our
knowledge of the eruptive record of this volcanic system.
In particular, we considered violent Strombolian to Vulcan-
ian eruptions (VEI 2), sub-Plinian eruptions (VEI 3), and
sub-Plinian to Plinian eruptions (VEI 4-5). The main con-
clusions associated with this investigation are summarized
as follows:

(a) Small-scale PDCs produced during violent Strombo-
lian to Vulcanian eruptions are strongly controlled by
at least five dominant channelization ravines towards
W, NW, NNW, NNE, and NE, and by crater topography
and the ~ 3 kyr BP collapse scar. The simulated PDCs
may reach the Pastaza River through a few ravines and
produce inundation probabilities at Bafios of about
6+3%.

(b) PDCs generated during VEI 3 sub-Plinian eruptions are
also influenced by the proximal topographic features
of the volcano (crater morphology and radial ravines).
Numerical results indicate that these PDCs frequently
reach the Pastaza River through a series of ravines, with
inundation probabilities at Bafios of 13 +4%.

(¢c) Sub-Plinian to Plinian eruptions (VEI 4-5) produce
PDC inundation areas that nearly always involve inhab-
ited centers, including Bafios, Puela, and/or Cotalé.
However, new volcanological studies to characterize
the eruptive history of Tungurahua are required for fur-
ther constraining the uncertainty affecting this eruptive
scenario

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00445-024-01768-y.
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