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Abstract

Simulating lava flows on a gentle slope is complex since they can propagate in a wide range [Nl

of directions. It is an even greater challenge to define lava flow trajectories when an erup-
tion lasts over several years and flows cool down, changing the surrounding topography. In
this study, we test Q-LavHA, an open source plug-in that simulates lava flow inundation
calculating its probability, and using Paricutin’s eruption (1943-1952) in central Mexico as
a case study. We have appropriately calibrated the Q-LavHA plug-in for the Paricutin case
study, which provides insights on how to better model lava flows in gentle terrain. From
this work, we observe that each phase is characterized by a unique set of parameters requir-
ing a careful calibration and that low-relief topographies require special consideration. Our
findings could be useful for real-time hazard evaluation in future volcanic scenarios in the
Michoacan—Guanajuato volcanic field and elsewhere, where new monogenetic eruptions
similar to Paricutin can be expected.

Keywords Paricutin volcano - Michoacdn—Guanajuato volcanic field - Monogenetic
volcanism - Lava flow simulations - Volcanic hazard assessment - Q-LavHA

1 Introduction

In recent decades, many studies have been motivated by the necessity to understand
the hazards associated with volcanic eruptions, which is especially important where
volcanic fields are located near population centers (e.g., Loughlin et al. 2015; Rymer
2015, etc.). Improving lava flow hazard assessment is a significant and challenging task
of modern volcanology (Cordonnier et al. 2016). Current volcanological studies pursue
important objectives such as: to reproduce accurately the pathway behavior of lavas,
to develop models that include digital elevation models (DEMs) and allow real-time
eruption updates, to perform optimal simulations in gently sloping terrain, etc. Lava
flows with negative economic impact average 60 events per century (Booth 1979). They
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generally flow slowly and their trajectories are mainly governed by topography; there-
fore, the identification of areas at risk from new eruptions is fundamental for mitigating
potential human fatalities and material damage.

Hazard evaluation and contingency planning in volcanic areas depend heavily on
hazard maps and simulation models, which themselves rely on good geological-volcan-

ological knowledge of the volcanic area or volcano (Marti 2017). Much effort has been X2l

invested toward forecasting the timing, nature, and impact of future eruptions of polyge-
netic volcanoes, where eruptions can occur from the summit or on the flanks, affecting
areas distant from each other (e.g., Mt Etna; Crisci et al. 2010; Del Negro et al. 2013).
However, monogenetic volcanoes, which erupt only once (Walker 2000), can form in
vast areas with a very low eruptive frequency (on the order of 10~*~107° eruptions/year;
Valentine and Connor 2015), and with a relatively small eruptive volume (< 1 km® of
mafic magma; Kereszturi and Németh 2012). These facts commonly lead to the percep-
tion that these volcanoes pose less potential danger than polygenetic ones. Neverthe-
less, they present special problems, as they tend to arise unexpectedly in time and space
within distributed volcanic fields. Forecasting the location, timing, types and impact/
effects of the related hazards in distributed volcanic areas represents an ongoing chal-
lenge that has been addressed over the last 50 years through probabilistic and geological
approaches (e.g., Bartolini 2014; Bertin et al. 2019 and references therein).

Mexico hosts the largest subduction-related distributed volcanic field on Earth, the
Michoacan—Guanajuato Volcanic Field (MGVF; Hasenaka and Carmichael 1985) in the
Trans-Mexican Volcanic Belt (TMVB; Fig. 1). The MGVF has experienced two impor-
tant historic eruptions, Jorullo (1759—-1774) and Paricutin (1943-1952), which caused
serious social, environmental, and economic disruptions (Luhr and Simkin 1993; Inbar
et al. 1994; Guilbaud et al. 2011). This monogenetic field poses risk to rural and urban
centers in Michoacén and Guanajuato, mainly due to lava flows but also to the likely
ashfall that can reach other populated areas, including Mexico City (Siebe and Macias
2006). However, the hazard of future monogenetic activity in the MGVF has not yet
been well assessed, even though several research efforts have been made in the area
(e.g., Connor 1987; Delgado-Granados and Jenkins 2015). Studies dealing with erup-
tion recurrence rates, spatial and temporal distribution of the volcanoes, composition
and eruptive style, and the tectonic control of this type of volcanism in the whole dis-
tributed field are not yet sufficient to facilitate hazard assessments and development of
monitoring strategies.

