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Abstract

The calculation of volcanic deposit volume has been drastically improved from two
decades because of the apparition of detailed digital elevation models. We proposed here an
executable program with its graphical user interface to compute them easily. Contrary to recent
calculations that assess the base of the volcano by using a contour interpolation through
Delaunay triangulation and which obtain generally flat basement, we also consider the
surrounding slopes to obtain the hidden volume in paleo-depression and then better assess
basement topography. We also propose solutions to correct some basement elevations that are
assessed above the actual topography when using recent methods. We validated the method with
the Paricutin case. We also demonstrate the ability to retrieve hidden volumes covered by
younger volcanoes in the case of the volcanic complex La Nieve.

1. Introduction

The volume of a volcanic deposit is an important quantitative parameter to constrain the
magnitude of the eruption, its volcanic explosive index (Newhall & Self, 1982) and its hazard
(Marti, 2017). However, volcanic eruptions follow complex series of explosive and effusive
processes, involve aggradational processes such as deposition of pyroclasts and lavas, and
degradational processes by erosion and transport such as lahars, landslides or debris avalanches
(Jean Claude Thouret et al., 2014). Then, the volume must better be seen as a dynamic parameter
that is important to finely estimate over time in order to characterize, jointly with other volcanic
morphometric parameters, the tectonic/structural settings, flux dynamics, volcano magma
compositions and eruptive styles, and erosion rates (Bagnardi et al., 2016; Cotton, 1944;
Davidson & De Silva, 2000; Francis, 1993; Grosse et al., 2012; Kereszturi et al., 2013;
Rodriguez-Gonzalez et al., 2010; J.C. Thouret, 1999).

Historically, lava volumes were calculated from the area and the estimated mean
thickness of the lava flow (Hulme, 1974; Romano & Sturiale, 1982; Wadge et al., 1975; Wilson
& Head, 1983). The estimation of cinder cone volumes used the geometric formulae of the
truncated cone (Stevens et al., 1999a; Wood, 1980). Because these methods are only based on
observation, they have serious limitations. During the last decade, the extended use of
Geographic Information Systems (GIS) has improved the morphometrical modeling of volcanic
structures and several methods for volume estimation consider the post-eruption digital elevation
models (DEM) and when available the pre-eruption DEM (Albino et al., 2015; Kubanek et al.,
2015; Stevens et al., 1999b). If these latter are not known, geological information is added to
retrieve the paleo-topography (Bagnardi et al., 2016; Dibacto et al., 2020; Germa et al., 2015;
Hildreth et al., 2003; Lahitte et al., 2012; Rodriguez-Gonzalez et al., 2010, 2012; Székely &
Karatson, 2004). It arises also that the post-eruption DEM is not fully available, as when
volcanoes are degraded or when several volcanoes are superimposed which is typical of
monogenetic volcanic fields (scoria cones, domes, lava flows, etc.). In the most recent volume
estimation methods, the paleo topographies are mainly retrieved by interpolating the actual
volcano contour. This generally leads to paleo topographies that may erroneously stand above
the actual topography. Here, we show that some of these artefacts are due to a bad evaluation of
the contour and we propose an efficient and automatic method to additionally constrain the paleo
topographies by considering the slope around the volcano or lavas and the actual topography.

We first present the details of the method and validate it with the Paricutin VVolcano case
by comparing the real paleo topography with the one assessed. Then we apply the method to an
imbricated volcanic complex and reveal several paleo-topographies.
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2. The Methods

In its essence, the method is quite simple and consists of integrating the volume between
the elevation of the base (the paleo topography defined by z,,,.) of the volcano or the lava and
the elevation of its actual topography (z,,). For the topography, we use any available DEM of

the area that is delimited by a contour line (C). The contour can be a single closed contour or can
be multiple by enclosing several internal empty areas, e.g. when the lava has had to bypass small
obstacles. The DEM is generally given in function of a regular square grid in local UTM
coordinates and the area of each cell is denoted as AA. In latitude and longitude, the axes are
equally distributed in degree which means that the grid is irregular. In that case, AA is taken
implicitly as a function of the position. Finally, the volume is computed as the sum of all the
subvolumes of the columns at each position of the grid:

V= Z(zmp — Zpase ) AA. 1)

The difficulties are in fact two: determining the cells that belong to the volcano or the
lava and assessing correctly the elevation of the basis.