This paper focuses on the Paricutin eruption, which started on a gently sloping pre-
eruption topography, with prevailing slopes ranging from 0° to 9° with no preferred
downslope direction (Supplementary Material 1). The existence of detailed lava flow
distribution maps (Luhr and Simkin 1993) and reconstructed paleotopography maps
(Larrea et al. 2017) for all of the eruptive phases makes this volcano an ideal candi-
date to test lava flow simulation tools. This research (a) presents a comparison of the
erupted and simulated Paricutin lava flows using Q-LavHA (Mossoux et al. 2016) and
(b) explores the strengths and limitations of lava flow invasion probability simulation
tools such as Q-LavHA, to better understand the main parameters controlling past lava
flow emplacement and with special emphasis on the use of this application in low-relief
areas. In addition, this study, together with the previous geochemical, morphometric,
and volumetric characterization of Paricutin (Larrea et al. 2017, 2019a, b, 2021), pro-
vides the first comprehensive integration of data from a historical eruption with vol-
canic simulations for evaluating volcanic hazard in the MGVF.
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Fig.1 Geological map of Paricutin volcano with the 22 lava eruptive phases considered in this work and
modified after Luhr and Simkin (1993) and Larrea et al. (2017). Locations of the most active vents dur-
ing the eruption (main cone-Paricutin, Sapichu, Taqui, and Ahuan) are also shown. The modified erup-
tive phases are denoted in the legend with an asterisk; see Methodology section for details. Lava eruptive
phases 1, 2, 6, and 17 are not exposed on the surface because they have been covered by most recent lava
flows. Inset map shows the geotectonic map of Mexico with the location of the Trans-Mexican Volcanic
Belt (TMVB), Mexico City (MX), and Paricutin volcano

2 The 1943-1952 Paricutin eruption and its lava flow field
Paricutin volcano is located ~ 320 km west of Mexico City and belongs to the MGVF (Fig. 1),

which contains more than 1100 Quaternary eruptive centers within an area of ~40,000 km?
(Hasenaka 1994). Its eruption initiated near the village of San Juan Parangaricutiro on the
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February 20, 1943, and ended 9 years later on the March 4, 1952 (Luhr and Simkin 1993),
forming a lava field with a total covered area of ~25 km? and a volume of~1.6 km® (DRE;
Larrea et al. 2017) It built a main cone of~240 m in height above surrounding ground
(~2800 m asl) (the total cone elevation considering its current height in addition to the area
buried at its foot by lava flows is 430 m) that significantly modified the original topography of
the area (Supplementary Material 1). This eruption directly impacted more than 2500 people,
burying the towns of San Juan Parangaricutiro and Paricutin, and damaging the villages of
Zirosto, Zacan, and Angahuan (Nolan and Gutiérrez 1979) (Fig. 1). In addition, there were
many social and economic impacts due to the loss of assets, farmland, and the relocation of
the inhabitants to other communities. Currently, more than 75 years after the termination of
the eruption, the volcano is a tourist attraction that represents an important source of income
for the surrounding villages.

The eruption started, after 45 days of precursory seismicity, with continuous low-magni-
tude explosive activity that ejected pyroclastic material toward the southwest from the first
vent, which opened as a fissure crossing a gently sloping area (main slopes from 0° to 9°;
Supplementary Material 1) (Foshag and Gonzalez-Reyna 1956; McBirney et al. 1987; Yokoy-
ama and De la Cruz-Reyna 1990). This gentle pre-eruptive topography presented minor slopes
that mostly ranged from 0° to 9° with no preferential downslope direction (Figure S1 in Sup-
plementary Material 1), although small gullies related to the pre-eruption drainage network
modeled the landscape with slopes up to 83° (Table S1 in Supplementary Material 1). On the
second day, from the newly formed 50-m-high horseshoe-shaped cinder cone, the first lava
erupted (Quitzocho flow; Ordofiez 1943). In the following months and years, the eruption
was characterized by variations in its effusion rate (between 2 and 14 m>/s) which decreased
progressively after 1950 (Larrea et al. 2017). In addition, an overall increase in the effective
viscosity of the magma (0.9-2.38-10% Pa-s), a shift in the active vents (main cone-Paricutin
and secondary vents-Sapichu, Taqui, and Ahuén, Fig. 1), and a variation in the importance of
effusive relative to explosive activity throughout the 9 years of eruption were observed (Lar-
rea et al. 2017). Fries (1953) estimated that in 1945,~80% of the total pyroclastic material
(tephra including the cone) had already been erupted, whereas only 25% of the total volume of
lava was emitted during these first 2 years. By November 1946 (3 years and 10 months after
the beginning of the eruption), more than 50% of the total lava volume had been erupted; the
remaining 50% was extruded during the last 5 years of the eruption. Moreover, these changes
in the eruption dynamics were accompanied by a progressive change in the bulk magma com-
position, evolving from an olivine-rich basaltic andesite with a SiO, content of ~53 wt.% to
a pyroxene-rich andesite with~60.5 wt.% SiO, (Wilcox 1954; McBirney et al. 1987; Larrea
et al. 2019a, 2021). The final activity occurred on the February 25, 1952, when both lava
flow emplacement and ash emission from the cone’s crater ended abruptly. The post-eruption
topography is now dominated by ‘a‘a and rubbly block type lava flows with thicknesses from
5 to 30 m, mildly sloping surfaces (0° to 11°), and steep lobate margins (12° to 53°). The most
prominent slopes in the area range from 28° to 53° and are associated with the Paricutin scoria
cone (Figure S1 and Table S1 in Supplementary Material 1).
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3 Methodology
3.1 Topographic reconstruction and working with Paricutin DEMs

The entire duration of the Paricutin eruption was systematically surveyed by geologists
from several institutions including the US Geological Survey and the Universidad Nacional
Auténoma de México, who monitored the growth of the cone, mapped the lava flows, and
took samples, videos and photographs of the eruption (e.g., Trask 1945; Krauskopf and
Williams 1946; Bullard 1947; Segerstrom 1950; Fries 1953). Luhr and Simkin (1993) pre-
sented a compilation of all of these previously available materials, which allowed Larrea
et al. (2017) to create a geological map of the Paricutin eruptive sequence. The creation of
this map for volumetric estimations required the reconstruction of the pre-eruptive topog-
raphy for every single eruptive phase via the digitization and georeferencing of the maps
representing the different eruptive phases defined by Luhr and Simkin (1993) (Fig. 1). The
entire methodology for Paricutin’s paleotopography reconstruction is presented in Larrea
et al. (2017). A brief summary of the main methodological points is presented below. (a)
Three topographic maps were used for the reconstruction: (1) INEGI (Instituto Nacional
de Estadistica, Geografia e Informatica) E13B29, 1:50,000 topographic map (2015 edi-
tion; contour intervals: 20 m; WGS_1984 UTM) representing the post-eruption topogra-
phy; (2) 1:10,000 USGS topographic map (USGS Bull. Vol. 965, 1956; contour intervals:
5 m) made from the aerial photographs taken by Compaiiia Mexicana Aerofoto S.A. in
1934, representing the pre-Paricutin topography in 1943; and (3) 1:10,000 USGS topo-
graphic map (USGS Bull. Vol. 965, 1956; contours interval: 5 m) made from the aerial
photographs taken by Compaiifa Mexicana Aerofoto S.A. in 1946 for the US Geological
Survey, representing the topography in 1946 during the eruption. (b) By using the pre-
eruption topography and knowing the detailed areal footprint and thickness of each sub-
sequent eruptive phase, the paleotopography of each lava flow was restored. (c) Once the
topography “without lava flows” and “with lava flows” was obtained for each eruptive
phase, 20-m-resolution DEMs were produced by Larrea et al. (2017) using an interpola-
tion method of Triangular Irregular Network, in accordance with the available topographic
information for the reconstructions.

The 20-m-resolution DEMs were prepared for their use as a simulation basis; first they
were projected in a WGS84_UTM13N coordinate system, and then, the “Fill no-data” tool
from raster analysis (QGIS 2.18) was applied to fill grid cell local holes in the DEMs, as
described in Mossoux et al. (2016). The 23 phases defined by Luhr and Simkin (1993)
based on direct eyewitness observations were slightly modified in terms of duration to
include in one single eruptive phase the entire emplacement of each lava flow, from its
initiation to its end (see also Larrea et al. 2017). Accordingly, the initial 23 eruptive phases
are now regrouped in 22 lava eruptive phases to facilitate the simulation of each entire lava
flow (Table 1; Fig. 1).