In order to illustrate the method and to evaluate the error when assessing the volume, we
choose the scoria cone of Paricutin volcano (Michoacan, Mexico). It is in the southwest part of
the Michoacan-Guanajuato Volcanic Field, 25 km apart from Uruapan city and is the youngest
volcano of this field. The volcano was formed during an eruption that lasted 9 years from
February 20 1943 to March 4 1952 (Luhr & Simkin, 1993). It covers an area of 233 km?
including lavas, scoria cones and fallout tephra from the isopach map obtained after the eruption
(Segerstrom, 1950). These lava flows buried the towns of Paricutin-Combutzio and San Juan
Parangaricutiro. The contemporaneous formation and evolution of this volcano represents a
perfect case study for understanding the origin, eruption dynamics, and evolution of monogenetic
scoria cones (Larrea et al., 2017). Here, we take advantage of the known pre-eruption topography
to evaluate the exact volume and to evaluate the error when assessing the volume without
considering this information.

The topography before the eruption, denoted T; and shown in Figurela, was deduced
from the digitization of the map of 5 m elevation isopleths done in 1934 by Cia Mexicana
Aerofoto and processed by Kenneth Segerstrom of the Geological Survey. The topography after
the eruption, denoted T, and shown in Figurelb, was deduced similarly from a map established
in 1952 but from INEGI. Both DEM have a horizontal resolution of 20 m by 20 m. The elevation
difference between the two topographies is shown in Figurelc. The positive (resp. negative)
elevation differences appear as colors between green and maroon (resp. red color). The areas at
the southwest corner where the colors oscillate rapidly between red and green (southwest and
northeast corners) correspond to small elevation differences. They are interpreted as numerical
errors since they are in average centered around zero with a standard deviation of de= 0.25 m,
and with a maximum elevation error of ¢,,,, = 1.6 m. They are relatively low regarding the
vertical sampling of the initial maps (5 m contour interval) and might be due to the digitization,
interpolation and georeferencing methods. The larger areas where the colors oscillate more
slowly (northwest, northeast and southeast corners) are due to the presence of a cover made by
the modern soil and reworked tephra transported by rain and to depression related to new urban
settling. We confirmed that these depressions and humps increase through time by using more
recent DEM.
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In this study, we used two different contours. The first one is determined by following the
contour of the lava, as it is usually done in the case of old volcanoes. This contour is denoted as
C; and is shown as gray lines in Figure 1c. The second contour denoted C, shown as black lines
in the same figure, was determined from the positions where the elevation difference between the
topography after and before the eruption is larger than the error previously estimated (Az > §¢).
The two contours differ strongly, and their influence on the volume calculations is discussed
after.

21625

2160

northing (km)

21575

le-

RS 7RIS 790 792.5 785 7875 790 7925 785 7875 790 7925
easting (km) casting (km) easting (km)

Figurel: Top view of a) the pre-eruption Paricutin topography, b) the post-
eruption topography, c) the elevation difference between the post and pre-eruption
topography. Color scale is the same for a) and b) but is different in c) where the red
color displays the negative elevation difference. Additionally, we superimposed the
contour of lava (gray lines) and the contour of significant (>1.6 m) elevation difference
(black line). The maps are expressed in the 13Q UTM zone.

2.1. Determining the internal cells

To determine the internal cells, we first transform the lineal contour as a contour of cells
(Figure 2a). To that purpose, we resample the line contour (shown by red points) by linear
interpolation (black points) so that the distance between two contiguous points of the contour is
less than the length of a cell side (here the cells are squares) and identify then the cells (grey
squares) where the points stand. Consequently, there is no gap between contiguous cells in
direction x or y. Somes cells crossed by the contour might however be missed. For example, the
cell colored in green is crossed by a short contour segment but since no point of the contour
belongs to that cell, it is not considered as part of the cell contour. Nonetheless, those cells are
insignificant regarding the volume or the area. The second step consists in identifying the
internal and external parts of the contour for each value of x (Figure 2b). All the cells of the
contours are then indexed consecutively along the contour. Then, we identify all the cells of the
contour that have the same abscissa, and the cells of contiguous indexes are grouped together.
The resulting packets, represented as green circles, are numbered. The internal parts of the
contour are identified between the odd and even numbers. However, if the cells before and after
a packet have the same y, the packet is discarded because it consists of a tangent of the border, as
illustrated in the zoom of Figure2b.
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Figure2: a) The contour of points (red dots) is interpolated (black dots) and
converted in a contour of cells (gray squares). Only the positions of the points are
considered for the identification of the cells and not the in-between segments (e.g.
the green cell). b) Identification of the internal and external parts. We first find the
cells at a given x (red dots) and identify the cells of the contour (black points) that
belong to that x (red circles in the zoom). We group the contiguous points of the
contour (green circles) and exclude the groups that correspond to an inflexion of
the contour (see zoom). Then we number the groups (green numbers) and the
internal parts consists in the cells that are between odd and even groups.

2.2. Assessing the elevation of the basis

Once the internal topography is identified, we tested several strategies to compute the
volume.

The first strategy (S;), which is similar to that shown in (Favalli et al., 2009), is a simple
3D interpolation between all the points of the contour (the scattered or Delaunay triangulation of
(Amidror, 2002; Matlab, 2020) generating a function of differentiability class C'. However,
some of the points of the basis result with an elevation higher than their corresponding actual
topographic elevation (i.e. at the same horizontal position). Some of these problematic points can
be solved by changing the interpolation method for a function of differentiability class C°, but
the basement result is generally not realistic. We identified some examples in which the
problematic points were located close to the contour and that the interpolation issue was mainly
due to a wrong contour identification. Choosing a slightly different contour generally solves the
interpolation issue. Then, we offer the possibility for the user to visualize the problematic points
and to potentially identify the wrong parts of the contour.

Alternatively, we can also suppose that the horizontal contour location is correct but that
some of the contour points may have little error on their elevation, as discussed previously, and
that these errors may lead to problematic points too. Then, we impose that the basement is just
below the actual topography by fixing the problematic points elevation to be 2 m below their
respective actual topography elevation. The 2 m value is taken sufficiently small to not introduce
large changes and is considered according to a rounded value of &,,,,. We then interpolate again
the basis topography by considering these points as part of it and iterate the interpolation until all
the points of the base stand below the actual topography. The advantage of this method is only to
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solve these problematic points and to produce a rapid evaluation of the base, but it clearly lacks
justifications.

In the second strategy (S,), we look to the topography surrounding the contour in order to
extrapolate their slopes below the volcano landform topography and then to better assess the
basis. To that purpose, we consider points all around the contour and outside of the area: at least
400 m in any directions x or y and at maximum 1/5 times the horizontal length in the directions
x or y between the extrema positions of the contours in these directions (e.g. 1/5 of the length
between points 1 and 6 in Fig2). All these points form a thick band contour. The basis is then
evaluated by using the Biharmonic spline interpolation ((Matlab, 2020) griddata method) of this
band contour which presents a differentiability class C% But, due to memory limitation, we
reduce the number of points in the external contour. In our hardware configuration (Z440
workstation with 4 Gb of RAM), it was taken as 10* points. The reduction is made by
eliminating one point over two in x and y directions. This operation is repeatedly performed
until we verify the criterium. The simultaneous consideration of the positions of the contour and
of its derivative allows, in fact, a better assessment of the volume of volcanoes or lava, as it will
be discussed in the next paragraph, but the presence of problematic points remains as in S;. We
then used the same resolution procedure as in the first strategy.