3.2 Simulating with Q-LavHA and determining model inputs

The existence of the sequential paleotopography maps for different eruptive phases enabled
testing the user-friendly freeware lava flow simulation plug-in Q-LavHA (version 2.2.1)
(Mossoux et al. 2016) for QGIS. This tool is a probabilistic code that can optionally include
a deterministic calculation of the lava maximum runout, but this second option has not been
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considered for this work (VORIS—Felpeto et al. 2007, FLOWGO—Harris and Rowland
2001). It calculates the probability of lava flow spatial propagation from one or multiple regu-
larly distributed eruptive vents on a DEM. To overcome small topographic obstacles, the plug-
in includes corrective factors.

Using the aforementioned pre-eruption topography and knowing the accurate coverage of
each lava eruptive phase (Larrea et al. 2017, after Luhr and Simkin 1993), it was possible to
reproduce the area inundated of each lava flow by using combinations of the following input
parameters (Table 1): the preexisting topography, the vent or fissure location, the simulation
length (m), the number of iterations, the lava thickness (H_, m) that is constant along the simu-
lation, a corrective thickness parameter (Hp, m), and 0.5-1% as fixed threshold (Supplemen-
tary Material 2). Other corrective parameters used for the simulations were the H ;4 option,
and the Probability to the Square option, (Mossoux et al. 2016). The vent or fissure-opening
location was established based on the historic reconstruction by Luhr and Simkin (1993) and
considering, when needed, the “aspect” to identify the more convenient downslope direction
for the simulation. In those cases, where the initial fissure or vent location was not giving
the desired simulation direction due to DEMs reconstruction artifacts, these vents or fissure
locations were slightly modified according to the most suitable aspect (downslope direction)
to obtain a good-fit flow propagation direction (see details in Supplementary Material 1);
in those simulations from a fissure, a distance between vents was also selected in order to
establish single effusive points along the fissure from which the lava would flow during the
simulation, as required by Q-LavHA (Mossoux et al. 2016; Table 1). Maximum lengths were
obtained from the real lava flows, which is from the vent to the front of each lobe. Since we
are working with a low-relief area and Q-LavHA considers the length reached by the lava flow
line at each iteration as a stopping parameter, the maximum simulated length of each lava
phase was increased with respect to the geodesic distance (see Discussion section for more
details). We used 1500 iterations for each of the 22 phases representing the number of runs
used to model each eruptive phase, (cf. Mossoux et al. 2016, and details in Supplementary
Material 2). Moreover, each ‘a‘a-type lava flow was evaluated to identify sharp breaks in the
elevation profiles along the maximum length of the lava flow (see details in Supplementary
Material 3), such as topographical obstacles or pits (Fig. 2a, b). For the lava flows in which
those topographical obstacles or pits existed and were greater than the H, (m), a corrective
factor (H,) was then added and the H,; option activated (Table 1; Fig. 2¢). A specific threshold
was used in order to keep only those grid cells having probabilities higher than a certain value
(see details in Supplementary Material 2).

Finally, by comparing the observed eruptive behavior of the volcano with the simulated
lava flow eruptive scenario for each respective phase, according to the areas covered by the
real vs simulated lava flows, we calculated the fitness indices (Table 2; Bertino et al. 2006;
Mossoux et al. 2016). These fitness indices evaluate the accuracy of the simulated lava flows,
based on the overlap area (well-simulated), the extra area covered by the simulation (overes-
timated area), and the real lava flow extension not covered by the simulation (underestimated
area). The underestimated areas are obtained by subtracting the percentage of well-simulated
areas from the 100% of each real lava flow area (Table 2).
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Fig.2 Methodology used to evaluate the existence of pit holes or elevation changes along the lava flows
profiles. a Example of Lava 6 where we define the profile route; b Lava flow 6 topographical profile show-
ing elevation as a function of lava flow length along the profile route. Vent location and 12 m pit are also
shown; ¢ 3D schematic representation of the pit and the solution that Q-LavHA adopts to overcome it, acti-
vating H,

4 Results and discussion
4.1 Lavasimulations versus real lava flows at Paricutin

We simulated the 22 eruptive phases that occurred during the Paricutin eruption on
previously reconstructed paleo-DEMs and obtained 22 different lava flow eruptive sce-
narios that approximate the real lava flows (Fig. 3a, b). The actual Paricutin lava flow
areas range from 0.36 km? (lava No. 19) to 12.3 km? (lava No. 3, see Tables 1, 2). Min-
imum and maximum areas covered by the simulated lavas correspond to the smallest
and largest eruptive scenario, respectively; the eruptive scenario 19 lava flow has an
area of 0.41 km? (Fig. 3b; Table 2), and the scenario 3 lava flow has an area of 16.84
km? (Fig. 3a; Table 2).