Finally, we developed the third strategy (S5), by using the same interpolation scheme as
S,, but by automatically modifying the contour so that problematic points disappear. Moving
automatically the points of the contour might result in a complicated and hazardous approach.
Therefore, we rather prefer to remove the points of the band contour that lead to the problematic
points. These points correspond mainly to the nearest contour points of the problematic points.
Here also, we proceed iteratively until solving all the problematic points.

2.3. Adding information on the basis

In order to better constrain the basis, one can take advantage of additional information
given for example by well logs or nearby outcrops, or even by considering a fault orientation that
delimits a volcano. This information can be expressed as points or lines belonging to the basis.
Since the method considers that the basis must pass through all the points of the contour and that
the contour can be fragmented in several lines or sub-contours, we added these constraint points
or lines as part of the contour. In the program, these additional points or lines are named
“checkpoints”.

3. Validating the method with the Paricutin case

The Paricutin case is ideal to test our method as we know the previous topography. The
volume computed as the elevation difference between the two topography inside the contour C,
and multiplied by the internal area rounds 2.1 km® (see Table 1). It is taken as a reference when
comparing the several strategies of our method. However, since most of the ash and tephra was
blanketed far away from the Paricutin volcano, even reaching Mexico City (~ 350 km east of the
volcano) during March-July, 1943 (Hernandez Velasco, 1945), the volume measured here is the
volume of the nearby deposits and not the whole emitted volume. The 2.1 km?® value is slightly
higher than the value reported in (Larrea et al., 2017) since we have also considered tephra and
volcanic reworked deposits and not only lava. We present in Figure3 different views and sections
of the Paricutin in order to compare the effects of the different strategies. The blue line is
according to the pre-eruption paleo-topography and the orange line is for the topography post-
eruption.
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When using the strategy S; with the lava contour C; (resp. C,), we obtained about the
third (resp. the half) of the reference volume, i.e. ~0,75 km?® (resp. ~1,08 km®). The strategy S,
with the contour C, allows assessing a volume of about more than three quarters of the reference
volume, i.e. ~1,71 km®. Finally, the strategy S; with the contour C, is the only strategy which
allows obtaining a volume comparable to the reference volume ~2,05 km?®. In fact, the error on
the volume estimation, which is about 2%, is much lower than the error on the basement
elevation that can reach 50 m (the thickness error can reach 30%) because the assessed basement
elevation oscillates around the paleo-topography elevation.

This result shows the importance of assessing correctly the contour and to interpolate the
surrounding slope. However here, the contour C, has been determined only according to a
significant difference between the post and pre eruption and without considering the surrounding
slope or field observations. We can see on the left part in Figure3F, that the slope is not assessed
correctly mainly because the contour is mispositioned. Then, even if strategy S; allows
correcting automatically some contour mispositioning, we can still improve the calculation by
better determining the contour by using slope criteria (Favalli et al., 2009).

As shown in the several sections presented in Fig.3, the paleo topography is not
horizontal, nor flat, as it is usually considered when calculating the volume with contour
interpolation (strategy S; or following (Lahitte et al., 2012)). At the opposite, the eruptive vent
of the volcano is located 420 meters above a topographic depression due to the nearby presence
of an ancient volcano (vent visible in FigurelA, Figure3C and E) and a distal flank of the
Tancitaro volcano. In general, many monogenetic volcanoes grow in faulting zones, where
magma uses it as a pathway to rise to the surface. These faults are cortical weaknesses producing
in some cases graben structures or can easily be eroded yielding to grooves and valleys. Hence,
the importance to get more realistic paleomorphologies of pre-volcanic deposits reduces the error
on volume calculation.