When these areas are converted to percentages, the well-simulated areas range between
95 and 30% (Fig. 4; Table 2), with the first lava flow eruptive scenario (scenario 1 in
Fig. 3a) being the most superimposed, and the 11th lava flow (scenario 11 in Fig. 3a) hav-
ing the least overlap. The percentages obtained for the overestimated areas range between
16 and 71%, corresponding to the maximum and minimum values of the lava flow eruptive
scenarios 6 and 12, respectively (Figs. 3a, 4b; Table 2). The percentages corresponding to
underestimated areas range between 5 and 70%. Taking into account the well-simulated
and overestimated areas, the simulated scenario that corresponds most closely to a real sce-
nario is that of lava 17 (Fig. 3b; Table 2), for which the area was 83% well-simulated and
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Fig.3 Lava flow simulations by phases. a 12 first lava flow scenarios. b Scenarios 13-22 and a final map
(F) combining the 22 lava flow simulations. Legend shows the probability of invasion in % and fitness indi-
ces values: WS: well-simulated and OS: oversimulated. Populated areas correspond to Pa: Paricutin, SJP:
San Juan Parangaricutiro, and Ag: Angahuan

231 only 11% oversimulated. If the simulated areas are considered as a whole, the total area
232 covered by the 22-lava flow eruptive scenarios spreads over 94% of the total area covered
233 by the actual eruption, with 16% overestimation (Fig. 3b; Table 2).
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Fig.3 (continued)

Comparing the areas of Paricutin’s eruptive phases with the simulated eruptive scenar-
ios for each respective phase, we observe that in most cases there is a degree of fit greater
than 40% (Fig. 4). Scenarios 17, 18, and 19 represent the best simulations obtained, since
the well-simulated areas are greater than 70% and the overestimated areas are less than
37% (Table 2; Fig. 4). However, there are some eruptive phases with poorer fit between the
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Fig.4 a Schematic representation of the area covered by the real and the simulated lava (black) flow from
eruptive phase 7, showing the well-simulated (gray), overestimated (dotted), and underestimated areas
(striped). b Diagram showing the comparison of real Paricutin lava flow areas with the best lava flow simu-
lations (data from Table 2). Note that the fitness percentages for each eruptive phase are calculated consid-
ering the area covered by the real and the simulated lava flows

simulation and the real lava flow extension; these simulation scenarios are 5, 9, 11, and 16,
where the well-simulated areas do not reach 50% and the overestimated areas vary from 21
to 70%. In order to obtain well-simulated areas greater than 70%, we needed to oversimu-
late by at least 50% of the real extension.

4.2 The tricky case of gentle slopes and low-relief terrains

The principal computational domain for predicting lava emplacement in most probabilistic
computer programs (be computational fluid dynamic models, volume or cooling limited
flows) and also in deterministic ones is topography, where lava flows tend to invade the
lowest-lying areas, or likewise, lava flows tend to follow the steepest paths (Mossoux et al.
2016, and references therein). In accordance, these probabilistic programs yield the best
results for moderate to high gradient topography. In contrast, on flat terrains, probabilistic
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simulations of lava flows tend to follow a radial pattern or isotropic spreading (Dietter-
ich et al. 2017; Tarquini et al. 2019), hindering flow propagation and therefore impeding
accurate and reliable simulations. When lava flow simulations are done using probabilistic
models based on the maximum slope, volcanic areas with gentle sloping or flat topography
should be considered as special cases, and future probabilistic codes should better account
for this.

During the initial stages of this work, the preliminary simulations mainly focused on
the initial eruptive phases, using the real lava flow parameters. This did not yield good
results because the lavas were unable to spread in the actual direction of propagation or to
overcome the low initial slopes (e.g., 2.4° pre-eruption topography slope around the first
fissure; Supplementary Material 1). Simulated flows got stuck near the vent or fissure, with
a high probability of invasion around the vent/fissure that progressively decreased over a
short distance with a radial spread, resulting in a “fried egg effect”. To solve this problem,
we had to enlarge the simulated lava length and activate the H, parameter and the Prob-
ability to the Square option.

Another important characteristic of the first eruptive phases of the Paricutin eruption,
which probably played an important role in the emplacement and spread of the lava flows
on this low-relief terrain, was that initial pyroclastic deposits fell toward the southwest of
the initial vent following the main wind direction (Foshag and Gonzalez-Reyna 1956), cre-
ating a new real-time relief that likely favored the propagation of the subsequent lava flows
toward the north-northeast (Fig. 3a).

4.3 Input parameter uncertainties in the Paricutin simulation and elsewhere

The paleotopography (i.e., DEM reconstruction) is used to allow the simulation to pro-
gress; however, the rest of the input parameters are the ones that confer realistic charac-
teristics to the simulated lava flows. Although carefully vetted input data are necessary for
meaningful results, it is also important to note that the input data will always have a certain
degree of uncertainty. Those uncertainties, as revealed in this work, are discussed below:

(a) DEM resolution the DEM resolution has a direct impact on the subsequent setting
of the initial parameter values on Q-LavHA (Mossoux et al. 2016). High-resolution
DEM:s contain more geometric detail and allow more path possibilities (Mossoux et al.
2016), although they also increase the computational time in the simulations (Connor
et al. 2012). We have used a 20 m DEM resolution, which is adequate to carry out our
simulations, and we set up the Q-LavHA code accordingly.

(b) Paleo-reconstruction—mapping errors the most important and sensitive input param-
eter in Q-LavHA and any other code aimed at simulating gravity-driven flows (those
based on maximum slope and also deterministic codes) is the paleotopography or the
DEM. The 22 DEMs used here were reconstructed on the basis of the maps created
by Luhr and Simkin (1993), which are based on observations during the Paricutin
eruption. The paleo-reconstructions, as well as the digitization and georeferencing
processes, have minor intrinsic errors based on in situ observations that are difficult
to quantify (Larrea et al. 2017). The most complicated case corresponds to the ini-
tial topography before the first lava was emitted, as accurate control of the real-time
growth of the cone does not exist. The first lava started flowing on the February 21,
1943, the second day of the eruption. The first simulated lava flow (Fig. 3a, Scenario
1) presents an over-inundated area around the small paleo-reconstructed cone, where
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most probably a larger cone already existed during that time; moreover, the effect of
the concurrent emitted tephra fall deposit has been omitted. Nevertheless, the resulting
DEMs are of high enough quality to be used for the lava flow simulations.

Corrective factors (H,, H,) Q-LavHA output does not represent the deposition of a
specific lava volume or thickness on each inundated cell. Nevertheless, the program
contemplates the real lava maximum or average thickness (H,), which is considered
as constant, and allows the use of a corrective parameter (H,,) that overcomes small
topographical obstacles or pits when H, cannot overcome them (Table 1). In this work,
to simulate previous lava flows, it was necessary to analyze and identify present pits or
obstacles on the topography (see details in Supplementary Material 3). We have identi-
fied topographical obstacles or pits in the elevation profiles of five eruptive phases that
correspond to lavas 6, 8, 9, 11, and 14 (Supplementary Material 2). For these eruptive
phases where real lava maximum thickness (H,) could not overcome the obstacles, the
corrective factor “H” has been estimated in order to favor the lava flow, ranging from
16 to 35 m for the five eruptive phases (Table S2, Supplementary Material 2, 3). There-
fore, we note the importance of predetermining these depressions or small orographic
hills on current topography in order to accurately simulate future lava flows.