The volumes obtained from the two contours C; and C, reaches a factor 2. The correct
determination of the contour is then fundamental and must correspond to the border of a
depression that has been recovered. For recent eruptions however, this border might be recovered
by tephra deposits since they can diffuse very far from the vent. They are produced by the
deposition of pyroclasts from the eruptive plume or the volcanic cloud. The thickness of
distal/middle-deposits is generally in good agreement with exponential or power law functions
(Bonadonna & Houghton, 2005) and their volume can then also be assessed but is here beyond
the scope of this study because of the poor vertical resolution. Nonetheless, the thin deposits are
rapidly degraded and transported and will after some time allow the correct identification of the
contour. We observed in the Paricutin case that a recent satellite observation of the deposits
contour and of the vegetation allows situating a contour like C,. We additionally measured the
thickness of tephra deposits at several positions and concluded that a contour for thickness of
about 2 m is also like C,. In fact, to estimate the tephra-deposit dynamic and consecutively, the
eruption magnitude, and the intensity of an explosive volcanic eruption, it is necessary to
develop several isopach maps through time. For more former eruptions, when no clear evidence
on the field allows determining the contour, or if a larger number of volcanoes must be processed
automatically, another method consists in analyzing the slope variations of the volcanoes
(Lahitte et al., 2012).
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Table 1. Volume results according to the strategy and the contour
Using
Volume | topographies
method: | pre and post
eruption

212 0.75 1.08 1.71 2.05

S; with C; S, with C, S, with C, S5 with C,

Results:
(km®)

2157 2158 2159 2160 2157 2159 216l y
r © 2800

2800

2600 - 2600

2400 1 2400

A) 2200 + B) 2200
787 789 791 X 789 787 785 X

2800
2162
2600
2160

2400
2158

2156 2200

786 788 790 792 X 2156 2158 2160 2162 2164 Y

Figure3: D) top view of Paricutin volcano with the same color scale as in
Figurel. Additionally, we superimposed dotted lines for the several sections presented
in A), B), C), E) and F). The colors of the lines are the same as of the frame axes. On
the sections, the thick blue line is according to the pre-eruption topography and the
orange line is according to the post eruption topography. The sections of the basement
obtained with the strategy S; with the lava contour C; (resp. C,) are plotted as
continuous lines of cyan color (resp. dashed lines of red color). The sections of the
basement obtained with the strategy S, (resp. S3) with the lava contour C, are plotted as
continuous lines of red color (resp. dotted lines of red color). Axes x and y are
expressed in km and elevation is in m.

4. Applying the method on superimposed volcanoes and lavas and comparison with
another method

The method proposed here is also useful to determine finely the paleo topography to
simulate the lava flow and potentially retrieve some lava parameters such as temperature, flow
and viscosity at the eruption moment and better predict volcanic hazard (Mossoux et al., 2016).
We can also better assess the volume of buried or partially recovered volcanoes as it is the case
for the La Nieve volcanic complex shown in Figure4. The northern Nieve volcanic cluster
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encompasses an area of 450 km2 and it is formed by 20 domes, two cinder cones, and three lavas
(Cardona Melchor, 2015). The contours were first identified during several field trips by surface
observation, but 3D methods would certainly be more appropriate to identify the covered
volcano contours. Common magnetic and seismic methods might provide this information but
with an expansive cost. In contrast here, we assess several contours at no cost just from the
DEM. For example, after determining the Isidro scoria cone (Is) basement, we assessed the paleo
topography of the Yerbabuena Dome (Ye). In such a case, it was easy to recognize the new
contour because several distinct parts were already identified. In another example, we also
identified the whole Guadalupe dome (Gu) contour even partially recovered by La Nieve dome
(Ni). When using this procedure, it is important to process the several volumes according to their
age: the younger firsts and the older afterward. Other volcanoes (Bu, Ta) are also drawn with
transparency in order to show that we extended below them the lavas of other volcanoes (Zi, Di,
Pu, Gu, Um). A priori, we cannot extend the lava that has been several times recovered since the
basements are slightly smoothed by the method. However, further verification of lava
emplacement can be made using simulation of lava flow (Cisneros Maximo & Avellan Lépez,
2018) in order to bring further constraints on their shape. In general, the extended parts
contribute at maximum to 10% of the truncated volume.