Real versus simulated length maximum lava lengths are commonly measured (from a
map or DEM) from the initial vent or fissure to the front of the final lava lobe following
a straight line in m. Nevertheless, in those models such as Q-LavHA where length is
an input, each flow line follows a sinuous trajectory whose length is much longer than
the straight distance measured along the main lava flow channel in the real flows. In
addition, simulated lava flow lengths are influenced by the resolution of the DEM used
and the slope of the volcanic area. Thus, maximum simulated lengths will normally
have to be multiplied by a factor that will depend strongly on the abovementioned
discrepancies. In the Paricutin simulations, maximum lava lengths were 2—-50 times
higher than the respective real lava flow lengths (Table 1). This range is slightly higher
than the increase factor of ~ 1.5X that was applied in the gentle slope of Nyamuragira
volcano (D.R. Congo) with a 30-m-resolution DEM (Mossoux et al. 2016).
Iterations in order to evaluate the influence of the number of iterations in our simula-
tions, we have simulated each eruptive phase with different iteration values: 1500,
2500, 5000, and 10,000. In all cases, as the number of iterations increases, a more
widespread inundation is obtained, but the probability values associated with the extra
grid cells are extremely low (e.g., two orders of magnitude smaller when using a higher
number of iterations; see details in Supplementary Material 2). Therefore, comparing
the simulations obtained with different numbers of iterations and considering the sug-
gested 1% threshold (Mossoux et al. 2016), it is shown that too few iterations produce
results that are not representative of the real lava inundation area; in contrast, a high
number of results that converge on a value establish more confidence in the results
while increasing the computation time. Based on these results, we have established
that 1500 iterations constitute a good balance between time and inundation area.
Thresholds from 0.5 to 1% were used for the complete simulations in order to keep
only those grid cells having probabilities higher than a certain value (Supplementary
Material 2). In our particular case, probabilities below that threshold are considered
noise and are neglected. Thresholds are easier to establish when working with erup-
tions that have taken already place since we can compare the past with the simulated
scenario. Importantly, we note that whether or not low threshold probabilities are
considered can have a significant impact on the resulting simulation. In the case of the
Paricutin eruptive phase 3, a threshold of 0% is required to produce a broad inundation
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area that includes the small village of San Juan Parangaricutiro, which was actually
flooded and evacuated on the 19th of June, 1944 (Luhr and Simkin 1993, Fig. 3a),
whereas neglecting the lowest probabilities leads to a simulation that does not entirely
flood this village. Also, when working with real-time or future scenarios, to keep low
probabilities on the map could be useful in order to remark safer areas. This fact is
important to consider when developing mitigation measures and evacuation plans in
future eruptions elsewhere. In accordance, the threshold has to be carefully chosen for
hazard map constructions.

4.4 Future volcanic hazard assessment

The Paricutin eruption represents the most recent eruption in the MGVEF, which is the
largest subduction-related monogenetic distributed field in the world including over 1100
scoria cones and associated lava flows, ~400 medium-sized volcanoes (Mexican shields,
e.g., Chevrel et al. 2016), ~22 phreatomagmatic vents (maars and tuff cones, e.g., Kshirsa-
gar et al. 2015), as well as isolated domes and lava flows (e.g., Mahgoub et al. 2018).
A seismic swarm related to dike emplacement, with more than 700 earthquakes with
moment magnitudes exceeding 2.4 on the Richter scale (Gardine et al. 2011; Piz6n et al.
2017), occurred in June 2006, 15 km WSW of the summit of the Paricutin cone. More
recently (January—February 2020), another seismic swarm (> 5000 recorded earthquakes)
has taken place in the Paricutin area with moment magnitudes up to 4.1, and hypocent-
ers at~10-20 km depth (Servicio Sismolégico Nacional 2020). The historic eruptions of
Paricutin (1943) and Jorullo in 1759 (Guilbaud et al. 2011), together with these seismic
swarms, indicate that this area is still volcanically active, and therefore, more eruptions
within the MGVF should be expected in the future, posing risks (e.g., distal ash fallout) to
large population centers including Mexico City (Siebe and Macias 2006).

Moreover, small monogenetic vents (scoria cones and isolated vents) are not distributed
evenly throughout the MGVF, occurring either as isolated centers or forming small clus-
ters. The identification of three Holocene temporal and spatial clusters, namely Tacadmbaro
(Guilbaud et al. 2012; Mahgoub et al. 2017), Malpais de Zacapu (Reyes-Guzmén et al.
2018; Mahgoub et al. 2018), and Tancitaro (Larrea et al. 2019b), poses key questions in
regard to future volcanic hazard assessments in the MGVF. These clusters comprise several
volcanoes in areas of a few tens of km? that erupted within hundreds to a few thousands
of years of one another leading to questions of “where” and “when” the next monogenetic
eruptions in the MGVF are likely to occur, and whether they will be single short-lived
isolated eruptions, the beginning of a new cluster, or the continuation of previously exist-
ing ones (Larrea et al. 2019b). In this regard, it is possible that the historic eruptions of
Jorullo and Paricutin could each represent the beginning of a cluster and that a new erup-
tion in their proximity could be expected in the future. However, studies dealing with erup-
tion recurrence rates, spatial and temporal distribution of eruptive centers, composition and
eruptive style, and the tectonic control of volcanism in the MGVF are still too scarce to
facilitate comprehensive hazard assessments and development of monitoring strategies. In
accordance, the next step in volcanic hazards assessment in the MGVF would be the con-
struction of a volcanic susceptibility map. Such maps show the spatial probability of future
eruptions and are constructed by combining the available geological and structural data
through a kernel density estimation and a nonhomogeneous Poisson process (e.g., Cappello
et al. 2013; Connor et al. 2019; and references therein). The MGVF volcanic susceptibility
map will represent the basis for further eruptive scenario analyses.
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5 Conclusions