Ts Ta IR DI
Cu Py Y La
Ni Bu I Gc I Zo
Gy I Tr Il Un

N (93]
W [
(=3 [=4
(=] [=]

elevation (m)

Figure 4: The Complejo volcéanico La Nieve is made of several scoria or lava cones
and domes (Is: Isidro scoria cone (21 ka), Cu: Cuanajo scoria cones (28 ka), Ni: La Nieve
dome (88 ka), Gu: Guadalupe dome (140 ka), Pu: Los Puercos lava cone (370 ka), Ta: La
Taza dome (370 ka), Bu: EI Burro dome (700 ka), Zi: Zimbicho dome (1.3 Ma), Un:
Unguardn dome (1.46Ma), Bl: Cerro Blanco dome (1.47 Ma), Ye: Yerbabuena dome (1.6
Ma), Ge: Genoveva dome (1.9 Ma), Tr: Trampa dome (2Ma), Di: Divisadero dome (2.6
Ma), La: Lagunillas lava cone (2.98 Ma), Zo: Zoromuata dome (3.8 Ma)). Is, Ni, Bu, and Ta

are plotted with transparency to allow visualizing partially buried lavas underneath.

Another advantage of our method is its ability to determine the volume of lava flows. We
present in Figure5 a lateral view of the Los Puercos lava cone: the lava stands on a steep slope
and has a small thickness compared to its width and length. These characteristics and the
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presence of a depression in the middle or of a roll on the edge due to the viscosity of the lava
make the volume computation generally a difficult task to determine with other methods.

£ 3000 -
= 2800 -
S 2600 -
S 2400 -
5 2200 -

x10°

© 2200

:
216 2158 2.156 2.154 2.5 2.45 s
108 y (m) x (m) x10

—

Figure5: Several views of the Los Puercos lava cone: the lava stands on a slope and
has a small thickness compared to its width and length.

Finally, to demonstrate the potential of our method, we also calculated the volumes of the
volcanoes of this complex using the “3D Analyst” module of (ArcGIS, 2014). In this software,
the basement is first determined from linear interpolation between the points of the contour
without resolution of the problematic points. Then, the DEMs of the basement and of the
topography are converted to Triangular Irregular Network maps (TIN) which can be used with
the tool “surface difference” to calculate the volumes. The results of this method are compared
against the results obtained using our method in Table 2. In general, our method gives results
30% higher than those of ArcGIS method. This agrees with the conclusions of the previous
section: the consideration of the surrounding slopes generally increases the volume with respect
to the linear interpolation of the basement. It is also important to underline that our results have
been processed in less than 3 minutes (without considering the contour identification) and that an
experienced user lasted more than one day to process the volumes with ArcGIS.




manuscript submitted to Geochemistry, Geophysics, Geosystems

308
309
310
311 Table 2: comparison of volcanoes volume computed with ArcGIS method and our
312  method
Volume computed
Abbrev | using
jated volcano our
name IS (kmg,)ArcG S, 5 method
(km°)
Bl 0.05 0.06
Bu 1.97 3.59
Cu 0.08 0.05
Di 0.25 0.31
Ge 0.71 1.16
Gu 0.60 0.92
Is 0.18 0.22
La 0.33 0.35
Ni 1.89 3.31
Pu 0.78 1.67
Ta 0.65 0.87
Tr 0.89 1.3
Un 0.03 0.09
Ye 0.51 0.92
Zi 1.62 2.03
Z0 0.17 0.31
Total 10.75 17.13

313 5. Conclusions

314 The main contribution of our method is the consideration of a non-flat basis that results
315 from the extrapolation of the slope outside the volcano. The motivation is to correct the
316  apparition of negative volume due to a basis elevation that result above the actual volcano
317  topography. This error generally arises when realizing a Delaunay triangulation of the contour,
318  without considering the actual topography and the surrounding topography slopes. We validated
319 this technique with the Paricutin case and assessed a volume of 2.05 km? close to the volume of
320 2.1 km?® calculated from the difference between the pre-eruptive and post-eruptive topographies.
321  We also presented the case of the Complejo volcanico La Nieve-El Burro where several
322  volcanoes are imbricated and where we deduced several buried topographies. Finally, we
323  compared the volcano volumes for this complex obtained by our method and by a module of
324 ArcGIS and showed that our values are generally 30% larger since our method resolves negative
325  volume problems.
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