For the development of volcanic hazard maps, it is common to set all of the input
parameters based on the characteristics of lavas from the geological or historical record,
which, in probabilistic simulations, are normally considered to be constant through-
out the whole eruption (e.g., Bartolini et al. 2014; Becerril et al. 2017). In the work
presented here, we demonstrate that each phase of an eruption is governed by unique
parameters that must be considered when using probabilistic models such as Q-LavHA,
when tracking a similar scenario. This fact reflects the need to improve lava flow mod-
els to handle the variable phases of long-lived eruptions since these are not rare events.
Moreover, we stress the importance of the role of the paleotopography and the param-
eters used in each simulation when using lava flow models. General suggestions to take
into account from this work forward include the following:

e Topography: accurate and medium high-resolution topography (e.g., 10-30 m) will
play the most important role in the predicted lava flow spreading. Low-relief topog-
raphy has to be considered specially, and the other input parameters must be set
carefully according to the characteristics of the gently sloped area under study. We
also note the importance of predetermining depressions or small orographic hills on
the preexisting topography in order to accurately simulate future lava flows.

e Length: in probabilistic programs where lava length is a fundamental parameter, it
will normally be necessary to increase the simulated lengths used in order to reach
the total real lava extent. The required increase will depend on how flat or steep
topography is, and also on the DEM resolution.

e Thickness: it is important to consider thickness variations during simulations since
it may help to improve the obtained results (e.g., ELMF in Damiani et al. 2006).

e [terations: in the probabilistic program Q-LavHA, and for the specific case of Pari-
cutin volcano, a minimum number of iterations (1,500) will be sufficient to obtain
good simulation results. Nevertheless, a sensitivity analysis with this parameter
should be done for each study area to obtain the minimum number of iterations
needed to produce sufficiently high-quality results.

e Threshold: it is important to verify whether or not it is necessary to consider prob-
abilities below a certain threshold; this parameter has to be carefully chosen for haz-
ard map constructions, to avoid either over- and underpredicting the lava flooding
zone, the latter potentially resulting in the neglect of invasion zones that could affect
villages or infrastructures.

e Fitness indices: to better evaluate the accuracy of the simulated lava flows, it is also
important to calculate the overlapped area, the extra area, and the real lava flow
extension not covered by the simulation. The well-simulated, overestimated, and
underestimated values will depend on the simulations done for a particular location/
volcano.

e Q-LavHA future updating: Q-LavHA is characterized by a user-friendly interface
and flexibility allowing the user to perform long-term volcanic hazard assessment
and short-term hazard forecasting. Nevertheless, some improvements could be incor-
porated to perform better simulations in gently sloping terrains. A recent work by
Tarquini et al. (2019) applies a new probabilistic code “MrLaval.oba” (de’Michieli
Vitturi and Tarquini 2018), which incorporates an inertial factor that aims to facili-
tate the flow propagation approximately along the previously established direction.
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436 In this regard, similar gradient factors could be incorporated in Q-LavHA in the near
437 future to better overcome the absence of an elevation gradient.

438 We would like to point out that, based on the aforementioned, future simulations of lava
439 flows should consider the possibility of nonconstant parameters and should employ a com-
440 prehensive analysis of each lava phase during an eruption to better control the parameters
441 that impact the simulations. This will be crucial for formulating mitigation measures and
442 evacuation plans in similar scenarios of future eruptions, as informed decisions based on
443 accurate simulations could help avoid severe social and economic consequences.
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